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Abstract

This thesis reports the development of droplet flow reactors for the preparation of

semiconducting polymers, focussing specifically on poly(3-hexylthiophene) (P3HT) pre-

pared by Grignard metathesis polymerisation, and random copolymers of P3HT with

poly(3-hexylselenophene) (P3HS). In contrast to conventional continuous flow reactors

(where the flow consists of a single solvent phase), droplet reactors incorporate an

immiscible ’carrier fluid’ that divides the solvent phase into a stream of near-identical

microlitre-sized droplets which then pass through the reactor sequentially. In this way,

the solvent phase is confined to a well-defined volume that no longer makes contact

with the surrounding reactor architecture, and thereby overcomes blockage problems

associated with preparation of polymers in continuous flow reactors.

To overcome the limited solubility of the Ni(dppp)Cl2 catalyst widely used in Grignard

metathesis polymerisation, a more soluble derivative, Ni(dppp)Br2, has been prepared.

This catalyst allows P3HT to be synthesised with accurate control over a wide range of

molecular weights, even at high throughput (up to 1 kg/day). A scalable ’tube-in-shell’

reactor was developed to provide improved thermal uniformity along the flow reac-

tor, enabling the preparation of high molecular weight P3HT with Mw up to 190 kg/mol

(PDI 1.5) and lower weight polymers with narrow polydispersity (PDI 1.1). To facilitate

multistep chemistries in droplets, a new three-phase methodology is presented that

enables the controlled addition of reagents downstream of the original droplet gener-

ation. With a view to applying P3HT in electronic devices, an investigation into the influ-

ence of polymer purity on the efficiency of P3HT:fullerene bulk heterojunction devices is

reported. Polymer purity is shown to have a strong influence over polymer solubility and

final device efficiency. With the purest polymers, efficiencies of up to 5.0 % and 7.0 %

were obtained with PC60BM and IC60BA, respectively (PC60BM: phenyl-C61-butyric acid

methyl ester, IC60BA: indene-C60 bis-adduct). The thesis finishes with the development

of a new style of liquid-liquid separator, a key tool for post-processing droplet flows and

enabling sequential operations.

4



Acknowledgements

Firstly I would like to thank my supervisors Professor John de Mello and Professor Martin

Heeney for their help, support and encouragement throughout the past three years. I

would like to thank Dr. Siva Krishnadasan and Dr. Adrian Nightingale for teaching me

their flow chemistry skills back when I started, and for their continued support during

this project. I would also like to thank Thomas Phillips, Kirsty Roy, Barnaby Walker and

Wenmin Xu for helping make the many hours in the lab enjoyable. I am also hugely

grateful to Simon Turner for making my endless list of prototypes, and for guidance on

electrical and mechanical design.

Outside of Chemistry, I would like to thank Dr. Neil Treat for making consistently awe-

some OPV devices for us. I would also like to thank Dr. Jonathan Halls and Daniel Burkitt

at Solar Press for device making and for providing insights into the wants and needs of

OPV manufacturing. I would like to thank Dr. Robert McIntyre at Millennium Inorganic

Chemicals/Cristal Global for continued support on the development of droplet flow

reactors for functional materials production.

Finally, I would like to acknowledge the Engineering and Physical Sciences Research

Council (EPSRC) and the Royal Commission for the Exhibition of 1851 Industrial Fellowship

scheme for supporting this work financially.

5



Main Research Publications

Continuous synthesis of device-grade semiconducting polymers in droplet-
based microreactors
J. H. Bannock, S. H. Krishnadasan, A. M.Nightingale, C. P. Yau, K. Khaw, D. Burkitt, J. J. M.

Halls , M. Heeney, J. C. de Mello, Advanced Functional Materials, 2013, 23, 2123-2129

Microscale separation of immiscible liquids using a porous capillary
J. H. Bannock, T. W. Phillips, A. M. Nightingale, J. C. de Mello, Analytical Methods, 2013,

5, 4991-4998

Controlled synthesis of conjugated random copolymers in a droplet-based
microreactor
J. H. Bannock, M. Al-Hashimi, S. H. Krishnadasan, J. J. M. Halls, M. Heeney, J. C. de Mello,

Materials Horizons, 2014, 1, 214-218

A gentle introduction to the noble art of flow chemistry
J. H. Bannock, S. H. Krishnadasan, M. Heeney, J. C. de Mello, Materials Horizons, 2014, 1,

373-378

www.afm-journal.de

Vol.  23  • No.  17  •  May   6  •  2013 

ADFM-23-17-Cover.indd   1ADFM-23-17-Cover.indd   1 04/04/13   7:35 PM04/04/13   7:35 PM

ISSN 1759-9660

Analytical
Methods
www.rsc.org/methods Volume 5 | Number 19 | 7 October 2013 | Pages 4937–5352

PAPER
deMello et al.
Microscale separation of immiscible liquids using a porous capillary

 Materials
Horizons

rsc.li/materials-horizons

ISSN 2051-6347

Volume 1 Number 2 March 2014 Pages 149–294

COMMUNICATION
Martin Heeney, John C. de Mello et al.
Controlled synthesis of conjugated random copolymers in 
a droplet-based microreactor

6



Co-Authored Publications

Large-scale synthesis of nanocrystals in a multichannel droplet reactor
A. M. Nightingale, J. H. Bannock, S. H. Krishnadasan, F. T. F. O’Mahoney, S. A. Haque, J.

Sloan, C. Drury, R. McIntyre, J. C. de Mello, Journal of Materials Chemistry A, 2013, 1,

4067

On the role of intermixed phases in organic photovoltaic blends
P. Westacott, J. R. Tumbleston, S. Shoaee, S. Fearn, J. H. Bannock, J. B. Glichrist, S. Heutz,

J. de Mello, M. Heeney, H. Ade, J. Durrant, D. S. McPhail, N. Stingelin, Energy & Environ-

mental Science, 2013, 6, 2756

Controlled multistep synthesis in a three phase droplet reactor
A. M. Nightingale, T. W. Phillips, J. H. Bannock, J. C. de Mello, Nature Communications,

2014, 5, 3777

A General Mechanism for Controlling Thin Film Structures in All-Conjugated
Block Copolymer:Fullerene Blends
R. Dattani, J. H. Bannock, Z. Fei, R. C. I. MacKenzie, A. A. Y. Guilbert, M. S. Vezie, J. Nelson,

J. C. de Mello, M. Heeney, J. T. Cabral, A. J. Nedoma, Journal of Materials Chemistry A,

2014, 2, 14711-14719

7



List of Abbreviations

3D — 3-dimensional

BPR — back pressure regulator

dppp — 1,3-bis(diphenylphosphino)propane

FEP — fluorinated ethylene propylene

GRIM — Grignard metathesis

HOMO — highest occupied molecular orbital

IC60BA — indene-C60 bis-adduct

ID — inner diameter

IND — inter-nodal distance

LUMO — lowest unoccupied molecular orbital

Mn — number-average molecular weight

Mw — weight-average molecular weight

NMR — nuclear magnetic resonance

OD — outer diameter

OPV — organic photovoltaic

P3HS — poly(3-hexylselenophene)

P3HT — poly(3-hexylthiophene)

PC60BM — phenyl-C61-butyric acid methyl ester

PCTFE — polychlorotrifluoroethylene

PDI — polydispersity index

PFPE — perfluorinated polyether

PTFE — polytetrafluoroethylene

RR — regioregularity

THF — tetrahydrofuran

TIS — tube-in-shell

UV — ultra-violet

XRF — X-ray fluorescence

8



Contents

Copyright Licence 2

Statement of Originality 3

Abstract 4

Acknowledgements 5

Main Research Publications 6

Co-Authors Publications 7

List of Abbreviations 8

Table of Contents 9

1 Introduction and Background 14

1.1 Introduction to Flow Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.2 Heat and Mass Transfer in Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3 Current Applications Areas of Flow Chemistry . . . . . . . . . . . . . . . . . . 17

1.4 Types of Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5 Microreactors for (non-conjugated) Polymer Synthesis . . . . . . . . . . . . 20

1.5.1 Continuous Flow Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5.2 Droplet Flow Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.6 Electronic Materials Synthesis in Flow . . . . . . . . . . . . . . . . . . . . . . . 24

1.6.1 Continuous Flow Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.6.2 Droplet Flow Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

9



2 Experimental Methods 31

2.1 Design and Construction of Droplet Flow Reactors . . . . . . . . . . . . . . . 32

2.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.1.2 Perfluorinated Polyether . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.1.3 Droplet Generators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1.4 Droplet Reactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.2 Synthetic Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.2.1 Preparation of thienyl-Grignard intermediates . . . . . . . . . . . . . 47

2.2.2 Preparation of catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.2.3 Polymer Work-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.2.4 Purification by Soxhlet extraction . . . . . . . . . . . . . . . . . . . . . 50

2.3 Recycling of Perfluorinated Polyethers . . . . . . . . . . . . . . . . . . . . . . 51

2.3.1 Fomblin Y-LVAC 06/6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.2 Galden HT-170 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.4 Analytical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.4.1 Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.4.2 1H Nuclear Magnetic Resonance Spectroscopy . . . . . . . . . . . . 52

2.4.3 X-Ray Fluorescence Spectroscopy . . . . . . . . . . . . . . . . . . . . 52

2.4.4 Gel Temperature Measurements . . . . . . . . . . . . . . . . . . . . . 52

2.4.5 Gel Permeation Chromatography . . . . . . . . . . . . . . . . . . . . 55

2.5 Characterisation of Monomer and Polymer: Purity and Regioregularity . . 61

2.5.1 Verification of Monomer Purity . . . . . . . . . . . . . . . . . . . . . . . 61

2.5.2 Polymer Purity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.5.3 Calculation of Regioregularity . . . . . . . . . . . . . . . . . . . . . . . 63

3 Droplet Flow Synthesis of P3HT 66

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.1.1 Overview of Synthetic Routes for Polythiophene . . . . . . . . . . . . 68

3.1.2 Grignard Metathesis (GRIM) Polymerisation . . . . . . . . . . . . . . . 73

3.1.3 Catalyst Transfer Polymerisation Mechanism . . . . . . . . . . . . . . . 75

3.1.4 Other Synthetic Strategies Developed for Poly(3-alkylthiophene) . . 77

3.1.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2 Development of a Preliminary Method for Synthesising P3HT in Droplets . . 78

10



3.2.1 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2.3 P3HT:PC60BM OPV Devices using Flow-Synthesised P3HT . . . . . . . . 81

3.3 Effect of reaction time on molecular weight . . . . . . . . . . . . . . . . . . . 83

3.4 Effect of temperature on monomer conversion . . . . . . . . . . . . . . . . . 85

3.5 Controlling Molecular Weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.5.1 Variation of Monomer Concentration . . . . . . . . . . . . . . . . . . 87

3.5.2 Variation of Catalyst Concentration . . . . . . . . . . . . . . . . . . . 90

3.5.3 Changing Relative Flow Rates . . . . . . . . . . . . . . . . . . . . . . . 92

3.6 Conclusions and Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4 Improvements to the flow synthesis of P3HT 96

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.2 Solving the Catalyst Stability with Ligands . . . . . . . . . . . . . . . . . . . . 97

4.3 Droplet Flow Synthesis of P3HT with a Catalyst Solution . . . . . . . . . . . . 99

4.3.1 Changes to PFPE and droplet flow configuration . . . . . . . . . . . . 99

4.3.2 Changes to droplet generation . . . . . . . . . . . . . . . . . . . . . . 99

4.3.3 Changes to the droplet reactor . . . . . . . . . . . . . . . . . . . . . . 100

4.3.4 Verification of chain-growth polymerisation . . . . . . . . . . . . . . . 100

4.4 Synthesis of Low-Weight P3HTs using a New Route to Ni(0)(dppp) . . . . . . 103

4.4.1 Development of a Soluble Catalyst: Ni(dppp)Br2 . . . . . . . . . . . . 103

4.4.2 Controlling P3HT molecular weight using Ni(dppp)Br2 . . . . . . . . . 109

4.5 Synthesis of High-Weight P3HT using ’Tube-in-Shell’ Reactors . . . . . . . . . 110

4.6 Pressurising a Droplet Reactor . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.6.1 Effect of pressure alone . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.6.2 Effect of elevated pressure and temperature . . . . . . . . . . . . . . 114

4.7 Synthesis of P3HT in a Three-Phase Droplet Reactor: Towards Multistep Droplet

Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5 Synthesis of random copolymers in droplets 124

5.1 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

11



5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6 The importance of polymer purity in P3HT:fullerene OPV devices 136

6.1 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.3 Batch Synthesis of P3HT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.4 Synthetic Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.5 Synthesis By-products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.6 Polymer Purification Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.7 Preparation of Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.8 Application of Metal Scavenging Agents to Ni(dppp)Cl2 . . . . . . . . . . . 143

6.9 Randomising Samples for OPV Fabrication . . . . . . . . . . . . . . . . . . . 146

6.10 Molecular Weight Characterisation . . . . . . . . . . . . . . . . . . . . . . . . 146

6.11 Purity Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.11.1 1H NMR Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.11.2 Elemental Analysis by X-Ray Fluorescence Spectroscopy . . . . . . . 149

6.12 Assessment of Solubility: Gel Temperature Measurements . . . . . . . . . . 152

6.13 P3HT:Fullerene Bulk Heterojunction Organic Photovoltaic Devices . . . . . . 154

6.13.1 Overview of Polymer:Fullerene OPV Devices . . . . . . . . . . . . . . 154

6.13.2 P3HT:PC60BM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.13.3 P3HT:IC60BA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.14 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7 Liquid-Liquid Flow Separators 161

7.1 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.2 Introduction and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.2.1 Gravity Based Separators . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.2.2 Surface Wetting Based Separators . . . . . . . . . . . . . . . . . . . . 165

7.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.3 Towards a Liquid-Liquid Separator . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.4 Development of a Capillary Liquid-Liquid Separator . . . . . . . . . . . . . . 176

7.4.1 Design and Construction . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.4.2 Using a flow restriction to control the separation efficiency . . . . . . 178

12



7.4.3 Quantitative analysis of separation efficiency . . . . . . . . . . . . . . 180

7.4.4 Demonstration of post-separation inline analysis . . . . . . . . . . . . 181

7.4.5 Demonstration of multistep droplet processes . . . . . . . . . . . . . . 186

7.4.6 Droplet synthesis and separation of silver nanoparticles . . . . . . . . 187

7.4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

8 Conclusions and Future Work 190

8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

8.2 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

8.2.1 In-line Molecular Weight Characterisation using Size-Exclusion Chro-

matography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

8.2.2 Autonomous Optimisation . . . . . . . . . . . . . . . . . . . . . . . . . 194

8.2.3 In-line Purification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

8.2.4 Block copolymers by GRIM polymerisation . . . . . . . . . . . . . . . 194

8.2.5 Suzuki, Stille and Direct Arylation Coupling Techniques . . . . . . . . 195

9 Appendix 197

10 Bibliography 202

13



Chapter 1

Introduction and Background
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1.1

Introduction to Flow Chemistry

Flow chemistry is a branch of synthetic chemistry where reactions are controlled by flow-

ing fluids through a network of narrow channels (a ’flow reactor’). Performing reactions

’in flow’ is conceptually different from using standard laboratory glassware. Consider

a hypothetical chemical reaction where a red solution transforms into a blue solution

(see Fig. 1.1). Using flask methods (batch-mode), all of the reagents would be added to

the container at the start of the reaction (the red solution) and over time the reaction

would proceed with the entire volume of solution gradually turning blue, Fig. 1.1(left).

In flow however, reactions occur in the fluid as it is pumped through the reactor chan-

nel. Assuming that the reaction is started at a well-defined point, typically achieved by

the coming together of reactive species in a mixer, then the position of the fluid down-

stream in the reactor channel corresponds to a specific reaction time (excluding the

effects of parabolic flow, see §1.4). Consequently, the colour change from red to blue

would be observed along the length of the reactor, Fig. 1.1(right). Furthermore, rather

than collecting the reaction product all at once, as for the flask reaction, in flow the

product solution is eluted continuously from the reactor (continuous-mode synthesis).

fluid flow
time

reagents products

flask synthesis continuous flow synthesis

productsreagents

Fig. 1.1 Hypothetical flask and continuous flow reactions.

Typically flow syntheses are performed in stainless steel or fluoropolymer capillaries

with inner diameters of < 1 mm. It should be noted that while microfluidic chips have

been utilised for chemical synthesis, it is now increasingly common to find reports of

capillary-based reactors due to their greater ease of use.1
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1.2

Heat and Mass Transfer in Flow

When heating fluid in a flask, the heat source is applied around the flask, which in turn

heats the fluid. Only a small fraction of the fluid is in direct contact with the heated glass,

and so temperature gradients exist in the fluid from the side of a flask to its centre. This

problem can be mitigated by active stirring, which homogenises the fluid and therefore

improves the thermal uniformity in the reaction.

In contrast, the proportion of fluid in contact with the walls of a narrow tube is sig-

nificantly larger, and increases as the channel diameter is reduced. Furthermore, the

narrow geometry facilitates fast and efficient conductive heating across the tube.

For flask reactions performed on scales >25 mL the surface area-to-volume (STV) ratio

is on the order of 100 m2m�3, whereas a narrow channel of diameter 80 µm has a STV

ratio of 50,000 m2m�3.2

In practical terms this means that the temperature of the fluid in the tube can be

quickly heated and cooled to the temperature of the external environment. However,

the improved heat transfer comes at the cost of throughput, as the high STV ratio also

increases frictional forces (back pressure) in the channel that can limit the range of

flow rates or channel lengths permissible for a given pumping system. It is therefore

common to trade-off improvements in heat transfer for higher throughput. Throughout

this thesis 1 mm inner diameter (ID) tubing has been used, which has a STV ratio of 4,000

m2m�3. By adopting this specification of tubing, the volume of the reactor per unit

length is increased 150-fold compared to an 80 µm channel, while the STV ratio is forty

times higher than a 25 mL flask. A similar argument exists for mass transfer between flask

and flow. Due to the reduced cross-sectional dimensions in the tube, diffusive mixing

is fast compared to a flask (see references 3-5 for a thorough discussion of mixing in

microchannels).

Despite these advantages, the added complexity of working in flow often outweighs

these reported advantages.

This thesis focuses on the application of flow chemistry to materials synthesis, and

specifically its application to the synthesis of conjugated polythiophene polymers. Syn-

thetic materials such as polymers and nanocrystals are grown from the bottom-up start-

ing from monomers and atoms, respectively. A distribution of products results in both

16



cases (commonly referred to as a polydispersity). In the case of polymers there is a

spread of chain lengths and in the case of nanocrystals a spread of crystallite shapes

and sizes. Controlling these properties is important since they influence how the ma-

terial behaves. In order to produce a well-defined product (i.e. a product with a nar-

row polydispersity) it is necessary to minimise thermal and mass gradients during there

preparation that would otherwise lead to variable growth rates, and thereby an in-

creased polydispersity. The faster rates of heat and mass transfer achievable in flow

reactors are therefore making them attractive systems for preparing functional materi-

als.

1.3

Current Applications Areas of Flow Chemistry

Flow chemistry has been shown to offer advantages in a number of application areas.

Firstly flow methods are amenable to multistep chemical synthesis, where controlled

chemical processes must be carried out in sequence. Examples of this include the two-

step flow synthesis of Ibuprofen from isobutylbenzene6, the preparation of core-shell

nanoparticles,7 and the fully in-line thirteen-step total synthesis of (+)-plicamine.8 On

the whole, multistep methods have been reported most widely in organic synthesis,9–12

but there are an increasing number of reports of multistep chemistries for synthesising

electronic materials; including core-shell nanoparticles,7,13,14 block copolymers,15 and

multistep preparations of conjugated polymers.16,17

Where the properties of multiple (related) molecules/materials are being compared,

it is possible to use flow methods to rapidly (and autonomously) prepare a number of

candidate substrates/materials in flow — using very small quantities of chemicals if nec-

essary.18–20 In doing so it is possible to outperform the productivity of flask methods, with

all experimentation being directed from a computer. Once a target molecule is iden-

tified, it is then straightforward to optimise the reaction by screening operating param-

eters such as temperature, reaction time and reaction concentration. Consequently,

there is significant interest from the pharmaceutical industry in utilising these techniques

to bridge small-scale drug discovery with large-scale manufacturing.21 And when larger

quantities of materials are required, flow reactors can be scaled-up without changing

the underlying process by one of two methods: extending the length of the reactor and
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pumping proportionately faster and/or ’numbering-up’ reactors. In the latter approach

fluid flow is divided into multiple channels to achieve linear ’scale-out’.22–26

Another key benefit of flow reactors is improved safety. By encasing the fluids in a

tube and delivering them from remotely operated devices, flow chemistry facilities the

synthesis (or destruction) of hazardous chemicals and/or intermediates.22,27–29 If neces-

sary, reactions can be run remotely without requiring any direct human involvement.

Or, if for example thermal runaway is a potential risk (e.g. for a highly exothermic

organometallic reaction) then performing the reaction in flow allows the thermal en-

ergy to be rapidly removed as a result of the high surface area of the reactor.30,31

It is possible to incorporate in-line analysis equipment to monitor the as-produced

product eluting from the reactor. Many common analytical techniques have been in-

tegrated into flow reactors, including (but not limited to): fluorescence and absorption

spectroscopy, infrared and Raman spectroscopy, mass spectroscopy, nuclear magnetic

resonance (NMR) spectroscopy, and gas and liquid chromatography.32–37 The ability to

characterise the product in realtime or near-realtime, makes it possible to produce a

’self-optimising’ reactor. Rather than manually sweeping reaction parameters (e.g. re-

action time), it has been shown that autonomous optimisation algorithms can be used

to learn how the material properties of the product depend on the reaction conditions.

Using this knowledge, the algorithms are then able to optimise the reaction environ-

ment to produce improved materials with a prescribed set of properties38 or with an

optimal yield.33,34,39

1.4

Types of Flow

Flow chemistry is still at an early stage. Flask methods are regularly adapted to flow, but

flow reactions are rarely designed directly.40 When converting flask methods to flow, it is

normal to split the reactive species into separate solutions and then bring them together

at a mixer, before injecting them into a heated/cooled reactor. In this way it is possible

to control, and therefore define, the exact point where the reaction commences, while

also allowing large stock solutions of each precursor to be prepared without the risk of

of the reaction occurring in the starting solution. The simplest flow reactors comprise no

more than a length of tubing that is heated or cooled as needed.
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Fig. 1.2 Schematics showing continuous flow of fluid A (i); plug flow, where fluid A is dispersed in
an immiscible fluid B (ii); and droplet flow, where fluid A is dispersed in an immiscible fluid C that
preferentially wets the walls of channel (iii).

It is most common to inject all reagents into a flow reactor in a single fluid phase

— commonly referred to as continuous flow (see Fig. 1.2i).2 Not only is this the simplest

implementation of flow chemistry but, as the following literature review will show, it also

allows for the easy addition of further reagents. One drawback of the continuous flow

approach is the parabolic flow profile caused by frictional forces at the fluid-wall inter-

face.41 This introduces an unwanted broadening of reaction times in the flow reactor,

as the fluid in the centre of channel will flow faster than fluid in contact with the walls of

the reactor. These problems can be removed by working in plug flow, where an immis-

cible fluid is injected alongside the reaction solution to generate discrete alternating

plugs of each fluid (see Fig. 1.2ii).42 Plug flow can also be useful for performing biphasic

reactions, or reactions involving the injection of gas into a liquid.43 In cases where the

reaction product is liable to cause fouling a third option can be employed known as

droplet flow (see Fig. 1.2iii). To create droplet flow an inert immiscible fluid that pref-

erentially wets the reactor wall is injected alongside the main reactive fluid phase to

create a stream of droplets.41,44,45 Unlike plug flow, the droplets are fully encapsulated

by the immiscible fluid, and so the reactive fluid phase is prevented from fouling on

the channel walls. For synthesis applications, droplet flow is commonly achieved using

fluorinated fluids in conjunction with fluorinated channel walls.
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1.5

Microreactors for (non-conjugated) Polymer Synthesis

1.5.1 Continuous Flow Syntheses

There are several reports of polymer synthesis in continuous flow. Wu et al. described

a method for preparing poly(2-hydroxypropyl methacrylate) (PHPMA) in a microfluidic

chip by atom-transfer radical polymerisation.46 The authors described a device fab-

ricated from a solvent-resistant thiolene polymer and glass that contained a T-shaped

mixer (complete with a magnetic stirrer) into which separate solutions of 2-hydroxypropyl

methacrylate/catalyst and initiator were injected (see Fig. 1.3). The combined fluid was

then directed through a serpentine channel where the polymerisation proceeded for

a well-defined period.

A New Synthetic Method for Controlled Polymerization Using a Microfluidic
System
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Polymers DiVision, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
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Polymer materials applications increasingly show sensitivity to
single-chain variables such as molecular mass and copolymer
composition.1-3 While many parallel synthesis methods developed
by the pharmaceutical and life science communities are being
applied to polymer synthesis,4,5 there remains a need to construct
polymeric material “libraries” that explore a wide range of polymer
structures with accuracy, flexibility, and rapid, often precise,
changes.
Recent development of various analytical methods, such as

micrototal analytical systems (µTAS),6,7 have also increased the
methodologies available for building polymer libraries. Particularly
in screening processes, measurements require less and less material,
causing much of the parallel synthesis products (typically carried
out on 1-20-g scales) to go to waste. From both a scientific and
an industrial perspective, it is desirable to develop a simple and
economic combinatorial synthetic method to generate libraries with
ranges of controlled polymer molecular mass and architecture, and
copolymers with diversity in composition to generate detailed maps
to probe structure-property relationships.
Here we demonstrate a method using microfluidic technology

to create a micro-environment for continuous controlled radical
polymerization, analogous to large-scale continuous reactors com-
monly used in industrial processes. Varying either the flow rate or
the relative concentrations of reactants (i.e., stoichiometry) controls
the molecular properties of the products. Molecular variables, here
molecular mass, can be varied continuously. Well-defined materials
with narrow molecular mass distributions produced inside the
microfluidic reactor can be made available for processing, such as
further mixing or coating on surfaces. In fact, the scale of this
reactor is well matched to new high-throughput techniques that
measure behavior of polymer films and solutions.8-10
To fabricate the microchannel reactor, we employed a rapid

device prototyping technique based on contact photolithography
of a thiolene prepolymer.11 Compared to poly(dimethylsiloxane)
devices,12,13 this thiolene material has significantly improved solvent
resistance, as shown by previous swelling experiments.11 Our
experiments also demonstrate that the device shows low oxygen
permeability and good pressure stability, which is critical to sustain
radical polymerization conditions. The device consists of a glass/
resin/glass-layered structure, which embeds a single channel (500
µm × 600 µm), with two channels and an active mixing chamber
at the inlet and a single outlet (Figure 1). The mixing chamber
contains a small stir bar driven with a magnetic stir plate. The
dimensions of this device are larger than typical microfluidics
devices to accommodate the increasing viscosities of the reaction
solution as the monomer conversion and polymer molecular mass
increase. Still, this technique is limited to low conversion bulk or
solution polymerizations. However, we do not consider this a major
limitation, since many specialty polymers are of low molecular mass
and are often prepared in solution.
Atom transfer radical polymerization (ATRP) of 2-hydroxypropyl

methacrylate (HPMA) was used to compare the kinetics and
controllability in this reactor relative to batch reactions.14 Reagents
were fed into the device via a dual rack syringe pump. Monomer
and catalyst were added to one syringe, with a small amount of
solvent (water/methanol, 50/50 by volume) to help the catalyst
dissolve. The other syringe contained the same water/methanol
mixture and initiator. The two syringes were set at identical pumping
rates so that the final mixed solution had constant reagent
concentrations. Two different initiator concentrations were tested
([initiator]: [monomer] of 1:100 and 1:40). A series of pump speeds
were applied for each initiator concentration.
The microchannel reactor is designed to produce microgram

samplessperhaps as trapped molecular gradientssfor rapid on-line
analysis, which our future work will explore. To validate our device
through conventional analysis we required larger specimen volumes;
thus, for each set of reaction conditions, we collected steady-state
samples for extended times. Additional details can be found in the
Supporting Information.
Size exclusion chromatography (SEC) data for representative

samples of poly(2-hydroxypropyl methacrylate) products are shown
in Figure 2. The series of thin lines represents the polymerization
products with high initiator concentration (1:40), which were
collected at varying flow rates. SEC analyses indicate symmetrical
monomodal traces at all microchannel flow rates and show a
polymer elution time shift as the pumping rate decreases and

Figure 1. Photopolymerized microfluidic device fabricated with a rapid
prototyping technique based on an optical thiolene resin. Gray arrows
represent the direction of flow in the channels.

Figure 2. SEC trace of pHPMA produced from different pump rates with
the ratio of initiator to monomer as 1:40 (thin lines) and 1:100 (bold line).

Published on Web 07/21/2004

9880 9 J. AM. CHEM. SOC. 2004, 126, 9880-9881 10.1021/ja048432n Not subject to U.S. copyright. Publ. 2004 Am. Chem. Soc.

Fig. 1.3 Thiolene/glass microreactor developed by Wu et al. for PHPMA synthesis: grey arrows
show the direction of flow; reagents (monomer/catalyst and initiator) are injected into the mixing
device at the bottom-left of the device and the combined fluid flows through the serpentine
channel and out through the exit on the top-right of the device. Image taken from Ref. 46.

The authors reported that enlarged channel geometries were required to address

pumping the viscous polymer solutions that formed. Using their method, the authors re-

ported the ability to produce microgram quantities of PHPMA with controlled molecular

weight. The molecular weights were dependent on the ratio of the monomer:initiator

injected at the mixer, and the flow rate (reaction time).

Wu et al. later adapted their device to the preparation of poly(ethylene oxide)-

block-poly(2-hydroxypropyl methacrylate) (PEO-b-PHPMA) block copolymers, starting

from a functional PEO-Br precursor.47 The original thiolene/glass device was redesigned

to include a third inlet into the mixer to inject the PEO precursor. By controlling the
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monomer : initiator ratio at a fixed reaction time of 100 minutes, the authors were able

to control the mass-fraction of the PHPMA block on the PEO-b-PHPMA copolymer by

varying the monomer : initiator ratio injected into the mixer. In all cases, the authors re-

ported good control of the chain-length dispersion, with polydispersity indices (PDI)< 1.3.

A comparison of free radical polymerisation performed in batch and flow was re-

ported by Iwasaki and coworkers for the polymerisation of acrylates, styrene and vinyl

benzoate, initiated from 2,2-azobis(isobutylnitrile) (AIBN) in toluene.48 The flow reactor,

shown in Fig. 1.4, was formed of a micromixer (M1) that brought together the monomer

and initiator, and injected the combined solution in to a three-stage reactor. In the first

reactor, R1, further mixing occurred. In the second reactor, R2, the reaction mixture was

heated to 100 �C to decompose the AIBN initiator and thereby induce polymerisation

of the monomer. And in the final reactor, R3, the fluid was cooled to 0 �C to terminate

polymerisation.

Experimental Section
General Data. HPLC analysis was carried out with Shi-

madu LC-VP equipped with a CD-C18 column (Imtact) and
UV detector. GPC analysis was carried out with Shimadu LC-
10 equipped with a K-804L + K-805L column (Shodex) and
an RI detector.

Materials. Butyl acrylate (BA), methyl methacrylate (MMA),
and styrene (St) were washed with 1 N NaOH three times,
washed with water three times, and dried over Na2SO4. Benzyl
methacrylate (BMA) and vinyl benzoate (VBz) were filtered
through an inhibitor remover disposable column (Aldrich) in
order to remove a radical inhibitor. 2,2-Azobis(isobutylroni-
trile) (AIBN) was used as obtained commercially. Argon gas
was bubbled through these monomers and toluene as solvent
for 1 h before use.

Temperature Evaluation in a Microreactor. A solution
of AIBN (0.02 mol/L) in toluene was passed through a
microreactor (stainless tube, i.d. 500 µm × 1 m, thickness of
wall ) 540 µm) dipped in an oil bath (80 or 100 °C). The
decomposition was stopped by cooling at 0 °C in a subsequent
tube reactor. The flow rate was 0.2-1.0 mL/min. The decom-
position of AIBN in the presence of MMA was carried out using
a premixed solution of AIBN (0.02 mol/L) and MMA (2.0 mol/
L) in toluene. The unchanged AIBN was analyzed by HPLC
at 20 °C.

Polymerization in a Microreactor. As shown in Figure
2, a monomer (neat, flow rate 0.06-1.8 mL/min) and a solution
of AIBN in toluene (0.03-0.05 mol/L, 0.06-1.8 mL/min, 1 mol
% based on the monomer) were introduced into a T-shape
micromixer M1 (stainless, i.d. ) 800 µm) and the resulting
solution was passed through microreactor R1 (stainless tube,
i.d. 250 µm, 2 m) at room temperature in order to achieve
complete mixing. Then, the solution was introduced to mi-
croreactor R2 (stainless tube, i.d. 500 µm × 9 m, thickness of
wall ) 540 µm) heated at 100 °C (oil bath), where the
polymerization takes place. The polymerization was stopped
by cooling at 0 °C in microreactor R3 (stainless tube, i.d. 500
µm × 1 m, thickness of wall ) 540 µm).

For the polymerization of BA, MMA, and St, the obtained
polymer solution was concentrated under reduced pressure at
room temperature. The solid material was analyzed by GPC.
For the polymerizatoin of BMA and VBz, the obtained polymer
solution was mixed with methanol. The solid material thus
precipitated was collected by filtration and analyzed by GPC.

Polymerization in a Macroscale Batch Reactor. The
polymerization was carried out in a stainless steel vessel (i.d.
) 10.2 mm × 20 cm, thickness of wall ) 1.24 mm, 16.5 mL)

under an atmosphere of argon at 100 °C. The polymerization
was stopped by cooling of the vessel at 0 °C.

Molecular Weight and Molecular Weight Distribution.
The molecular weight (Mn) and the polydispersity index (PDI
) Mw/Mn) were determined at 40 °C in CHCl3 using a poly-
(methyl methacrylate) standard sample or a polystyrene
standard sample for calibration.

Results and Discussion
Temperature Evaluation in a Microreactor. In

the present study, it is important to evaluate the inside
temperature of a microreactor, but this is not a trivial
task. Physical methods for temperature measurement
seem to be problematic. The introduction of a thermom-
eter inside of the microreactor might change the nature
of the flow, because the thermometer is usually rela-
tively large in comparison with the volume of the
microreactor. It is also important to note that the heat
capacity of the thermometer and heat transfer through
the thermometer cannot be ignored because the volume
of the solution in the microreactor is very small.
Therefore, we have searched for a chemical method for
the measurement of the inside temperature of microre-
actors. Although a fluorescent molecular thermometer
using temperature-induced phase transitions seems to
be quite attractive,11 it needs a transparent window on
the wall of the microreactor for the optical measure-
ment. Eventually, we found that the thermal decompo-
sition of radical initiators serves as a good indicator of
the temperature in the microreactor. Although it is
impossible to measure the inside temperature directly,
this method seems to be useful and convenient for the
evaluation of the effective temperature in the microre-
actor under the polymerization condition.

Thus, a solution of AIBN in toluene was introduced
to a microreactor (stainless tube, i.d. 500 µm), which
was heated in an oil bath (80 or 100 °C), and the amount
of unchanged AIBN in the outlet solution was deter-
mined by HPLC. The experiments were carried out with
different flow rates, and the results are summarized in
Table 1. We also carried out the experiment in the
presence of MMA. In this case, MMA should polymerize,
and the heat of polymerization might cause the tem-
perature increase in the microreactor.

The percentage of unchanged AIBN is plotted against
the residence time in Figure 3. The plots fitted well to
the calculated values based on the bath temperature
according to eq 1, which was reported in the literature,12

indicating that the inside temperature of the microre-
actor was very close to the bath temperature.

The present results demonstrate superior heat trans-
fer ability of the microreactor. It is also noteworthy that
the temperature is controllable even in the case where

Figure 1. Characteristic features of microreactors and mac-
roraeactors

Figure 2. Microreactor system for polymerization. Key: M1,
T-shape micromixer, R1, R2, and R3, microtube reactors.

Table 1. Thermal Decomposition of AIBN in the
Microreactor

percentage of unchanged AIBN

residence
time (min)

bath temp
80 °C

bath temp
100 °C

bath temp
100 °C in the

presence of MMA

0.2 99.2 94.8 95.7
0.5 99.6 91.5 92.8
1.0 99.8 90.7 87.1
2.0 99.2 81.1 81.1
5.0 97.5 63.6 63.0

kd (s-1) ) 1.58 × 1015 exp(-129/RT) (1)

1160 Iwasaki and Yoshida Macromolecules, Vol. 38, No. 4, 2005

Fig. 1.4 Schematic of continuous flow reactor developed by Iwasaki et al. for the free radical
polymerisation of a series of acrylates, styrene and vinyl benzoate monomer, initiated by AIBN
(Mx: mixer, Rx: reactor). Image taken from Ref. 48.

Comparing flask and flow methods for the preparation of poly(butyl acrylate), the

PDI was found to be reduced from 10 in flask to 3 in flow. Similar results were observed

for the other acrylates in the series, but narrowing of the PDI was not observed in the

styrene and vinyl benzoate polymerisations. Iwasaki and coworkers suggested that the

improved control observed in the case of the acrylate polymerisation was a result of

the reaction being more exothermic and therefore more controlled in the high surface

area microreactor environment.

Another example of a two-stage reaction was reported by Nagaki and coworkers for

the cationic polymerisation of vinyl ethers.49 The reactor was set up in a similar fashion to

Iwasaki et al.48: vinyl ethers were mixed with a N-acyliminium ion and passed through a
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tube, within which the polymerisation occurred. A second mixer was placed at the end

of the first reactor to introduce diisopropylamine to quench the polymerisation. Using a

microreactor significantly improved the molecular weight dispersion, with PDI reducing

from 2.25-2.56 in a flask to as low as 1.14 in flow. The authors demonstrated that the

improvement in control was derived from fast mixing of the monomer and initiator.

can be achieved by controlling the initiation process, which is
effected by micromixing. Precise control of polymerization tem-
perature in the microsystem by virtue of effective heat transfer also
seems to be responsible for the remarkable control.
The present cation pool/micromixer method can be applied to

other vinyl ethers, such as isobutyl vinyl ether (3b, run 10) and
tert-butyl vinyl ether (3c, run 11). The corresponding macroscale
batch reactions for these monomers resulted in much poorer
moleccular weight distribution control (3b,Mw/Mn ) 4.31; 3c,Mw/
Mn ) 2.29).
It is important to know whether the N-acyliminium ion initiating

group was really incorporated into the polymer chain. It is also im-
portant to know the nature of the polymer end. To examine these
factors, the polymerization of 3a (10 equiv) was carried out with 2
and was quenched with the addition of allyltrimethylsilane. The re-
sulting polymer was analyzed by 1H NMR. As shown in Figure 2,
the ester methoxy group from 2 was clearly observed at 3.68 ppm.
It is also worth noting that an allyl group was observed as the end
group (olefinic protons, 5.02-5.10 and 5.76-5.88 ppm, with the
relative number of protons based on the methoxy group, 2.09 and
1.03, respectively), indicating that the carbocationic polymer end
was trapped by the added allyltrimethylsilane. It is also noteworthy
that a relative number of protons adjacent to oxygen in the main
chain (3.3-3.7 ppm) was 48.47 (four protons adjacent to nitrogen
overlapped), indicating that 16.16 of the monomer units were incor-
porated in a single polymer chain, on average. Because 10 equiv
of the monomer based on precursor 1 was used for the polymer-
ization, this number is slightly large but cannot be unreasonable if
we consider that the efficiency of the conversion of 1 to 2 is 70-
80%. The present observations indicate that the polymer end was
really living within the residence time of 0.5 s at -78 °C.

In summary, the present observations illustrate the potential of
microsystems, in conjunction with our cation pool, to effect cationic
polymerization in a highly controlled manner without the decelera-
tion inherent in the dynamic equilibrium between active and
dormant species. The molecular weight distribution can be con-
trolled by extremely fast micromixing, and the polymer end can
be used as the living reactive species for the follow-up reaction.
Further applications of the present concept based on the inherent
advantages of microsystems will hopefully appear in the field of
polymer science and technology in the future.
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Figure 1. Microsystem for polymerization. M1 and M2: micromixers.
R1: microtube reactor.

Table 1. Cationic Polymerization of Vinyl Ethers (3a-3c) Initiated
by the N-Acyliminium Ion Pool (2) Using a Microsystema

runs
monomer
(equiv)

flow rate
(mL/min)

T
(°C) Mnb Mw/Mnb

1 3a (10) 5.0 -78 1500 1.40
2 3a (25) 5.0 -78 2900 1.26
3 3a (35) 5.0 -78 4400 1.17
4 3a (50) 5.0 -78 6700 1.14
5 3a (50) 3.0 -78 5600 1.35
6 3a (50) 1.0 -78 6200 2.84
7 3a (50) 5.0 -48 8200 1.30
8 3a (50) 5.0 -27 5500 1.34
9 3a (50) 5.0 0 6500 1.61
10 3b (50) 5.0 -78 7900 1.12
11 3c (50) 5.0 -78 7600 1.50

a Polymerization was carried out in CH2Cl2 at -78 °C and was almost
quantitative in all cases. b Polymer samples were filtered through a short
silica gel column to remove the supporting electrolyte and analyzed by size
exclusion chromatography with a polystyrene calibration.

Figure 2. 1H NMR spectrum (600 MHz, CDCl3) of the polymer obtained
by the micromixing controlled polymerization of 3a, which was initiated
by 2 and terminated by allyltrimethylsilane.

C O M M U N I C A T I O N S
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Fig. 1.5 Schematic of continuous flow reactor developed by Nagaki et al. for the preparation of
poly(vinyl ether) (Mx: mixer, Rx: reactor). Image taken from Ref. 49.

Wurm and coworkers reported the living anionic polymerisation of polystyrene, using

sec-BuLi as an initiator.50 The authors reported well-controlled molecular weight poly-

mer with narrow polydispersities in the range 1.08-1.25. Similar results were reported

by Iida and coworkers who found that employing ’passive-mixing’ (where kinks and

bends are introduced along the channel) had the effect of improving mixing, which

consequently lowered the molecular weight dispersions from 1.31 to 1.18.51 The authors

reported that the most effective pattern was a zig-zag channel architecture.

Nagaki et al. later reported the two-step synthesis of polystyrene-block-poly(methyl

methacrylate), as shown schematically in Fig. 1.6.52 In the first reactor (R1) polystyrene

was prepared by living anionic polymerisation in THF, induced by injecting styrene and

sec-BuLi in mixer M1. To trap the active chain-end of the polymer, 1,1-diphenylether was

introduced at mixer M2 and allowed to react in R2. Reactor R3 was used to change

the temperature of the solution in preparation for the introduction of methyl methacry-

late, which was introduced at mixer M3 to create the block copolymer in reactor R4.

The eluting polymer from the reactor was quenched in methanol. The authors reported

quantitative conversion of both monomers in the reactor, and demonstrated that, by

varying the concentrations of each monomer, the molecular weight of the copolymer,
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as well as the individual mole fraction of each block could be controlled while main-

taining good control of the polydispersity.

8426 Macromolecules, Vol. 43, No. 20, 2010 Nagaki et al.

higher molecular weight were obtained by the introduction
of MMA as the second monomer, although a small amount
of polystyrene homopolymer was produced because the
inevitable side reaction of 1,1-diphenylalkyllithium with
the ester carbonyl groups (Figure 3a).4a,22

The increase in the amount ofMMA caused an increase in
the molecular weight (entries 1-3). The increase in the
amount of styrene also led to an increase in the molecular
weight (entries 3, 5, 6 and entries 2, 4). The block copoly-
merization of styrene and other alkyl methacrylates, such as
tert-butyl methacrylate (ButMA) and butyl methacrylate
(BuMA), was also successfully achieved to produce the
corresponding block copolymers with a narrow molecular
weight distribution (entries 7-18) (Figure 3b,c).

Moreover, substituted styrenes, such as p-dimethylsilyl-
styrene, can be used as the first monomer (m1) for copolym-
erization with alkyl methacrylates (Table 2, entries 19-21).
In this case the first polymerization and the trapping with
1,1-diphenylethylene could also be effectively carried out at
0 !C. The subsequent polymerization reactions with MMA,
ButMA, and BuMA were successfully achieved at tempera-
tures suitable for the polymerization of the secondmonomer.

The results show that the combinatorial synthesis of
polystyrene-poly(alkyl methacrylate) block copolymers
with various molecular weights can be easily achieved using
an integrated flow microreactor system. It should be noted
that the temperatures for the present copolymerization range
from þ24 to -28 !C, much higher than those used for
macrobatch polymerization.

Figure 3. Size exclusion chromatography traces of block copolymerizationwith styrene and alkylmethacrylates using the integrated flowmicroreactor
system (styrene, 10 equiv based on s-BuLi; alkylmethacrylate, 75 equiv based on s-BuLi): (a) styrene-MMA; (b) styrene-ButMA; (c) styrene-BuMA.

Table 2. Flow-Microreactor-System-Controlled Block Copolymerization of Styrenes and Alkyl Methacrylatesa

flow rate of solution (mL/min) conversion (%)

entry
monomer1

(m1)
monomer2

(m2)b
[m1]/

[s-BuLi]
[m2]/

[s-BuLi] s-BuLi m1
1,1-diphenyl
ethylene m2 T (!C) m1 m2 Mn

c Mw/Mn
c

1 styrene MMA 10 25 3.84 2.40 3.84 4.00 -28 99 99 3900 1.14
2 styrene MMA 10 50 3.12 1.95 3.12 6.50 -28 quant 99 6500 1.23
3 styrene MMA 10 75 2.56 1.60 2.56 8.00 -28 quant 99 9000 1.30
4 styrene MMA 25 50 2.40 3.75 2.40 5.00 -28 quant 99 9100 1.21
5 styrene MMA 25 75 2.24 3.50 2.24 7.00 -28 quant 99 11500 1.31
6 styrene MMA 50 75 1.60 5.00 1.60 5.00 -28 quant 96 15600 1.37
7 styrene ButMA 10 25 3.84 2.40 3.84 4.00 24 99 99 5000 1.10
8 styrene ButMA 10 50 3.12 1.95 3.12 6.50 24 quant quant 7100 1.15
9 styrene ButMA 10 75 2.56 1.60 2.56 8.00 24 quant quant 9200 1.19
10 styrene ButMA 25 50 2.40 3.75 2.40 5.00 24 quant quant 8300 1.15
11 styrene ButMA 25 75 2.24 3.50 2.24 7.00 24 quant quant 10900 1.20
12 styrene ButMA 50 75 1.60 5.00 1.60 5.00 24 quant quant 12400 1.22
13 styrene BuMA 10 25 3.84 2.40 3.84 4.00 0 99 99 5100 1.30
14 styrene BuMA 10 50 3.12 1.95 3.12 6.50 0 99 100 7600 1.48
15 styrene BuMA 10 75 2.56 1.60 2.56 8.00 0 quant quant 12200 1.55
16 styrene BuMA 25 50 2.40 3.75 2.40 5.00 0 quant quant 8900 1.40
17 styrene BuMA 25 75 2.24 3.50 2.24 7.00 0 quant quant 11300 1.56
18 styrene BuMA 50 75 1.60 5.00 1.60 5.00 0 quant quant 16900 1.44
19 p-Me2HSi- styrene MMA 10 50 3.12 1.95 3.12 6.50 -28 quant quant 8100 1.40
20 p-Me2HSi- styrene ButMA 10 50 3.12 1.95 3.12 6.50 24 quant quant 13600 1.18
21 p-Me2HSi- styrene BuMA 10 50 3.12 1.95 3.12 6.50 0 quant 99 12000 1.59
aAsolution of s-BuLi (0.050M in hexane) and a solution ofmonomer1 (m1) (0.80M inTHF (tetrahydrofuran)) were reacted in the flowmicroreactor.

The resulting solution was trapped with a solution of 1,1-diphenylethylene (0.050 M in THF). The resulting solution was reacted with a solution of
monomer2 (m2) (1.2 M in THF). bAlkyl methacrylate: MMA (methyl methacrylate), ButMA (tert-butyl methacrylate), BuMA (butyl methacrylate).
cPolymers of the peak in the region of high molar masses were analyzed with size-exclusion chromatography calibrated with polystyrene.

Figure 2. Flow-microreactor-system-controlled block copolymerization
of styrenes and alkyl methacrylates. T-shaped micromixer:M1 (φ=250
μm), M2 (φ= 500 μm), and M3 (φ= 250 μm). Microtube reactor: R1
(φ=1000 μm, L=100 cm),R2 (φ=1000 μm, L=12.5 cm),R3 (φ=
1000 μm, L= 50 cm), and R4 (φ= 1000 μm, L= 400 cm).

Fig. 1.6 Schematic of continuous flow reactor developed by Nagaki et al. for the preparation of
polystyrene-block-poly(methyl methacrylate) (Mx: mixer, Rx: reactor). Image taken from Ref. 52.

Together, these examples show that synthesising polymers in microreactors allows

the preparation of well-defined material properties.

1.5.2 Droplet Flow Syntheses

There are very few reports in the literature of polymer synthesis in droplet flow. On the

whole droplet methods have been used to perform polymerisation at the liquid-liquid

interface.53 One of the earlier examples of this approach was reported by Quevedo

and coworkers, where condensation polymerisation was performed at the liquid-liquid

interface to form a polyamide skin around each droplet.54

Fig. 1.7 Photograph of droplets produced using the needle injection method described by
Quevedo et al. Image taken from Ref. 54.

Droplets of sebacoyl and trimesoyl chloride in a chloroform/hexane mixture were

injected into an aqueous stream containing polyethyleneimine. As shown in Fig. 1.7,

23



the droplets were created by injecting the organic-phase through the needle inserted

through the wall of the polyvinylchoride capillary. The size of the droplets could be con-

trolled by varying the flow rate of the organic and aqueous components, with narrow

droplet size dispersions of < 5%.

There are several reports of UV-initiated polymerisations where the flow channel is

exposed to external UV irradiation. Xu and coworkers demonstrated the ability to poly-

merise different shaped droplets in flow by UV-exposure,55 while Dendukuri and cowork-

ers developed a quasi-droplet flow method in which a flowing solution of ethylene gly-

col (containing an initiator) was selectively exposed to UV radiation through a mask to

create well-defined solid shapes of polyethylene glycol.56

1.6

Electronic Materials Synthesis in Flow

1.6.1 Continuous Flow Syntheses

Seyler et al. reported the synthesis of conjugated materials in quasi-continuous flow by

Stille and Suzuki cross-coupling polymerisation.57 Suzuki polymerisation was used to pre-

pare a poly(9,9-dioctylfluorene) (PFO), and a polycarbazole PCDHTBT (see Fig. 1.8(top)).

The reaction used an equimolar quantity of a di-brominated aryl monomer and an aryl

bis-boronic acid or ester. In the presence of a palladium(0) catalyst (Pd(PPh3)4, PPh3:

triphenylphosphine) and an aqueous-phase base, the polymerisation proceeded by

step-growth, forming an alternating polymer of the two monomers. The synthesis of

PCDHTBT is shown in Fig. 1.8(top). The reagents were brought together at a controlled

point by delivering the reagents from separate pumps into a mixer and then fed through

a 10 mL heated coil, in which the polymerisation occurred (see Fig. 1.8(bottom).

In contrast to the above example of polymer synthesis, where the reagents were

directly injected into the reactor, here the authors employed injection loops to inject

only a small quantity of the reaction mixture into a continuous stream of pure toluene

solvent (see Fig. 1.8(bottom)). Using this approach, the reactor was shown to produce

polymers with comparable properties to those synthesised in a flask. The authors ap-

plied a back pressure cartridge to the reactor to allow the reactions to be run above

the boiling point of toluene and water, which was shown to improve reaction rates. For

example, a flask preparation of PCDHTBT at 90 �C for 14 hours produced a polymer with
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A selection of conjugated polymers, widely studied in organic
electronics, was synthesised using continuous flow methodology.
As a result of superior heat transfer and reagent control,
excellent polymer molecular mass distributions were achieved
in significantly reduced reaction times compared to conventional
batch reactions.

Organic photovoltaics (OPV) is an emerging solar energy
technology which promises mobile and low-cost energy con-
version from sunlight into electricity. The inherent advantages
of organic photovoltaics are reel-to-reel printable devices that
are lightweight and flexible. The state-of-the-art efficiency is
currently at around 8% for polymer-fullerene solar cells1 and
printed demonstration devices have already been produced
which show good stability and reasonable performance.2 In
order to optimise the performance of printed devices, time
must be invested in printing trials which will consume large
quantities of materials. However, only a handful of organic
materials are commercially available at present and the cost of
buying kilogram quantities is prohibitive. While it is possible
to produce large quantities of materials using traditional batch
synthesis methods, problems such as heat transfer and
reproducibility will always hinder research progress.

Continuous flow synthesis methods offer the possibility of
production of materials in a safe, reproducible and scalable
manner.3 Continuous flow methods are often applied in
industrial processes and a number of research groups have
been studying reactions on laboratory scale equipment.4

However, reported syntheses of organic electronic materials
in continuous flow are rare.5 Two conference proceedings6 and
a recent review7 hinted at the use of flow methods for the
synthesis of organic light emitting diode (OLED) materials. In
this communication, we present the results of preliminary
studies into continuous flow synthesis of conjugated polymers.
Various polymerisation methods were translated to the flow
process to illustrate adaptability and scope. Most significantly,
similar polymer molecular mass distributions were achieved in

flow reactions compared to batch reactions with significant
reductions in reaction times.
One of the most common methods for the synthesis of

solution processable conjugated polymers is Suzuki poly-
condensation. Typically, dibromo aryl monomers and aryl
bis-boronic acids are coupled together using a palladium
catalyst in the presence of base and suitable organic solvent.
With easily available starting materials, the well-known blue-
emitting polymer, poly(9,9-dioctylfluorene) PFO, was chosen
as a model system for initial test reactions.8 It has been
synthesized using a variety of methods with Suzuki polycon-
densation being the most popular. The use of toluene and
aqueous solution of tetraethylammonium hydroxide
(Et4NOH) with Pd(PPh3)4 as catalyst typically gave the best
results in standard batch polymerisations (Scheme 1a).9 Under
these conditions, all reactants, reagents and products are
kept in solution throughout the reaction. This is an important
consideration for translation of the reaction to the flow reactor.
The continuous flow reactions were performed on a com-

mercially available bench top flow reactor (Vapourtec, refer to
the ESI for detailed setupz). The monomer units 1 and 2
(0.2 M) and Pd catalyst (2 mol%) were dissolved in toluene
and injected into one sample loop while the aqueous solution

Scheme 1 Polymer synthesis via Suzuki polycondensation for (a) PFO;

(b) PCDHTBT and (c) in continuous flow.
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z Electronic supplementary information (ESI) available: Detailed flow
reactor setup and polymer characterisation. See DOI: 10.1039/
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Fig. 1.8 Flow synthesis of PCDHTBT in continuous flow as reported by Seyler et al.: (top) Suzuki
polymerisation route used to form PCDHTBT; and (bottom) schematic of the flow reactor used to
prepare PCDHTBT, comprising two pumps that delivered separate solutions of monomer/catalyst
in toluene and aqueous-phase base from two injection loops. Image taken from Ref. 57.

Mw 25 kg/mol (PDI 1.6) and 74 % recovered yield, and in flow at 120 �C for 2 hours the

polymer produced had Mw 23 kg/mol (PDI 1.9) and 79 % recovered yield. Similar effects

were reported for the Stille polymerisation.

Focusing on flow aspects, the authors reported that the viscosity of the polymer in-

creased as it cooled upon leaving the heated coil. High viscosity in flow has the effect of

increasing the pressure of the reactor, which can lead to leakage in joints/seals, pump

failure or rupturing of the reactor channel. To overcome this problem, the authors in-

corporated an additional pump to deliver more solvent at the end of the reaction (see

Fig. 1.8(bottom)). Another important aspect in this report was the use of injection loops

to deliver only a small plug of reagent into the reactor. This approach is a key example

of where flow chemistry has advantages for screening experiments. Rather than filling

the entire reactor with reagents, the reaction can be carried out in steady state flow

conditions by injected a controlled dose of reagents into the solvent flow. By controlling

the volume of these loops, the scale of the reaction can be varied down to a few µL
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(using standard injection coils) without affecting the underlying flow environment. Thus,

if necessary, it would be possible to perform many small-scale reactions in flow from a

single stock solution, and therefore maximise the use of expensive or precious reagents.

Beilstein J. Org. Chem. 2013, 9, 1492–1500.

1497

Scheme 2: Schematic representation of the telescoped preparation of P3HT in a flow reactor.

Table 3: Data for the telescoped synthesis of P3HT from 2,5-dibromo-3-hexylthiophene (1) in flow.a

Entry Flow rate,
monomer
mL/min

[Catalyst]
mM

Flow rate,
Ni(dppp)Cl2
mL/min

Catalyst
mol %

Timeb

min
Mn
kg/mol

Mp
kg/mol

Mw/Mn

1 1 2.7 0.1 0.14 18 31c 49c 1.5c

2 1 5.5 0.1 0.28 18 20.5 47 1.9
3 1 5.5 0.18 0.5 28d 8 16 1.8

aReactor 1 (PFA × 2) volume = 20 mL; reactor 2 (PFA and stainless steel) = 20 mL. bResidence time for the polymerization. cAfter Soxhlet extraction
with methanol and petroleum spirits 40–60 °C. dReaction time was adjusted by slowing down the flow rate after reactor 1.

Figure 4: 1H NMR (CDCl3, 500 MHz) spectra of P3HT samples prepared in (a) flow and (b) batch show comparable regioregularity of approximately
95% for both processes. P3HT prepared in flow (Mn = 20 kg/mol) and in batch (Mn = 17 kg/mol) (* designates residual solvent).

both 2,5-dibromo-3-hexylthiophene (1) and the tert-butylmag-
nesium chloride (0.2 M in THF) were allowed to react at 100 °C
with a retention time of 20 min in reactor coil 1.

Ni(dppp)Cl2 catalyst in o-DCB was added to this reaction
stream and the polymerization was heated at 150 °C for 18 min.
Under these conditions, we succeeded in obtaining P3HT with
Mn of 31 kg/mol and polydispersity of 1.5 (Table 3, entry 1).

The regioregularity was estimated to be 95% from the integra-
tion of the ĭ-methylene protons in the 1H NMR spectrum
(Figure 4). The same degree of regioregularity was observed for
a batch sample of similar molecular weight. Additionally, the
variation of the molecular weight was investigated when the
[M]0/[I]0 ratio was varied. As expected, increasing the concen-
tration or the flow rate of the catalyst stock solution, afforded
lower-molecular-weight polymers (Table 3, entries 2 and 3).

Fig. 1.9 Schematic of telescoped synthesis of P3HT described by Seyler et al. where 2,5-dibromo-
3-hexylthiophene undergoes metathesis with t-butylmagnesium chloride to form a mixture of
thienyl-Grignard intermediates; a nickel catalyst is subsequently introduced into the flow to in-
duce polymerisation in the second reactor. Image taken from Ref. 17.

Using similar flow methods, Seyler et al. reported the synthesis of poly(3-hexylthiophene)

(P3HT) in continuous flow by Kumada catalyst-transfer polymerisation.17 The authors

demonstrated that well-controlled P3HT could be prepared using superheated reac-

tion temperatures of 100 �C in a manner consistent with quasi-living chain growth poly-

merisation58 with PDI’s between 1.4-2.0. However, reaction yields after thirty minutes

reaction time were typically low (40-65 %).⇤Stainless steel reactor tubing was found to

be incompatible with the polymerisation, which led Seyler and coworkers to speculate

that the nickel content in the steel was affecting the polymerisation. To circumvent this,

a fluorinated material, polyfluoroalkoxy (PFA), was used for the reactor channels.

The authors also reported the telescoped preparation of the polymer, where the

Grignard metathesis activation step was performed in flow prior to adding the cata-

lyst (see Fig. 1.9), as opposed to preparing the activated monomers in a flask and then

transferring them to flow. In the first stage, the dibrominated 3-hexylthiophene monomer

was activated in THF with one molar equivalence of tert-butylmagnesium chloride at

100 �C in ’reactor 1’. At the end of the first reactor the nickel catalyst was introduced to

induce polymerisation in ’reactor 2’ (again at 100 �C). Both reactions were run under su-

perheated conditions by incorporating back pressure cartridges to prevent the solvent
⇤Later in this thesis I describe a droplet flow synthesis procedure for P3HT that produced quantitative yield

(⇠80%, limited by the yield of the catalytically active thienyl-Grignard intermediate) within four minutes at a
temperature of just 55 �C. 16
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from boiling. Polymers synthesised by the two-step method were of equivalent speci-

fication to those prepared by the single step polymerisation starting from a prepared

solution of the thienyl-Grignard.

Kumar et al. recently reported the synthesis of P3HT in continuous flow by Kumada

catalyst-transfer polymerisation in a mixture of 3,4-ethylenedioxythiophene (EDOT) and

THF.59 The incorporation of the EDOT co-solvent was reported to improve solubility of the

catalyst. In small-scale (1 mL) reactors, the authors showed that P3HT could be pre-

pared with accurate control over molecular weight while maintaining low PDI (1.1-1.3).

However, the authors reported blockage in the mixing device at the fastest reaction

times of 15 seconds. Using a larger 21 mL reactor, the authors demonstrated the syn-

thesis of P3HT at an impressively high production rate of 32.8 g/hour (⇠800 g/day). Five

complete repeat experiments of the large-scale preparation showed a high degree of

reproducibility between batches, with Mn varying between 13.7-14.8 kg/mol and PDI

in the range 1.19-1.22. This report clearly demonstrated the ability to scale synthesis in

microreactors without any loss of control over the material properties of the polymer.

1.6.2 Droplet Flow Syntheses

Unpublished work by Khaw and Heeney found that the principle limitation of continuous

flow preparation of P3HT was reactor blockage.60 We sought to resolve this problem

using droplet flow methods.

The origin of the droplet flow methods described in this thesis is a reactor developed

in our group by Nightingale and coworkers.61 Having suffered problems with reactor

fouling when preparing CdSe quantum dots in continuous flow, the authors sought to

develop a high-temperature droplet flow technique to prevent contact of the reac-

tion mixture with the walls of the channel. Nightingale and coworkers described a

method where the reaction mixture in 1-octadecene was dispersed in a perfluorinated

polyether (PFPE) using a ’droplet generator’ to create a stream of near-identical sub-

µL droplets in the PFPE oil (see Fig. 1.10b) at a rate of < 10 droplets per second. The

droplets then passed into a length of PTFE tubing immersed in heated oil, as shown in

Fig. 1.10a. The authors reported that the combination of the fluorinated oil and PTFE

tubing resulted in a stable stream of droplets that eliminated fouling in the reactor.

The optoelectronic properties of the CdSe quantum dots were found to be depen-

dent on the reaction time, temperature and the ratio of cadmium to selenium in the
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Fig. 1.10 Droplet flow reactor developed by Nightingale et al. for the preparation of CdSe
nanoparticles: (a) a schematic of the droplet reactor, comprising a droplet generation device,
a heated zone for nanoparticle growth, and in-line fluorescence emission spectroscopy; and (b)
schematic of the capillary droplet generator showing the formation of the droplet flow. Image
adapted from Ref. 61.

reaction mixture. Importantly, the authors showed that their reactor was stable over an

extended period. To demonstrate this, the reactor was run continuously for twenty-four

hours with the fluorescence emission spectrum of the as-produced CdSe quantum dots

recorded in-line at the end of the reactor. Fig. 1.11a shows the emission spectra of the

quantum dots at four hour intervals, where no changes in the emission spectra are ev-

ident with time. The peak maximum emission wavelength and full-width half-maximum

of the fluorescence emission were shown to be invariable over the day-long period (see

Fig. 1.11b(i) and c(i)). The histograms in Fig. 1.11b(ii) and c(ii) show the precise level of

control achieved using the droplet flow approach, with calculated standard deviations

of 0.46 nm in the peak emission wavelength and 0.25 nm in the full-width half-maximum

over the twenty-four period.

Overall, the level of control achieved in these droplet reactors (combined with their

resilience to reactor fouling) allowed well-defined materials to be produced in an easy

and reproducible manner. The method was later successfully scaled-up using a multi-

channel reactor, with five parallel reactors being fed from a common feed of solutions

via a method of passive flow-splitting.26 Nightingale and coworkers recorded produc-

tion rates of 145 g/day for CdTe nanoparticles, far greater than any method that had
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emission spectra with time. Importantly there is no drift in either

the peak position or the linewidth of the band-edge emission,

which fluctuate weakly about long-term averages of 530 and

27 nm respectively, with standard deviations of 0.46 and 0.25 nm

(Fig. 4b and c). The stability is quite remarkable, and we know of

no other approach to nanoparticle synthesis that can maintain

this degree of constancy over such a long period of time.

The droplet reactor appears to provide a near-ideal environ-

ment for synthesising compound semiconductor nanoparticles,

offering excellent control and long-term stability even at the high

temperatures required for pyrolytic synthesis procedures. To

demonstrate the wider applicability of the droplet reactor we

finish by briefly describing the aqueous synthesis of metal (Ag)

and metal-oxide (TiO2) nanoparticles, using reactions that are

known to cause fouling in continuous flow reactors due to the

formation of solid intermediates or residue.

For titania we adapted a bulk synthesis procedure by Cas-

saignon et al.,36 in which a concentrated TiCl3 solution (10 wt%

in aqueous HCl) is first diluted and the pH then raised by the

rapid addition of NaOH, yielding a blue precipitate of titanium

oxide hydrates that dehydrate on heating to colloidal titania. To

perform this reaction in droplet flow, we supplied one auxiliary

capillary with TiCl3 solution at 0.5 mL min!1 and the other with

0.25 M NaOH at 16.5 mL min!1, using ODE as the carrier fluid at

55 mL min!1. A four metre section of the 0.82 mm diameter main

capillary was immersed in an oil-bath at 90 "C, implying a heat-

ing time of thirty minutes for the chosen flow conditions.

To implement this reaction in a continuous flow reactor would

involve multiple process steps to repeatedly dilute the TiCl3 and

then raise its pH since large flow rate mismatches cannot be

tolerated between reagent streams. Using the droplet reactor

with a 33-fold mismatch in the reagent flow-rates, however,

allows the dilution and pH change to be achieved in a single step,

allowing for a considerable simplification in microfluidic archi-

tecture.

Blue clouds of the titanium oxide hydrates were observed to

form inside the droplets as the reagents mixed (Fig. 5a).

However, the clouds of precipitate remained safely contained

within each droplet and gradually diminished in size and inten-

sity as they passed through the heated section of the capillary

until fully converted into titania. The droplets were collected as

a milky-white solution at the channel outlet. Addition of acetone

and subsequent centrifugation yielded a white powder that was

verified by X-ray diffractometry to be crystalline anatase with

a domain size of #5 nm as determined by the Scherrer equation

(Fig. 5b). Transmission electron microscopy images obtained

after redispersing the particles in water and evaporating onto

carbon grids showed a nanocrystalline material structured on the

#5 nm length-scale (Fig. 5c). The images showed clearly resolved

Fig. 4 Stability of CdSe quantum dot production. (a) Time evolution of

the emission spectra of droplet-synthesised CdSe quantum dots keeping

the reaction conditions fixed at: T ¼ 150 "C, QPFPE ¼ 45.5 mL min!1,

QCd ¼ QSe ¼ 2.3 mL min!1. (b(i)) The peak wavelength of the band-edge

emission versus time and (b(ii)) histogram of the same data. (c(i)) The

linewidth of the band-edge emission versus time and (c(ii)) histogram of

the same data.

Fig. 5 Droplet-synthesised nanocrystalline titania. (a) Photograph

showing the early stages of titania synthesis in the droplet reactor, with

blue clouds of titanium oxide hydrate intermediates clearly visible inside

the aqueous droplets. (b) X-ray diffraction spectrum of droplet-syn-

thesised titania, shown with reference lines for anatase. (c) TEM image of

the titania nanoparticles, exhibiting well-resolved lattice fringes that are

consistent with anatase (1 0 1) planes. The scale bars indicate 50 nm (main

image) and 5 nm (inset image).

This journal is ª The Royal Society of Chemistry 2011 Lab Chip, 2011, 11, 1221–1227 | 1225
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Fig. 1.11 Stability data of CdSe quantum dots prepared in droplet flow under fixed reaction
conditions over twenty-four hours: (a) fluorescence emission spectra recorded at four-hour inter-
vals; (b)i peak emission wavelength of as-produced CdSe quantum dots recorded in-line; (c)i
full-width half maximum of as-produced CdSe quantum dots recorded in-line; (b)ii histogram of
peak emission wavelengths of CdSe emission spectra; and (c)ii histogram of peak full-width half
maxima of CdSe emission spectra. Image taken from Ref. 61.

been reported previously. The reactor was shown to produce quantum dots with iden-

tical spectral properties in each of the five channels with no drift over a nine hour test

period.

1.7

Conclusions

This chapter has presented the principles and current applications of flow chemistry.

The majority of syntheses reported to date have involved continuous flow methods,

yielding well-controlled materials. Recent reports of conjugated polymer synthesis in

continuous flow were discussed, which showed good levels of control over the poly-

merisation mechanism. Prior to the work described in thesis, there had been no reports

of conjugated polymer synthesis in droplet flow. However, the droplet flow methods
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developed by Nightingale for nanocrystal synthesis form the foundation for the work

described in subsequent chapters.
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Chapter 2

Experimental Methods
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2.1

Design and Construction of Droplet Flow Reactors

2.1.1 Overview

For all of the work described in this thesis, the droplet flow reactors have been designed

for purpose. Fig. 2.1 shows a photograph of a typical droplet flow reactor fully assem-

bled. Each fluid is stored in a separate gas-tight syringe mounted on a syringe pump,

which delivers the fluid at a user-defined flow rate (Fig. 2.1a). Using tubing and flu-

idic connectors, the syringes are connected to either a 1.7 µL static mixer (Fig. 2.1b)

to mix fluids in continuous flow or to a droplet generator (Fig. 2.1c, as described in

§2.1.3) where dispersed droplet flows are created. The outlet of the droplet generator

feeds the droplet stream into the droplet flow reactor which comprises a fixed length of

heated capillary (Fig. 2.1d, as described in §2.1.4). Finally, the eluent from the reactor

is collected in an appropriate vessel, Fig. 2.1e.

In all cases fluids are delivered from Luer-Lok tipped gas-tight syringes (SGE or Hamil-

ton) mounted on Harvard Apparatus Pump 11+ or Chemyx Nexus 3000 syringe pumps.

The fluidic components are connected together using PTFE or fluorinated ethylene propy-

lene (FEP) tubing, secured using a flangeless ferrule and nut assembly (Upchurch Scien-

tific). Typically the immiscible fluid is delivered through 1 mm ID, 2 mm OD PTFE tubing

(Bohlender or Polyflon) and the reagents are supplied through 355 µm ID, 1/16" OD FEP

capillaries (Upchurch Scientific). In all cases 1 mm ID, 2 mm OD PTFE tubing is used for

the reactor, with the length being chosen for the given application.

2.1.2 Perfluorinated Polyether

Fluorinated liquids are commonly used in industry as heat transfer agents and oils for

vacuum pumps. Perfluorinated polyethers (PFPEs) are one such class of fluorinated fluid.

Solvay Solexis manufacture a range of PFPEs with different molecular weights that have

varying viscosities and operating temperatures. The highest molecular weight materials

are greases, while the lowest molecular weight materials are fluids thinner than water.

PFPEs pose little risk to health, even by ingestion. Indeed there is a dedicated line of

PFPEs for surface coating paper/cardboard food packaging. In this work two grades

of PFPE have been used: Fomblin Y-LVAC 06/6 and Galden HT-170. Both materials are
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Fig. 2.1 Photograph of an assembled droplet flow reactor.

liquids and form well-defined interfaces with water and organic media, making them

ideal for creating droplets.

The material properties of the two PFPEs are compared in Table 2.1, along with the

properties of water for reference. Both PFPEs have a density significantly greater than

that of water and other common solvents. Hence they typically sink to the bottom of

any vessel containing an orthogonal solvent. Fomblin PFPE is a high viscosity PFPE that

has a very low vapour pressure and decomposes before boiling. Fomblin PFPE has pre-

viously been used by Nightingale et al. for high-temperature nanocrystal synthesis,26,61

where it was used at 5:1 flow rate ratios of PFPE:solvent to generate and stabilise sub-µL

droplets of aqueous and organic media. For the preparation of polythiophenes, I have

found it to be a good choice of carrier liquid when it is necessary to support solid sus-

pensions of catalyst (see §2.2.2). However its high viscosity complicates post-synthesis

work-up of materials and so whenever possible the thinner Galden PFPE was adopted.
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The Galden PFPEs are a lot thinner than Fomblin PFPE, having kinematic viscosities com-

parable to water. There are many formulations of Galden available ranging in boiling

point from 55 to >300 �C. HT-170 was selected for the work here due to its favourable

trade-off between vapour pressure (0.8 torr) and viscosity (1.8 cSt).

Material Property Water [a] Fomblin Y-LVAC 06/6[a] Galden HT-170[b]

mol. weight / amu 18 1800 760
density / gmL�1 1.00 1.88 1.77

kinematic viscosity / cSt 1.0 64 1.8
boiling point / �C 100 -[c] 170

vapour pressure / torr 17.3 8⇥10�8 0.8

Table 2.1 Comparison of material properties between water, Fomblin Y-LVAC 06/6, and Galden
HT-170 ([a] values at 20 �C, [b] values at 25 �C, [c] Fomblin PFPE decomposes before boiling).

However, due to its lower kinematic viscosity (1.8 cSt versus 64 cSt for Fomblin PPFE at

room temperature) it is not possible to generate a stable stream of such small droplets

as with Fomblin PFPE, as the droplets quickly recombine and de-stabilise the flow. Hence

Galden PFPE must be used at a low loading relative to the orthogonal solvent. In this

thesis a flow ratio of 1:1 PFPE : solvent was found to provide stable and reproducible

droplet flow, typically leading to droplets of 2-3 µL in volume.

2.1.3 Droplet Generators

Capillary Droplet Generators

In 2011 Nightingale et al. described a simple method for generating droplets using flexi-

ble silicone tubing, glass capillaries and rigid PTFE tubing, an example of which is shown

in Fig. 2.2.61 The generator was applied to a range of nanocrystal syntheses, with both

aqueous and organic droplets being generated in Fomblin PFPE. I employed this style

of generator for my initial work on the droplet flow synthesis of P3HT using similar droplet

generation frequencies of < 10 droplets per second. From mixing tests with colour-dyed

THF droplets, mixing was found to complete within only a few seconds after budding off

from the glass capillaries. A sufficient length of tubing was allowed between the gener-

ator and heated zone to ensure complete mixing of the droplets prior to entering the

reactor.

Nightingale’s droplet generators are fabricated in the following way. Starting with

a length of silicone tubing (1 mm ID, 3 mm OD, VWR), a fine non-corking needle (25G
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Fig. 2.2 (left) photograph of a two-reagent inlet capillary droplet generator developed by
Nightingale et al. 61; and (right) top-down and through-tube schematic diagrams of the capil-
lary droplet generator, with a chevron terminated PTFE tube inserted.

or higher, < 0.5 mm OD, Braun) is inserted into the wall of the tubing at angle of ap-

proximately 60� to the tube. If two capillary inlets are required, the tube is turned over

and the process repeated. (This approach can be extended to three inlet capillaries

set at 120� interval around the tube if desired). Into each hole a length of ceramic-cut

silica-coated glass capillary (150 µm ID, 363 µm OD, Composite Metal Services) is in-

serted. The end of the capillaries are then manoeuvred into the middle of the channel.

Where two capillaries are used the ends of the capillary must be placed close together,

although not touching, to create a point of confluence for the injected reagents. The

capillaries are then sealed in place on the outside of the silicone tubing using a two-part

chemically-resistant epoxy resin (Araldite 2014, Huntsman). Once the resin has cured,

the PTFE reactor tubing (1 mm ID, 2 mm OD, Bohlender or Polyflon) is inserted into the

end of the silicone tubing downstream of the glass capillaries. The end of the PTFE tube

is cut into a chevron shape, as shown in Fig. 2.2(right), to allow the end of the capil-

laries to sit inside the PTFE tube such that droplets are generated inside the PTFE tube.

Through testing and experience it has been observed that edges inside a flow channel

can disturb the flow of a droplet stream (resulting in droplet recombination and regen-

eration), so it is preferable to avoid generating the droplet inside the silicone tubing first.

The inlets of the capillaries are inserted into separate lengths of 355 µm ID FEP tubing,

which in turn are connected to reagent syringes. The PFPE carrier fluid is injected into

the droplet generator through a 1 mm ID, 2 mm OD PTFE tube inserted into the silicone

tubing before the capillaries.
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For my earliest work on polymer synthesis in droplets I used this style of droplet gener-

ator with both one and two reagent inlets. However, I found that the aggressive organic

solvents required for organic synthesis, particularly tetrahydrofuran, caused the silicone

tubing to swell over time. Furthermore the Araldite resin was sensitive to prolonged ex-

posure to the solvents and formed cracks where liquid could escape.

Development of a Robust PTFE Droplet Generator

After performing an initial series of experiments to verify that droplet flow methods could

be used for polymer synthesis, it was decided to improve the robustness of the gener-

ator. Working with Dr. Adrian Nightingale, who required an improved design for similar

reasons, we redesigned the original generator into a micro-machined component that

was tolerant of high flow rates, provided excellent chemical resistance and was easy

to fabricate. The new design adopted the same layout as the previous silicone/PTFE

droplet generators but was instead formed from a single block of PTFE that would be re-

silient to solvent exposure. A photograph of one of these devices is shown in Fig. 2.3(left).

Internally the PTFE block contained 1 mm diameter channels for the fluids, with 10 mm

1/4-28" UNF female threaded ports to allow standard flat-bottomed flangeless tube as-

semblies to be attached, as shown in the schematic in Fig. 2.3(right).

(a)

Fig. 2.3 (left) photograph of a micro-machined PTFE droplet generator; and (right) rendered
image of the micro-machined device showing the internal channel architecture.

It was quickly determined that the easiest way to make these devices was to ma-
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chine the three intersecting channels into thin blocks sliced from rods of PTFE (RS Com-

ponents, 35+ mm diameter). The machined component was post-processed to incor-

porate the screw threads. The droplet generators were machined with either one or

two reagent inlets, alongside the carrier fluid (equating to three or four connections

including the outlet). It was possible to fabricate these devices ten at a time on a

4-axis milling machine, although best accuracy was achieved when machining each

individually. Correctly fitted, standard microfluidic fittings are typically rated to 34 bar

(for 2 mm OD tube fittings), and therefore provide a convenient and robust method

for connecting the reagent streams without the risk of leakage. It is possible to thread

glass capillaries through the FEP inlet tubes such that the reagents are delivered to the

centre of the channel. However, in practice we found that similar droplet streams were

obtained without the capillaries in place and hence they were not used for the work

reported here. Removing the need for the glass capillaries allowed other sizes of tubing

to be used for the tube between the reagent syringe and the droplet generator. How-

ever, the 355 µm ID FEP tubing was retained to ensure a small dead volume of reagent

between the syringe and the generator.

(a) (b) (c)

Fig. 2.4 (a) photograph of a micro-machined PCTFE droplet generator with material removed
from in the centre of the device to reveal the internal channel architecture; (b) and (c) pho-
tographs of droplets being generated at the point of confluence in the droplet generator.

The machined droplet generators are now used widely by the group for many differ-

ent applications. One drawback of PTFE droplet generators is their opaque nature,

which makes it impossible to view the droplet generation process. By switching to

translucent polychlorotrifluoroethylene (PCTFE) this drawback is overcome, see Fig. 2.4a.

To achieve adequate transparency it was necessary to reduce the thickness of the ma-
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terial around the point of confluence to about 1 mm. Fig. 2.4b-c show droplet genera-

tion occurring for the dual injection of dyed tetrahydrofuran into Galden PFPE (note that

the image is blurred by the thin layer of PCTFE). In Fig. 2.4b a newly generated droplet

is at the point of budding off and leaving the generator. In the second photograph,

Fig. 2.4c, the droplet has left the generator and a new droplet is beginning to form at

the point of confluence.

A 3D-Printed Droplet Generator

Although not used in this thesis, we have been able to 3D-print the single structured

droplet generator device (including ready to use screw threads) with high accuracy in

cemented Nylon (printing outsourced to Sculpteo, France). The material shows good

chemical resistance to many common organic solvents, although chlorinated solvents

were found to attack the surface of the printed structure. The design was adapted as

shown in Fig. 2.5a to remove unneeded material and therefore reduce the cost.

(a) (b)

Fig. 2.5 (left) a schematic of the 3D-printed droplet generator, showing the internal printed struc-
ture; and (right) a photograph of the 3D-printed droplet generator fitted with fluidic fittings, after
coating the internal channels with a PTFE resin coating.

To improve the resistance and to reduce the permeability of the 3D-printed struc-

ture to solvents, it is possible to coat these structures internally with a fluorinated resin

(similar to those used on household cookware). This coating process was performed by

Precision Fluoro Coatings Ltd by delivering a DuPont fluorinated resin using our standard

microfluidic fittings and baking the resin to form a few-micron thick coating. The final

unit (complete with tubes and fittings) is shown in Fig. 2.5b. Although the unit was printed

38



in white, the coating process has greyed the entire structure. The internal channels are

black where the resin was applied.

2.1.4 Droplet Reactors

Calculation of Reactor Retention Times

The droplet reactors used throughout this thesis consist of three components; (i) a length

of 1 mm ID, 2 mm OD PTFE tubing through which the stream of droplets travel, (ii) a

mechanical support for the tubing, and (iii) a mechanism for heating the reactor tubing.

To allow a wide range of reaction times (15 s to 30 min) to be assessed using a single

reactor, the system must tolerate a wide range of flow rates. For all flow experiments

in this thesis, syringe pumps were used to delver reagents to the flow reactor. While

syringe pumps provide a versatile means of pumping fluids, there are upper and lower

limits that must be considered in order to achieve a uniform (non-fluctuating) fluid flow.

At high flow rates, the friction in the tubing created by the fluid flow causes the pressure

to rise in the reactor. Above a certain speed the force required to pump the fluid will

exceed the limit that the motor can deliver leading in most cases to the pump stalling

— this is a safety feature fitted to most pumps. At the other end of the scale, when

pumping very slowly the discrete motion of the pump motors will become noticeable

and disturbs the uniformity of the flow.

Equation 2.1 describes the relationship between the total volumetric flow rate of fluid

through a reactor, Ftotal in µL/min, and the reaction time, ⌧reaction in minutes, for a fixed

volume reactor of volume Vreactor in µL. In all cases the internal diameter of the reactor

tubing was 1 mm and so the relationship can be re-defined in terms of reactor length,

Lreactor as in Equation 2.2 (where Ftotal is in µL/min; Lreactor is in metres; and ⌧reaction is in

minutes).

Ftotal =
Vreactor

⌧reaction
(2.1)

Ftotal =
250 ⇥ ⇡ ⇥ Lreactor

⌧reaction
(2.2)

It was found that tubing of 1-5 m in length provided good versatility, allowing both

fast and slow reactions to be performed. Increasing the length of the reactor at fixed
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reaction times requires a proportionately higher rate of fluid flow and so for test reactions

where it is desirable to minimise reagent consumption it is more preferable to work with

shorter tubing lengths.

Development of a Prototype Reactor

Early droplet reactors were constructed from lengths of PTFE tubing wound into coils

which were then secured with metal wire and immersed in a temperature-controlled oil

bath. In practice several problems were encountered when using this approach. Hot

and cold spots existed along the length of the reactor. The temperature was highest

where the coil touched the base of the oil bath (closest to the heat source) and coolest

close to the upper surface of the oil. This caused the flow to become unstable, causing

droplet coalescence — a process where droplets combine and increase in size. In

addition, from examination of used coils, it was evident that the heating oil was not

reaching the inner turns and that therefore there was a significant temperature gradient

throughout the reactor.

It was found that suspending the tubing above the base of the oil bath in a flat

spiral arrangement eliminated these problems. A prototype reactor was constructed by

threading the PTFE tubing through a metal cross-shaped frame made from Meccano

(Spin Master Toys). A photograph of this setup is shown in Fig. 2.6. The metal frame was

fitted with legs to hold the coil above the base of the oil bath.

Fig. 2.6 Photograph of a prototype droplet flow reactor, comprising PTFE tubing held in a
Mecanno frame and immersed in an oil-filled tin.
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To keep the reactor flat, both ends of the tubing were passed through liquid-tight

holes in the wall of the tin. A liquid-tight seal was achieved by mounting silicone tubing

(1 mm ID, 3 mm OD) into two 3 mm holes drilled into the side of the tin, one for each

end of the reactor. The tubing was secured in place with an acrylic resin (Araldite 2022,

Huntsman).

After the resin had cured, the ends of the PTFE reactor tubing (1 mm ID, 2 mm OD)

were passed through the secured silicone tubing, and the tubing was trimmed to leave

c.a. 5 cm protruding from the reactor at each end. Before continuing, the reactor

tubing was removed and measured to be 1.1 m. After reassembly, the tin was filled with

paraffin oil. A large magnetic stirrer bar (designed for flat bottomed containers) was

added to homogenise the oil temperature. The tin was placed on top of a standard hot

plate stirrer and a probe was fitted at the height of the tubing in the oil. The level of the

oil was significantly higher than the level of the coil to ensure that the coil temperature

was unaffected by changes to the surrounding environment.

In batch, P3HT is typically synthesised under reflux conditions at around 67 �C (for

THF). To carry out the same reaction in flow, it was found necessary to reduce the reac-

tion temperature down to 55 �C in order to maintain a stable, non-boiling flow. At 55 �C

it was possible to maintain excellent droplet flow without the risk of droplet coalescence

even over long reaction times of many minutes. This reaction temperature was used for

much of the work reported in this thesis.

This reactor worked well but required a large quantity of heating oil due to the large

volume of the tin. This meant that the reactor took a long period of time to reach a

desired reaction temperature making studies involving multiple temperatures unneces-

sarily time-consuming. Furthermore the design made it difficult to change the reactor

tubing, as the seal would often fail when the PTFE tubing was removed.

Development of a Robust 3D-Printed Droplet Reactor Bath

An improved oil-bath design that could be printed in plastic using a 3D printer was de-

veloped. The reactor bath, shown in Fig. 2.7, allowed the tubing to be supported in

a spiral by threading the tube through a series of six spokes set at 60� intervals around

the centre of the dish. Six spokes was the minimum number required to achieve a reg-

ular undistorted spiral. The total length of the reactor secured in the spiral was 2 m.

Approximately 10 cm of unheated tubing was allowed on each end of the reactor for
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connection to the droplet generator and collection vial. The oil-bath was designed to

fit on a 15 cm diameter hotplate. A space was left in the centre of the bath for a mag-

netic stirrer bar. This was spun at a speed of 500 rpm to ensure a uniform temperature

profile. The design was printed with polylactic acid using a Bits from Bytes 3D printer.

The finished prototype was moderately resistant to oil leakage, but at elevated temper-

atures paraffin would seep through the walls of the structure. The reactor was therefore

placed in a glass dish. The level of the oil was again kept significantly higher than the

level of the tubing to prevent temperature fluctuations.

Fig. 2.7 Photograph of a 3D-printed oil-bath, with six regularly spaced spokes to hold 2 m of PTFE
tubing and a magnetic stirring bar to homogenise the temperature profile.

These reactors provided a very stable environment in which to synthesise materials,

with minimal temperature fluctuations. Furthermore the temperature could be quickly

adjusted due to the reduced volume of oil.
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Tube-in-Shell Reactors

The 3D-printed droplet reactors provide a convenient and reliable platform for perform-

ing small-scale (10 g/day) polymer synthesis. However the scalability of the flat spiral

approach is inherently limited by the need to maintain an open arrangement of the

reactor tubing at a fixed height in the 3D-printed oil bath. Furthermore, whilst the tem-

perature of the oil-bath is controlled with a built-in PID controller, substantial variations in

temperature can occur away from the location at which the temperature is monitored.

At the end of the heated spiral, the droplets must pass through an unheated section of

tubing to reach the collection vessel. In most flow configurations this does not present

a problem, but when making high molecular weight polymers or probing long reaction

times it has been found that the droplets cool so much that the polymer precipitates

and fouls the reactor.

To address the above issues, a new style of reactor was developed. The reactor

is similar to the ’shell and tube’ heat-exchangers that are commonly used to rapidly

transfer thermal energy between fluids. A typical heat exchanger would see an in-flow

of a fluid split into many narrow ’tubes’ and passed through a ’shell’ chamber where

a second fluid is continuously pumped through. A simple example of this would be

the cooling of a reaction using mains/river water in the shell of the exchanger. The

narrow channels ensure a large surface area-to-volume ratio between the two fluids

and thereby improve heat transfer kinetics.

Here however the idea was to jacket a single reactor tube with a secondary shell,

and then flow recirculating hot water through the shell. The use of a ’tube-in-shell’ ge-

ometry has the advantages that much longer lengths of reactor tubing can be used

without compromising temperature control. By monitoring the temperature of the in-

coming and outgoing water, it is possible to assess and reduce the thermal gradients

along the reaction by ensuring an adequate feed rate of the process water. Impor-

tantly, heating can be maintained all the way to the end of the reactor tube, thereby

preventing the polymer from precipitating in the reactor.

To deliver and remove the heated process water, a simple fluidic housing was de-

veloped. A schematic and photograph of the housing are shown in Fig. 2.8a-b. Each

housing comprises two junctions, through which water is pumped into and out of the

shell. In normal operation the shell would form a loop such that one side of the housing
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Fig. 2.8 (a) schematic of the tube-in-shell junction assembly; and (b) photograph of 3D-printed
housing comprising of an inlet and outlet assembly (photograph is shown with a flow water (dyed
blue) : PFPE droplet running through the reactor tubing).

is the ’inlet’ and the other is the ’outlet’. The shell comprises a defined length of 3 mm

ID, 4 mm OD PTFE shell tube (Polyflon) secured into the housing at both ends with 5/16"-

24 fluidic fittings (beige nuts). The standard 1 mm ID, 2 mm OD PTFE reactor tubing is

threaded through the housing on one side, around the loop and then out through the

other side of the housing. The narrower tubing is secured into the housing with 1/4"-28

fluidic fittings (green nuts). The third port on each side of the housing connects to the

external water supply via a barb adapter. Inside the housing there is a 3 mm channel

to allow the water to flow around the reactor tubing and into the shell (and vice versa).

Initially the housing design was machined from aluminium, but after settling on a final

design it was found to be more convenient to 3D-print these structures with cemented

nylon. Providing the wall thickness was at least 1 mm, the nylon housing was found

to be water tight between room temperature and 80 �C. Fig. 2.9 shows a photograph

of a 1 m tube-in-shell reactor with a flowing stream of water droplets (dyed blue with

methylene blue for clarity) in PFPE. The process water is introduced/removed through

flexible silicone tubes connected to the top of the structure.

A derivative of this structure was printed with an additional threaded socket at each

end of the reactor for two thermocouples to be connected, a photograph of this hous-

ing is shown in Fig. 2.10a. The black thermocouple nut was made by gluing a bead-

ended K-type thermocouple (RS Components) into a standard microfluidic threaded

nut (Upchurch Scientific) using Araldite 2014 resin. The tip of the thermocouple was left

protruding from the end of the nut. Thermocouples were screwed in placed after the

44



droplet 
stream 

out

droplet 
stream 

in

water 
flow

Fig. 2.9 Photograph of a 1 m ’tube-in-shell’ reactor with droplets of water (dyed blue with methy-
lene blue for clarity) in PFPE, at a 1:1 flow rate ratio of water : PFPE.

entry point of the process water and prior to its exit. The readings from each thermo-

couple were logged using a Pico Technology TC-08 Thermcouple Data Logger (with

cold junction compensation) interfaced with LabView. De-ionised process water was

pumped from a uniform temperature heating bath (Grant Instruments TXF200 with a 5L

water tank), using the built-in pump. The temperature of the bath was controlled using

the serial interface on the bath and the bath temperature was logged alongside the

reactor temperatures in a LabView virtual instrument.

With the central reactor tubing empty, the temperature on the recirculating bath

was set to 55 �C and the pump speed set to maximum (speed 5). At this setting the

pump speed is specified at 36 L/min, although in practice the high backpressure cre-

ated by the narrow channel geometry means the actual flow rate is substantially lower.

Fig. 2.10b shows the temperature of the water in the heating bath, the inlet and outlet

temperatures as measured by the thermocouples on the reactor as well as the setpoint

temperature on the heating bath. It can be seen that the reactor temperature is lower

than the temperature inside the bath. This is caused by heat loss in the tubing between

the water tank and the reactor. The heating bath can be seen to reach steady-state
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Fig. 2.10 (a) a photograph of the modified ’tube-in-shell’ housing, which included temperature
sensors on the inlet and outlet flows of the heated process water; (b) temperature transients for
the recirculating heat bath, TIS inlet and outlet temperatures and the setpoint temperature of the
bath as the process water is heated from room temperature (water is deliver to the TIS reactor
using the built-in pump on the water bath); and (c) steady-state temperature transients of the
recirculating heat bath, TIS inlet and outlet temperatures and the setpoint temperature of the
bath using an external gear pump to deliver water to the TIS reactor.

at 55 �C after 8 minutes, with the two TIS temperatures stabilising after 20 minutes. The

inlet temperature exceeds the outlet temperature by 1 degree (53.9 �C for the inlet

versus 52.9 �C for the outlet). Again this is due to cooling of the fluid as it loses heat to

the external environment along the course of the reactor. Both temperatures failed to
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reach the target temperature of 55 �C, and so the heating bath temperature was in-

creased to 56.5 �C. Under these conditions the inlet temperature reached steady state

at the target of 55 �C, with a temperature drop of 1.1 �C along the reactor. Notably the

standard deviations of the inlet and outlet temperatures were only ±0.02 and ±0.05 �C,

respectively, showing that the temperature gradient is extremely stable.

The temperature difference along the reactor can be further reduced if the wa-

ter flow rate is increased to reduce its residence time outside of the heat source. To

demonstrate this, the water pump on the recirculating bath was replaced by a 12 V

gear pump (Cole Parmer). Running the pump at 7.5 V, a bath temperature of 55.3 �C

was needed to achieve the target temperature of 55 �C. Once stable, the average in-

let temperature over 15 minutes was 55.03 �C (± 0.016 �C), while the outlet temperature

was 54.98 �C (± 0.018 �C). With these conditions it was possible to ensure that the TIS

flow reactors were held at a constant temperature for the entirety of the reaction.

2.2

Synthetic Methods

2.2.1 Preparation of thienyl-Grignard intermediates

Thienyl-Grignard intermediates were prepared by Grignard metathesis according to

Scheme 2.1. The reaction proceeded by reaction of 2,5-dibromo-3-hexylthiophene

(2.1) with isopropylmagnesium chloride to form an approximate 80:20 isomeric mixture

of 2-bromo-5-(chloromagnesio)-3-hexylthiophene and 2-(chloromagnesio)-5-bromo-3-

hexylthiophene, 2.2a and 2.2b respectively.62,63

Scheme 2.1 Preparation of thienyl-Grignard intermediates.

Preparation of a 0.25 M mixture of 2.2a and 2.2b: 1 g of 2,5-dibromo-3-hexylthiophene

(FW: 326.09 g/mol, ⇢: 1.52 g/mL, 0.66 mL, 3.07 mmol, Lanzhou Galaxy, > 99% by NMR,

see §2.5.1) was added to a 50 mL oven-dried round-bottomed flask and the liquid re-

peatedly degassed under high vacuum until outgassing ceased. The flask was then
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recharged with argon, and 10 mL of anhydrous THF (Aldrich or freshly distilled) was

added to the flask followed by drop-wise addition of 1.5 mL (3.00 mmol, 0.98 mole

equivalents) of fresh 2M isopropylmagnesium chloride (Aldrich) from a syringe at room

temperature. This caused the solution to turn from pale yellow to pale brown. Once

all of the Grignard reagent had been added, the solution was heated in an oil bath

at 55 �C for 30 minutes, resulting in a bright yellow solution. For flow experiments, the

thienyl-Grignard solution was allowed to cool to room temperature, and then drawn

into a cooled oven-baked gas-tight syringe. The syringe was sealed prior to use using

fluidic capping nuts.

2.2.2 Preparation of catalysts

Ni(dppp)Cl2 suspensions in PFPE

Catalyst suspensions were prepared using (viscous) Fomblin Y LVAC 06/6 PFPE (Solvay

Solexis). Clean PFPE (either new or recycled) was degassed under high vacuum in an

oven-baked round-bottomed flask overnight. The flask was then recharged with argon

and the PFPE sparged with argon for an hour. [1,3-bis(diphenylphosphinopropane)]nickel

chloride (Aldrich) was added as powder at the loading required (assuming zero volume

loss of PFPE fluid from degassing). The PFPE/catalyst mixture was then stirred vigorously

under vacuum. Outgassing of the PFPE promoted homogenisation of the suspension.

After approximately 5 minutes, the suspension was visibly homogeneous, with no aggre-

gation of solids visible. The resulting suspensions were found to be stable for many hours

before the catalyst migrated to the walls of the flask. Suspensions were transferred to

gas-tight syringes and sealed with a fluid capping nut prior to use in flow experiments.

Nickel catalysts in solution

Various permutations of the nickel catalyst were used for experimentation. In each case

the solution was prepared using the same process. First, the solids (named in the rele-

vant sections, all Aldrich) were added to an oven-baked flask, which was subsequently

degassed and recharged three times. Anhydrous THF (Aldrich or freshly distilled) was

added to the flask and the solution stirred until complete dissolution of the solids had oc-

curred. For Ni(dppp)Cl2 with excess 1,3-bis(diphenylphosphinopropane (dppp), it was

found that the poor solubility of the nickel catalyst in THF limited its loading to 2 mg/mL of
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catalyst to solvent. Higher concentrations could be achieved by heating the solution,

but rapid precipitation occurred when the heat source was removed.

2.2.3 Polymer Work-up

Polymerisations were terminated with cold methanol, resulting in the immediate precip-

itation of deep purple solids. For flow experiments this was achieved by dropping the

reactor eluent directly into a pre-filled vial of methanol. The fluorinated liquid sank to

the bottom of the vial, forming a bilayer with the organic solvent. Polymer precipitates

collected at the interface between the organic solvents and fluorinated fluid.

Work-up with Fomblin PFPE

As previously discussed Fomblin PFPE is a highly viscous oil, and therefore it cannot be

removed by filtration. Instead to isolate the organic solvents and polymer solids is nec-

essary to pipette out the organic layer. Any polymer solids that had diffused into the

PFPE could be extracted back into the organic layer by agitating the vial. The pipetted

solvent and polymer were then filtered under gravity using fluted cellulose fast-running

filter papers. The polymer was then washed with methanol until the filtrate became

colourless. Once the polymer had begun to dry and stick to the filter paper, any resid-

ual PFPE could be removed by piercing the base of the flute with a thin needle and

gently washing the filter paper with additional methanol. Solids were allowed to dry in

atmosphere before being transferred to sample vials.

Work-up with Galden PFPE

In contrast to Fomblin PFPE, Galden HT-170 PFPE is a thin, low viscosity fluid. Once a

method had been found for stabilising the catalyst in solution, it was possible to use

Galden PFPE in place of Fomblin. Galden PFPE readily penetrates cellulose filter paper,

allowing the reactor eluent/methanol to be directly filtered under gravity. All solids were

washed with methanol and acetone until the filtrate became colourless. Solids were

allowed to dry in atmosphere before being transferred to sample vials.
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2.2.4 Purification by Soxhlet extraction

In cases where the synthesised polymer was to be used for electronic device applica-

tions, the materials were purified using Soxhlet extraction. To remove the salt impurities

and monomers, the polymer was purified using methanol and/or acetone (as stated

in the relevant sections). Best results were obtained by transferring the wet, methanol-

gelled polymer to a Soxhlet thimble and commencing the purification process immedi-

ately. This allowed the salts and monomer to be extracted before the insoluble polymer

had a chance to congeal and hence reduced the risk of them being trapped in the

polymer. The addition of methanol or acetone resulted in the elution of a yellow solu-

tion from the thimble, indicative of the monomer. The magnesium salts (produced as a

by-product from the Grignard reaction) were observed to build-up in the still flask over

time. The initial wash was run for 24 hours. After this period, the thimble was removed

and allowed to dry.

Fig. 2.11 Photograph of purified P3HT.

Using a clean Soxhlet extractor the polymer was then extracted into chloroform. The

time required for this stage of the purification process depended on the scale and the

molecular weight of the material. Lower molecular weight materials (which are more

soluble) extracted very quickly, while large quantities of very high weight material (Mw

> 100 kg/mol) could often take many hours and would frequently clog the pores of the

cellulose thimble. A workaround was found for the high weight materials by adding the

polymer gradually in portions during the chloroform extraction. This also prevented the

thimble from clogging to the point where the solvent overflowed the thimble causing

50



contamination of the pure polymer.

Once the chloroform extraction was complete, the polymer solution was concen-

trated using a rotary evaporator, and then re-precipitated by adding cold methanol.

The flask was returned to the rotary evaporator where the remaining chloroform was

removed first, followed by the methanol, resulting in flakes of dark purple solid with

a golden-green shimmer (see Fig. 2.11). Before removing the polymer, the flask was

placed in a vacuum oven overnight to remove any remaining solvent. The dry poly-

mer was collected and stored in foil-wrapped or amber vials under argon to prolong

lifetime.

2.3

Recycling of Perfluorinated Polyethers

Used PFPE was washed and de-gassed between uses. The two grades of PFPE used in

this work required different washing strategies as described below.

2.3.1 Fomblin Y-LVAC 06/6

An equal volume of chloroform was added to the recovered Fomblin in a sealed bottle

and stirred vigorously on a warm hotplate to dissolve all trace polymer solids. The chlo-

roform was replaced and the process repeated until it no longer became coloured

(usually three washes was sufficient). Next the process was repeated with methanol to

dissolve any magnesium and nickel salts from the polymerisation reaction; this process

was repeated three times. On the final wash the Fomblin/methanol emulsion was trans-

ferred to a separating funnel and the Fomblin was collected in a round-bottomed flask.

The flask was then placed under high vacuum overnight to remove residual solvent and

dissolved gases. The flask was then recharged with argon and the PFPE sparged with

argon to avoid air uptake. The flask was sealed until required.

2.3.2 Galden HT-170

The process of purifying Galden HT-170 PFPE was simpler. First the recovered PFPE was

filtered under vacuum using narrow pore-size glass fibre filters to remove any solid con-

tent, following which the filtrate was washed with methanol and chloroform to dissolve

any remaining impurities. Once the organic solvent had been removed by decanta-
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tion, the PFPE was sparged with argon for an hour and then sealed in a bottle until

required.

2.4

Analytical Methods

2.4.1 Absorption Spectroscopy

Absorption spectra of solutions were acquired using a Jobin-Yvon Fluoromax-2 fluorime-

ter fitted with a photodiode to measure transmission. Solution spectra were acquired in

1 and 10 mm sealed quartz cuvettes.

2.4.2 1H Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy of all materials was performed at room

temperature on Bruker 400 MHz instruments. Samples were prepared in deuterated

chloroform (Merck). Polymer samples were heated to aid dissolution. Care was taken

to ensure that the sample remained dissolved at room temperature since polymer ag-

gregation significantly affects the NMR spectrum (see §6.11.1).

2.4.3 X-Ray Fluorescence Spectroscopy

Spectra were obtained using a Bruker AXS S4 Explorer spectrometer and analysed using

the ’Bruker SPECTRA plus’ software package.

2.4.4 Gel Temperature Measurements

P3HT is soluble in many organic solvents, forming orange-red solutions. The solubility

limit in each solvent is affected by the molecular weight of the material as well as the

temperature of the solution. When preparing solutions of P3HT, it is common to heat

the solvent to encourage dissolution of the polymer. Once the polymer is in solution,

there will exist a temperature, or range of temperatures over which the polymer forms

aggregates in solution and subsequently forms a solid opaque gel.

Gelation of the polymer, and intermediate processes, are caused by ordering in

solution leading to aggregation.64,65 When the polymer is fully dissolved in solution the

polymer-solvent interactions dominate. However as the solution cools, polymer-polymer
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Fig. 2.12 Schematic of the ’Gel Temperature’ instrument developed by Dr. Siva Krishnadasan.

interactions become more favourable and the polymer chains begin to interact in so-

lution. For P3HT this can be observed by eye as a change in colour from orange to

a deeper red. Once the polymer-polymer interactions in the solution are sufficiently

strong, nucleation of solid polymer aggregates can occur.64 As the solution cools fur-

ther, these aggregates join together to form a solid gel. The gelation process is reversible

by heating.

All of these processes can be observed by static light scattering. To this end, a ’Gel

Temperature’ instrument was developed by Dr. Siva Krishnadasan that incorporated a

650 nm laser diode and detector (at 90�) into a temperature-controlled vial holder (see

Fig. 2.12). The instrument holds 3 mL vials that are filled with 2.5 mL of a solution. The

vials are sealed to prevent evaporation of the solvent.

Solutions were heated to 60 �C for 120 minutes to ensure that the polymer had com-

pletely dissolved. After this initial stabilisation period, the temperature of the solution

was reduced at a rate of 4 �C/hr (in 1 �C steps) from 60 to 15 �C (a total period of 11.5

hours). The scattered light from the solution was recorded throughout the cooling pro-

cess, with an average signal intensity being calculated for each temperature set point

(1 �C resolution).

A sample scattering profile recorded with a 15 mg/mL solution of P3HT (Mw: 86 kg/mol,

PDI: 1.6, RR: 97 %) in o-xylene is shown in Fig. 2.13. This trace shows all of the key features

53



15 30 45 60
0

100

200

300

Solution Temperature / °C

Sc
at

te
rin

g 
In

te
ns

ity
 / 

co
un

ts

Solution

A
gg

re
ga

tio
n

Gelation

ordering in solution

scan direction

Fig. 2.13 Sample trace of signal versus time recorded on the ’Gel Temperature’ instrument, show-
ing three regimes: at the highest temperatures the polymer is in solution (orange), as the solution
cools aggregation of solid nucleates occurs (lilac), which leads to gelation of the polymer (pur-
ple). The red zone corresponds to ordering of the polymer chains in solution resulting in increased
absorption.

that are detectable using the Gel Temperature instrument. Initially, the polymer is in so-

lution and remains so until 42 �C. During this period the scattering intensity is observed

to reduce slightly, which is caused by gradual ordering of the polymer chains in solution.

cooling

gel solutionaggregation

Fig. 2.14 Photographs of a 5 mg/mL P3HT solution in o-xylene cooling from 60 �C to room tem-
perature (Mw: 86 kg/mol, PDI: 1.6, RR: 97 %).

At 42 �C the scattering intensity begins to increase, which indicates the formation

of solid nucleates. As the temperature reduces the intensity continues to increase as
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the quantity and volume of nucleates increases. Beyond 34 �C the signal reduces as

the solid aggregates begin to interconnect to form a gel. Once the gel network has

formed the scattering intensity levels off.

The gelation of the solution is shown visually in Fig. 2.14 where the P3HT solution (the

same as described above) is cooled in air from 60 �C. As time elapses, and the solu-

tion cools, the colour deepens eventually forming a dark haze, corresponding to small

polymer nucleates/aggregates. As the nucleates grow and begin to join together, the

solution becomes darker. Eventually the network of aggregates is so substantial that

the solvent is no longer visible by eye (note the disappearance of the solvent meniscus)

and the solution turns from a fluid into a gel.

2.4.5 Gel Permeation Chromatography

All polymers were analysed using an Agilent 1200 series gel permeation / size-exclusion

chromatography (GPC-SEC) instrument, running filtered chlorobenzene (CB) at 1 mL/min.

Samples were made by dissolving crude or purified materials in cold HPLC-grade CB

and subsequently filtered with a 0.2 µm filter to remove any insoluble impurities.

The GPC-SEC instrument was fitted with two PLgel mixed-B columns (packed with

crosslinked divinylbenzene beads (DVB)) and a single mixed-B guard column. The columns

were maintained at a constant temperature of 80 �C. Samples were injected using

an autosampler, which injected 50 µL of sample into the flowing solvent at the injec-

tion valve. Eluting polymer was detected using a refractive index (RI) detector, and

was always observed between 13-19 minutes after injection, with the highest molecular

weights eluting first. Molecular weight distributions were quantified by applying a (reg-

ularly updated) multi-point polystyrene calibration curve. A typical calibration curve is

provided in Fig. 2.15. The calibration shows the linear relationship between the logarithm

of the molar mass and the elution time. The negative slope is dependent on the solvent

flow rate, system pressure, DVB bead porosity and the length of the size-exclusion col-

umn. Elution times of 13-19 minutes equate to molecular weights of 800,000-150 g/mol.

Molecular Weight Averages and Polydispersity

Polymer samples possess a distribution of chain lengths, and consequently cannot be

described with a single molar mass. There are three main metrics used to describe the

molecular weight characteristics of a polymer. These are: (i) number-average molecu-
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Fig. 2.15 A typical GPC-SEC molecular weight calibration, determined using polystyrene stan-
dards.

lar weight, (ii) weight-average molecular weight, and (iii) polydispersity index. Molecu-

lar weight averages are measured in g/mol or Daltons. Throughout this thesis the former

unit has been used.

Number-average molecular weight is a metric that identifies the average chain

weight according to the distribution of chain lengths. To determine this value it is first

necessary to determine the number distribution from the GPC-SEC chromatogram. For

a chain length with a molar mass (Mi , g/mol), the RI detector intensity (Ii) can be con-

verted to number concentration (Ni , mol/dm3) by dividing through by the molar mass

Mi , as described in Equation 2.3 (where K : proportionality constant).

Ni =
Ii

Mi
⇥ K (2.3)

The number-average molecular weight (Mn) can then by calculated by summing

the product of molar mass (Mi) and concentration (Ni) at each molar mass and dividing

through by total concentration, as described in Equation 2.4.

Mn =
P

(Mi ⇥ Ni)P
Ni

(2.4)
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In contrast to number-average, the weight-average molecular weight (Mw) identi-

fies the average chain weight according to a weighted population distribution, which

takes into account the weight fraction of each chain length. In materials science and

device physics the weight-average measure is used more widely as it better represents

the observed material properties of the polymer. The value is calculated according to

Equation 2.5, where each sum in the quotient now contains an additional mass term to

weight the average.

Mw =
P

(M2
i ⇥ Ni)P

(Mi ⇥ Ni)
(2.5)

To express the spread of chain lengths it is common to report the polydispersity of the

material. This is defined as the quotient of the weight-average and number-average

molecular weights, Equation 2.6. For polythiophene synthesis the PDI typically ranges

from 1.1 to 2.

PDI =
Mw

Mn
(2.6)

It is common for the number-average molecular weight, weight-average molecular

weight and polydispersity index to be abbreviated to Mn, Mw and PDI, respectively.

An example molecular weight distribution of P3HT is shown in Fig. 2.16. The example

shows a population distribution with a single skewed distribution of molecular weights

ranging from zero to 500 kg/mol. Molecular weight averages have been marked on

the curve, where Mn: 67 kg/mol and Mw: 121 kg/mol. For the data shown, the PDI is

calculated to be 1.8 using Equation 2.6.

Analysing Impure Materials

In many cases it is preferable to obtain molecular weight distributions without first puri-

fying the polymer sample, as fully purifying a series of samples using two-stage Soxhlet

extraction is time consuming and is difficult when handling small (< 10 mg) quantities of

polymer. In many cases the molecular weights reported in this thesis were determined

from impure samples. In some cases SEC distributions contained a significant quan-
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Fig. 2.16 A typical molecular weight distribution of P3HT (Mn: 67 kg/mol, Mw: 121 kg/mol,
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tity of low molecular weight material, as shown in the UV absorption (254 nm) and RI

chromatograms in Fig. 2.17a and in Fig. 2.17b (the saturation of the UV signal shown in

Fig. 2.17a is the principal reason why this detector is not used for molecular weight char-

acterisation). Both detectors clearly show two peaks — the main polymer peak and a

low molecular weight peak. The number distribution in Fig. 2.17b (red line) shows how

the low weight material apparently dominates the distribution. It should be noted that

the detectors are unable to account for differences in extinction coefficient or refrac-

tive index between materials, and for this reason the lower weight peak may appear to

be more or less abundant than is actually the case.

For the same sample, the chromatogram produced by a single-column GPC-SEC

instrument fitted with a 450 nm detector shows only a single distribution reminiscent of

the main polymer peak, Fig. 2.17c, i.e. there is no low molecular weight peak. The key

difference between the two absorption chromatograms is the detection wavelength.

The monomer and short oligomers are known to absorb at lower wavelengths than the

polymer due to the shorter conjugation length. Therefore the absence of a secondary

peak when detecting at 450 nm is consistent with the low weight peak corresponding

to monomer and short oligomers.

To confirm this, the crude polymer was purified by Soxhlet extraction in methanol and
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Fig. 2.17 (a) refractive index (red trace) and UV - 254 nm (blue trace) size-exclusion chro-
matograms produced from the crude sample of P3HT; (b) normalised number distributions of
the crude polymer as determined by the refractive index detector (red trace) and corrected to
remove the contribution from the low weight material (black dashed trace); (c) visible - 450 nm
size-exclusion chromatograms produced from a the crude sample of P3HT; and (d) normalised
number distributions of the crude polymer as determined by the refractive index detector (red
trace), corrected to remove the contribution from the low weight material (black dashed trace)
and purified polymer (blue trace).
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acetone, and subsequently re-extracted into chloroform. The number distribution of the

refined material was determined using the original GPC-SEC instrument with the RI de-

tector, as in Fig. 2.17a. The distribution of the pure polymer is shown in Fig. 2.17d, where

the low weight signal is no longer present.⇤For completeness it should be noted that this

polymer sample was recovered in quantitative yield after purification (accounting for

the 20% loss of monomer from the synthetic route).

Since the low weight signal does not derive from the polymer, it is necessary to com-

pensate for the signal when calculating the molecular weight distribution. This is due to

the extreme sensitivity of Mn (and to a much lesser extent Mw) to low weight material.

To remove the effect of the low weight material, a method of correction was developed

using curve fitting to extract the polymer distribution from the raw number distribution

(the black-dashed line in Fig. 2.17b demonstrates this method applied to the polymer

discussed previously).

To generate the corrected signal, the portion of the chromatogram corresponding

to the polymer is fitted to a smoothing spline and pinned on the low weight end of the

distribution such that the signal fell to zero at 200 g/mol. Due to the smoothness of the

chromatogram, the interpolated curve is able to reasonably reproduce the polymer-

only molecular weight distribution. When the corrected signal is overlaid with that of

the purified polymer chromatogram (see Fig. 2.17d) it can be seen that there is good

correlation between the fitting method and the real polymer distribution. The PDI of

the purified polymer was calculated to be 1.3 by the SEC instrument, while the PDI

calculated using the fitting method was 1.25. The difference can accounted for by

observing that the corrected signal predicts a reduced amount material on the low

weight side of the distribution and so the predicted PDI is narrower.

Nonetheless, the method allows the polymer signal to be extracted from the crude

chromatogram without exhaustive purification. Molecular weight calculations on crude

materials were performed using the corrected molecular weight distribution.

⇤Note: the distributions are plotted with molar mass normalised to the peak molecular weight (Mp) due to
a change in calibrations on the system.
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2.5

Characterisation of Monomer and Polymer: Purity and Regioregularity

2.5.1 Verification of Monomer Purity

The Grignard methathesis polymerisation method of preparing polythiophenes requires

very high purity monomers to ensure successful and reproducible chain-growth poly-

merisation. To verify the purity of the monomer, the liquid was analysed using 1H NMR.

Fig. 2.18 shows the full range 1H NMR spectrum of the 2,5-dibromo-3-hexylthiophene

monomer, with the vacant 3.0-6.5 ppm region removed for clarity. The spectrum shows

five strong signals that relate to proton environments identified on the inset structure.

These signals are assigned as follows: 6.79 ppm is due to the ring proton (HA), 2.53 ppm

is due to the ↵-methylene protons (HB) on the n-hexyl side chain, 1.57 ppm is due to the

�-methylene protons (HC), 1.34 ppm is due to the remaining methylene protons on the

chain (HD-F) and 0.93 ppm is due to the �-terminal protons on the chain (HG). There is a
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Fig. 2.18 1H NMR spectrum of 2,5-dibromo-3-hexylthiophene.
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need with dibrominated monomers to ensure the absence of both mono-brominated

species. If these were present then there would be additional peaks in the low field end

of the spectrum, relating to an additional proton at either the C-2 or C-5 position on

the ring as well as a change to the electronic environment of (HA). From the spectrum

it is clear that the aromatic region only contains a single signal with carbon-13 satel-

lites, indicating that any (hydrogenated) organic impurities present are in less than 5 %

abundance.

2.5.2 Polymer Purity

Once the polymer has been purified with methanol and/or acetone by Soxhlet ex-

traction, it is possible to obtain a clean 1H NMR spectrum (see §6.11.1). It is however

preferable to perform an additional chloroform extraction to ensure that any trapped

metal salts are removed, although this is sometimes impractical if product quantities are

low.
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Fig. 2.19 1H NMR spectrum of poly(3-hexylthiophene).
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Fig. 2.19 shows the full range 1H NMR spectrum of a fully purified sample of P3HT with

a Mw 135 kg/mol (PDI 1.7). As with the monomer NMR, the vacant 3.0-6.5 ppm region

has been removed for clarity. In comparison to the monomer spectrum in Fig. 2.18,

the polymer spectrum contains seven signals, each of which now relates to a distinct

proton environment. The spectrum is assigned as follows: 6.98 ppm is due to the ring

proton (HA), 2.80 ppm is due to the ↵-methylene protons (HB) on the n-hexyl side chain,

1.71 ppm is due to the �-methylene protons (HC), 1.57/1.44/1.35 ppm are due to the

remaining methylene protons on the chain (HD-F, respectively), and 0.91 ppm is due to

the �-terminal protons on the chain (HG). With the exception of the two proton envi-

ronments furthest from the ring, HF and HG, the proton environments are all significantly

de-shielded in the polymer, as reported in Table 2.2.

It should be noted that the polymer spectrum in Fig. 2.19 contains only a single sharp

peak in the aromatic region, indicating that the monomers (which appear on the high-

field side) have been efficiently removed during the purification process (see §6.11.1

for a 1H NMR containing monomers). The lone aromatic peak that exists at 6.98 ppm

is a clean sharp singlet, indicative of an almost exclusive population of head-to-tail

couplings, and therefore extremely high regioregularity.

Proton Environment �monomer / ppm �polymer / ppm � / ppm

A 6.79 6.98 + 0.19
B 2.53 2.80 + 0.27
C 1.57 1.71 + 0.14
D

1.34
1.57 + 0.23

E 1.44 + 0.10
F 1.35 + 0.01
G 0.93 0.91 - 0.02

Table 2.2 Record and comparison of chemical shifts produced by 2,5-dibromo-3-
hexylthiophene and poly(3-hexylthiophene).

2.5.3 Calculation of Regioregularity

The most widely used method to assess regioregularity is to measure the ratio of re-

gioregular ↵-methylene protons (at 2.80 ppm) against the sum of both the regioregular

and regioirregular couplings.66 To demonstrate the calculation method, a sample of

P3HT from Rieke Metals, known to possess a low regioregularity, was analysed by 1H NMR

(B4002-E Lot BS19-90, Mn: 28 kg/mol, Mw: 63 kg/mol, PDI: 2.3). Fig. 2.20 shows the ring
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proton and ↵-methylene signals of the Rieke P3HT.

The ring proton region of the sample does not contain a single proton environment,

as there are now three smaller distinct lower field peaks that relate to non head-to-tail

(HT) couplings. In the ↵-methylene region there is a significant peak on the high field

side of the major peak at 2.85 ppm.

Fig. 2.20 Partial 1H NMR spectrum of P3HT from Rieke Metals (B4002-E Lot BS19-90, Mn: 28 kg/mol,
Mw: 63 kg/mol, PDI = 2.3).

The broad signal in the 2.5-2.7 ppm region relates to regio-irregular couplings, and is

distinct from the regioregular couplings at 2.85 ppm. Regioregularity is defined as the

percentage of regioregular couplings, and can be calculated by dividing the number

(N) of regioregular (RR) protons by the sum of regioregular and regioirregular (non�RR)

protons, Equation 2.7. Practically this is calculated by integrating the 1H NMR signal over

the regioregular proton signal (2.70-3.10 ppm) signal and dividing through by the inte-

gral of the whole ↵-methylene region (2.45-3.10 ppm), Equation 2.8 (I = signal intensity

and x = ppm).

RR(%) = 100% ⇥
✓

NRR

NRR + Nnon�RR

◆
(2.7)
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RR(%) = 100% ⇥

0

BBB@

3.10R

2.70
Idx

3.10R

2.45
Idx

1

CCCA
(2.8)

By applying Equation 2.8 to the ↵-methylene region in Fig. 2.20 the regioregularity of

the Rieke P3HT was found to be 90 %.
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Chapter 3

Droplet Flow Synthesis of P3HT
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3.1

Introduction

Early polymers such as polyacteylene (3.1, Fig. 3.1) demonstrated that conjugated poly-

mers could conduct electricity in the pure (un-doped) state, and when doped with a

counter anion.67 The origin of electrical conductivity in the un-doped state was found

to arise from a combination of ⇡-electron delocalisation along the length of the poly-

mer chain and interchain ⇡-⇡ interactions — both of which occur when the polymer

backbone contains an extended region of out-of-plane sp2 hybridisation.68 In turn, de-

localisation of the ⇡-electron density results in a ’band-gap’, which for polyacetylene

was found to be 1.8 eV.69 Similar optoelectronic properties were subsequently observed

in other polyaromatic polymers.68,70

In contrast to high mobility crystalline inorganic semiconductors (102-103 cm2V�1s�1),

conjugated polymers typically produce significantly lower mobilities of the order of

10�7-10�3 cm2V�1s�1, although more recent polymers have been demonstrated to

achieve mobilities in excess of 1 cm2V�1s�1. The poorer charge carrier properties pre-

dominantly derive from the relatively weak electronic coupling between adjacent poly-

mer chains, as well as significant loss pathways associated with the less ordered polymer

network.71,72

Fig. 3.1 Structural diagrams of polyacetylene (left); polythiophene (middle); and poly(3-
alkylthiophene) (right).

Semiconducting polymers have been successfully applied to a range of devices in-

cluding: photovoltaics,73–75 light-emitting diodes,76,77 and transistors.78–81 Over the past

three decades there has been intense worldwide research into developing materials

with optimised optoelectronic properties. Unlike conventional inorganic semiconduc-

tors, the properties of conjugated polymers can be manipulated using synthetic chem-

istry.82,83 By modifying the chemical structure of the polymer, it is possible to tune the en-

ergy levels of the quasi-valence and conduction bands, and so control the band-gap
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(to change the colour of an emissive diode or to change the spectral region absorbed

for a photovoltaic application), or better align the electronic bands of the polymer

with contacting electronic materials or to prevent moisture and oxygen degrading the

material.

Of all of the classes of conjugated polymers developed to date, polythiophene (an

aromatic five-membered ring containing sulfur, 3.2, Fig. 3.1) and its derivatives have

received the greatest attention, especially for organic photovoltaics and transistor ap-

plications.84,85 Polythiophene itself is a largely insoluble polymer, however it was quickly

established that adding an aliphatic side chain at the 3-position on the heterocycle

provided a means to process the polymer in solution (3.3, Fig. 3.1). Today, poly(3-

hexylthiophene) (P3HT) — a thiophene derivative with a six-carbon aliphatic chain at-

tached at the 3-position on the ring — remains one of the dominant materials used in

organic electronics research both at the academic and industry level. Moreover, the

synthesis route is a simple one, involving low cost starting materials. Consequently, we

chose to develop droplet flow reactors for the synthesis of P3HT.

3.1.1 Overview of Synthetic Routes for Polythiophene

Many methods have been developed for synthesising polythiophene and its derivatives.

Early routes in the 1980s focused on electrochemical polymerisation, which enabled the

fabrication of micron-thick conductive films of insoluble polythiophene.86–88

The polymerisation mechanism proceeded by creating radical-cation pairs on the

thiophene monomer, which induced cross-coupling at the 2- and 5- positions (as shown

in Fig. 3.1).66 Applying these methods to 3-alkythiophene derivatives enabled soluble

polymers to be created.66,89 Further, the asymmetry of the 3-alkylthiophene monomer

was shown to produce a statistically random — regiorandom — mixture of head-to-

head (HH), head-to-tail (HT), and tail-to-tail (TT) couplings, producing four distinct triads

that are identifiable by 1H NMR spectrscopy (see Fig. 3.2).66

The electrochemical method was succeeded by catalytic methods based on Ku-

mada cross-coupling, where carbon-carbon bond formation is promoted by metathe-

sis of a Grignard reagent (RMgX) with a halogenated molecule (R’X’) in the presence of

nickel(II) catalyst, forming RR’ and MgXX’.90–92 Independently, Yamamoto et al.93 and

Lin et al.94 showed that 2,5-dibromothiophene (3.4) could be polymerised by insertion of

magnesium to form 2-(bromomagnesio)-5-bromothiophene (3.5), which could be then
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Fig. 3.2 NMR distinct asymmetric couplings in poly(3-alkylthiophene); HH = head-to-head cou-
pling; HT = head-to-tail coupling; and TT = tail-to-tail coupling.

be catalytically cross-coupled to form polythiophene (3.6) by addition of a metal(II)

catalyst (see Scheme 3.1).

Yamamoto and coworkers reported the polymerisation using Ni(bipy)Cl2 (bipy: 2,2’-

bipyridine) (3.7), while Lin and Dudek reported a series of M(acac)2 catalysts with M

= Ni, Fe and Co (acac: acetylacetone) (3.8), see Scheme 3.2 for structural diagrams

of the catalysts. Both groups reported that the majority of the polymer thereby ob-

tained was insoluble. After purifying with methanol to remove magnesium salts, the sol-

uble polymer fractions were found to be short chains with between 11-17 repeat units.

Kobayashi et al. reported a similar method using 2,5-diiodothiophene and Ni(dppp)Cl2

(dppp: 1,3-bis(diphenylphosphino)propane) (3.9).95 The authors reported the ability to

achieve a higher purity of the monomer, which led to higher yields from polymerisation.

Extraction of the polymer with chlorobenzene allowed longer chains to be dissolved,

with molecular weights reported of 4,000 g/mol (46-47 repeat units).

Scheme 3.1 Preparation of polythiophene using Kumada-Yamamoto cross-coupling.
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Scheme 3.2 Catalysts used for polythiophene synthesis.

Soon after, Jen and coworkers extended the catalytic method to the preparation of

poly(3-alkylthiophenes) (P3ATs), where a series of polymers were prepared with different

alkyl side chains (where alkyl = methyl, n-butyl, n-octyl).96 Starting from 3-bromothiophene

(3.10), the desired alkyl chain was attached at the 3-position by reaction with the ap-

propriate Grignard reagent in the presence of Ni(dppp)Cl2 to form 3-alkylthiophene

(3.11), according to the methods of Kumada.92 Each substituted monomer was then io-

dinated using the method of Kobayashi et al.95 to produce 2,5-diiodo-3-alkylthiophene

(3.12) and subsequently polymerised using Ni(dppp)Cl2.

Scheme 3.3 Preparation of poly(3-alkylthiophene) using Kumada-Yamamoto cross-coupling.

Synthesised P3ATs were found to be soluble in common laboratory solvents with

molecular weights in the region of 3,000-8,000 g/mol. In addition, a soluble 50:50 ran-

dom copolymer of the 3-methyl and 3-butyl derivatives was reported with a molec-

ular weight of 35,000 g/mol, significantly higher than the extracted low-weight poly-

thiophenes discussed above. Analysis of the polymers by NMR and X-ray diffraction

revealed the polymers to be regiorandom and amorphous in solid-state films.
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Scheme 3.4 Preparation of regioregular poly(3-alkylthiophene) using the ’McCullough method’.

The lack of structural order in the chains was shown by McCullough et al. to be

detrimental to electrical conductivity.97,98 The authors reported a method that enabled

poly(3-alkylthiophene) to be prepared with a high degree of regioselectivity for the

head-to-tail coupling (see Fig. 3.2).97,99 In contrast to the previous methods, the halo-

magnesio functionality was selectively placed at the 5-position on the thiophene ring by

lithiation of 2-bromo-3-alkylthiophene (3.14) with lithium diisopropylamide, forming the

organo-lithium intermediate, 3.15, which was then converted to 2-bromo-5-(bromomag-

nesio)-3-alkylthiophene (3.16) by addition of magnesium bromide in ether. Addition of

Ni(dppp)Cl2 to 3.16 was found to yield highly regioregular polymer chains (95-98 %),

where regioregularity is defined as the percentage of head-to-tail couplings in the poly-

mer chain (see Fig. 3.2).

Comparing poly(3-dodecylthiophene) (P3DDT) synthesised by this route with equiv-

alent polymers obtained by chemical (with iron chloride100) or electrochemical oxida-

tion routes, McCullough and coworkers showed that the thin-film conductivity of the

regioregular P3DDT polymer was up to fifty times higher.97 In addition, the optical ab-

sorption of the regioregular (head-to-tail) polymer was found to be significantly red-

shifted in comparison to the regiorandom polymer (�max 450 vs. 436 nm), indicating a

lower energy band-gap for the regioregular material. McCullough and coworkers later

attributed the lower optical band-gap to a reduction in out-of-plane torsional twisting

induced by HH-HT triad (see Fig. 3.3).99

Chen and Rieke observed high regioregularity in poly(3-alkylthiophenes) via an anal-

ogous organozinc route (see Scheme 3.5).101,102 To prepare poly(3-hexylthiophene) (3.19),

the authors reported that direct insertion of highly-active Rieke zinc103 into 2,5-dibromo-
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Fig. 3.3 Structural diagram showing the steric effect of a head-to-head coupling neighbouring
a head-to-tail coupling in poly(3-hexylthiophene).

3-hexylthiophene (3.17) led to 90 % selectivity for the 2-bromo-5-(bromozincio)-3-hexyl-

thiophene regioisomer (3.18). The polymerisation was tested using four distinct catalysts:

Ni(dppe)Cl2, Ni(PPh3)4, Pd(dppe)Cl2 and Pd(PPh3)4 (dppe: 1,3-bis(diphenylphosphino)-

ethane, PPh3: triphenylphosphine). The authors showed that the size of the metal ion

as well as the steric congestion imposed by the ligand(s) had a major influence on the

regioselectivity of the synthesis. The Pd(PPh3)4 was shown to produce polymers with

statistically random cross-couplings. Switching to the larger dppe ligand improved the

selectivity for the head-to-tail coupling to 70 %. Using nickel as a smaller metal ion (and

thereby increasing the steric effect of the ligands) was found to result in a regioregularity

of 65 % with Ni(PPh3)4 increasing to 98.5 % with Ni(dppe)Cl2.

Interestingly, the 10 % population of the 2-(bromozincio)-5-bromo-3-hexylthiophene

appeared to not affect the regioselectivity of the polymer produced using Ni(dppe)Cl2

catalyst.104 The authors concluded that the small ion size of nickel in conjunction with

the sterically imposing bidentate ligand prevented the 2-(bromozincio)-5-bromo-3-hexyl-

thiophene from interacting with the active Ni(0). Chen and coworkers later expanded

this method to a series of P3ATs, showing that highly regioregular polymers with different

lengths of side chains could be prepared.102

Both McCullough et al.99 and Chen et al.102 noted that the optical properties of

P3ATs are highly dependent on regioregularity. For regiorandom P3ATs with side chains:

3-butyl, 3-hexyl, 3-octyl and 3-dodecyl side chains, the solution and solid-state peak

absorption maxima were similar. However, the corresponding regioregular polymers
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Scheme 3.5 Preparation of regioregular poly(3-alkylthiophene) using the ’Rieke method’.

showed a red-shift in both solution and solid-state absorption with increasing length of

side chain, attributed to the increased planarity of the polymer chain producing an

increased conjugation length and correspondingly lower band-gap. By comparing

the optical properties of the polymers prepared using the four different Ni/Pd catalysts,

Chen and coworkers showed that the red-shift correlated with the polymer’s measured

regioregularity. It was found that the largest red-shift occurred with the highest regioreg-

ularity polymer.102

3.1.2 Grignard Metathesis (GRIM) Polymerisation

In 1999, Loewe et al. reported an elegant and straightforward preparation stratagem

for preparing regioregular P3ATs.105 As opposed to metal insertion or the tedious place-

ment of the Grignard moiety at the 5-position as per the previous methods, the au-

thors showed that the thienyl-Grignard intermediate could be prepared by Grignard

metathesis of 2,5-dibromo-3-alkylthiophene with common off-the-shelf Grignard reagents

(a route referred to widely as Grignard metathesis (GRIM) polymerisation).

Scheme 3.6 Preparation of regioregular poly(3-dodecylthiophene) by Grignard metathesis
(GRIM) polymerisation.
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P3DDT was prepared by adding one molar equivalence of methylmagnesium bro-

mide to 2,5-dibromo-3-dodecylthiophene (3.20), producing an 80:20 mixture of 2-bromo-

5-(bromomagnesio)-3-dodecylthiophene (3.21a) and 2-(bromomagnesio)-5-bromo-3-

dodecylthiophene (3.21b), respectively (see Scheme 3.6). Addition of Ni(dppp)Cl2

to the thienyl-Grignard mixture under reflux in THF led to high regioregularity (RR: 99%)

P3DDT with number-average molecular weights of 21-35 kg/mol and PDIs in the range

1.20-1.47 (as determined by size-exclusion chromatography). An extensive follow-up re-

port by Loewe et al. applied the method to a range of P3ATs using many common

Grignard reagents.62

By starting from 2-bromo-5-iodo-3-hexylthiophene (3.23), the Yokozawa group showed

that the Grignard moiety could be exclusively placed at the 5-position with isopropyl-

magnesium chloride as a result of the increased lability of the carbon-iodine function-

ality, forming 2-bromo-5-(chloromagnesio)-3-hexylthiophene (3.24), see Scheme 3.7.106

The thienyl-Grignard was polymerised with Ni(dppp)Cl2 to yield regioregular P3HT (3.19,

RR: > 98%) with low polydispersities in the range of 1.07-1.25.

Scheme 3.7 Preparation of regioregular poly(3-hexylthiophene) by GRIM, adapted by
Yokozawa et al. 107.

Using this method the Yokozawa group showed that the polymerisation kinetics were

consistent with chain-growth polymerisation. The molecular weight increased rapidly

from the start of the reaction (see Fig. 3.4(left)) and was found to increase linearly as a

function of monomer conversion (see Fig. 3.4(middle)), suggesting that the polymerisa-

tion was "living" in nature.107 Furthermore, the authors showed that the molecular weight

(Mn) of the final polymer was linearly dependent on the ratio of monomer to catalyst

(see Fig. 3.4(right), where [2] represents the concentration of the thienyl-Grignard inter-

mediate).

Together, the groups showed that well-controlled polymers with desired molecular

weights could be synthesised using 2-bromo-5-(halomagnesio)-3-alkylthiophene inter-

mediates and Ni(dppp)Cl2. In addition, the work showed to produce regioregular
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Fig. 3.4 Synthesis of P3HT using the Yokozawa method: monomer conversion versus reaction
time (left); number-average molecular weight and polydispersity of P3HT versus monomer con-
version (middle); and number-average molecular weight and polydispersity versus ratio of thienyl-
Grignard [2] to catalyst (right). Images taken from Ref. 107.

chains it was essential to prepare the Grignard-intermediates with bromine function-

ality at the 2-position (as opposed to the iodine functionality that led to regiorandom

P3AT prepared by Jen et al.96).

3.1.3 Catalyst Transfer Polymerisation Mechanism

It is now widely accepted that the McCullough, Rieke, GRIM and Yokozawa polymerisa-

tion routes proceed via "Catalyst-Transfer Polymerisation", as independently proposed

by the McCullough and Yokozawa groups.58,108 Importantly, this mechanism recognises

that the nickel(0) catalyst remains bound to the chain-end between each cycle of the

polymerisation — thereby facilitating ’living’ polymerisation.

Prior to polymerisation, Ni(II) undergoes reduction to Ni(0) by metathesis with two

thienyl-Grignard monomers (3.25) to form 3.26, followed by reductive elimination, form-

ing an associated thiophene dimer and Ni(0)(dppp) species (3.27), see Scheme 3.8.

Loewe et al. showed that the tail-to-tail diad formed at the fastest rate when adding

Ni(dppp)Cl2 to a series of mono-functional 3-alkylthiophenes.62 Miyakoshi et al. later

showed that adding 50 mol% of Ni(dppp)Cl2 to a solution of 2-bromo-5-(chloromagnesio)-

3-hexylthiophene (3.24) resulted in exclusively tail-to-tail dimers (3.27), as confirmed by

heteronuclear multiple-bond correlation NMR.58

With the catalyst activated, polymerisation proceeds by insertion of Ni(0)(dppp) into

the terminal C-Br bond (oxidative addition) on the tail-to-tail dimer, forming 3.28. This

then undergoes metathesis with a new molecule of 3.25 to form 3.29. The catalyst then
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Scheme 3.8 Mechanism of Catalyst Transfer Polymerisation proposed by the McCullough108 and
Yokozawa groups.58

undergoes reductive elimination to form a head-to-tail coupling between the chain

and the monomer, regenerating Ni(0)(dppp) (3.30). Analysis of polymers quenched

with a protic solvent showed that chains were terminated with H/Br, with the hydrogen-

capping caused by hydrolysis of the nickel salt on the chain-end.58 Importantly the

absence of H/H chain-ends led Miyakoshi et al. to infer that the catalyst remained

bound to an individual chain, as intermolecular diffusion of the catalyst onto another

chain would otherwise allow hydrolysis to occur at both ends of the chain.
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Overall, the mechanism is largely consistent with reported kinetic studies.58,108,109

However the mechanism does not account for the significant polydispersity observed,

as a living polymerisation should produce a highly monodisperse molecular weight dis-

tribution. Achord and Rawlins proposed that the catalyst underwent diffusion and rapid

re-association between chains.110 The basis for their argument was the lower than ex-

pected molecular weight achieved for a given monomer to catalyst ratio, which the

authors attributed to the catalyst favouring growth of lower molecular weight chains.

Separately, Bilbrey et al. reported computational evidence for catalyst disproportiona-

tion both during the initial catalyst activation stage and the catalytic cycle.111 The au-

thors found that ligands with exothermic disproportionation enthalpies produced P3HT

and poly-para-phenylenes with high polydispersity (>2), while ligands with endothermic

disproportionation enthalpies such as dppp were found to produce low polydispersity

indices of 1.12. Consequently, the authors proposed that all nickel catalysts undergo

disproportionation, resulting in undesired chain-termination and additional chain initia-

tion, causing increased polydispersity.

3.1.4 Other Synthetic Strategies Developed for Poly(3-alkylthiophene)

The ease and simplicity of the Kumada-derived polymerisation methods has led to

the development of a wide range of polythiophene materials for electronics appli-

cations.112 The method has also been adopted for polyfluorene and polyphenylene

preparation.109 Furthermore, several examples exist of block copolymers formed by se-

quential addition of new monomers.85,113,114

While these methods dominate the literature, it should be noted that the synthesis

of regioregular poly(3-alkylthiophenes) has been reported using Stille,115–118 Suzuki119–121

and direct arylation polymerisation methods.122–125 Typically these routes are unable to

provide comparable levels of control over molecular weights. In addition, the polydis-

persities reported using these routes are generally a lot higher than those achieved

using GRIM polymerisation. However, a recent report by Koch et al. showed how

monodisperse regioregular oligothiophenes could be synthesised using Stille coupling,

potentially providing a pathway to mono-disperse polythiophene-derivatives.126
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3.1.5 Summary

In summary, the early methods for poly(3-alkythiophene) synthesis produced conju-

gated materials but did not provide the control necessary to produce soluble mate-

rials with well-defined properties. Integration of solubilising aliphatic chains onto the

ring allowed the polymers to be processed in laboratory solvents. The asymmetry in-

troduced was found to affect the optical and electrical properties of the polymer. The

McCullough, Rieke, GRIM and Yokozawa methods that followed allowed the regioreg-

ularity to be maximised, while allowing accurate control over molecular weight to be

attained with low polydispersity. It was shown that these methods proceed by "living"-

chain growth polymerisation mechanism, commonly called "Catalyst-Transfer Polymeri-

sation."

3.2

Development of a Preliminary Method for Synthesising P3HT in Droplets

3.2.1 Notes

A preliminary method for synthesising P3HT in droplets was developed for my Master

of Research degree (awarded in 2011). For the purposes of presenting a complete

description of work undertaken, the remainder of this chapter documents experiments

and data included in my original Master of Research thesis, subsequently published in

Ref. 16.

3.2.2 Introduction

Droplet flow methods were developed for the synthesis of P3HT using the Grignard

metathesis (GRIM) route developed by Loewe and coworkers.62,105 As has been shown,

the GRIM route is well-developed and understood, and most importantly it has been

shown to be an effective means of producing polymers with controlled material prop-

erties.

P3HT (3.19) was synthesised according to Scheme 3.9 whereby 2,5-dibromo-3-hexyl-

thiophene (3.17) was first activated with an equimolar quantity of 2M isopropylmag-

nesium chloride solution in THF to produce an 80:20 isomeric mixture63 of 2-bromo-5-

(chloromagnesio)-3-hexylthiophene (3.31a) and 2-(chloromagnesio)-5-bromo-3-hexyl-
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Scheme 3.9 Preparation of poly(3-hexylthophene) by GRIM polymerisation.

thiophene (3.31b) (referred to as ’thienyl-Grignard’ from hereon) and then polymerised

by the addition of Ni(dppp)Cl2 (see §2.2.1). For steric reasons, it is considered that only

the majority isomer, 3.31a, is polymerised, limiting the yield to ⇠80%.62,63,104,113,127

Using flask methods it is common to commence polymerisation of a thienyl-Grignard

solution by adding the nickel catalyst as a solid. While this procedure is straightforward

to carry out in a flask, the same operation cannot be directly performed in flow. In-

stead it is preferable to handle all reagents in solution such that each reagent can be

delivered into the reactor at a known rate.

Initial attempts to dissolve the nickel catalyst in the reaction solvent led to deac-

tivation of the catalyst (see §4.2 for a thorough discussion). Hence to overcome this

problem, the solid powder was dispersed in a thick PFPE oil (Fomblin Y-LVAC 06/6), yield-

ing a stable suspension (see §2.2.2). PFPE was chosen for its chemical inertness as well as

its preferential wetting of PTFE tubing, as shown previously by Nightingale and cowork-

ers.26,61 With the powder suspended in the PFPE, the catalyst could be pumped as if it

were in solution, enabling its use in flow experiments.

A prepared solution of thienyl-Grignard (3.2a and 3.2b) (see §2.2.1) was injected

into a flow stream of the PFPE catalyst suspension, using a capillary droplet generator

(see §2.1.3) at Fig. 3.5a, creating a near-identical stream of thienyl-Grignard droplets.

In this way, the Ni(dppp)Cl2 was introduced into the droplet by diffusion from the PFPE

suspension thereby initiating polymerisation.

Using a high flow rate differential of 5:1 PFPE:thienyl-Grignard, it was possible to cre-

ate a stable stream of sub-µL droplets of the solvent (see photograph Fig. 3.5b). The
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0.2 mg/ml 
Ni(dppp)Cl₂ in 

PFPE

thienyl-Grignard
(0.29M)

(c) droplet flow reactor
T = 55 °C, V = 0.86 ml

(a) droplet 
generator

(d)
methanol
quench
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Fig. 3.5 Schematic of the droplet flow reactor setup, where prepared solutions of 0.29 M thienyl-
Grignard and 0.2 mg/mL Ni(dppp)Cl2 in PFPE are injected into a droplet generator (a) forming
a uniform stream of sub-µL reaction droplets (b) in the PFPE carrier oil. The newly formed droplet
stream is carried into a heated reactor (c), which comprises a 1.1 m coil of PTFE tubing (0.86
mL) secured in a flat spiral arrangement at 55 �C. Eluent from the reactor was collected into
methanol-filled vials (d).

droplets then passed into a heated reactor, Fig. 3.5c, comprising a 1.1 m length of

1 mm ID PTFE tubing arranged in a flat spiral (see §2.1.4).

By controlling the flow rate of the two solutions through the coil, it was possible to vary

the retention time in the reactor and thereby control the ’reaction time’. The droplet

flow eluting from the reactor was collected into methanol filled vials, Fig. 3.5d, where

the reaction was quenched and the polymer precipitated. Synthesised polymers were

worked up to crude sample as described in §2.2.3.

Using the droplet method an initial batch of P3HT was synthesised from a 0.29 M

solution of thienyl-Grignard and 0.2 mg/mL (0.37 µM⇤) suspension of Ni(dppp)Cl2 in PFPE.

The reactor was maintained at 55 �C, the maximum stable operating temperature for

THF in flow (see 2.1.4).

The thienyl-Grignard solution and catalyst/PFPE suspension were delivered at 72 and

360 µL/min respectively, corresponding to a heating time of two minutes (see 2.1.4).

Under these conditions the quantity of catalyst delivered to each droplet corresponded
⇤For clarity, the concentration of the catalyst in PFPE is quoted as a solution concentration.
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to an effective catalyst loading of 0.64 mol%.†

As the droplets entered the heated reactor their colour rapidly changed from yellow

to a deep red colour, indicating polymer formation. Over a 10 hour experiment, 0.9 g of

polymeric material was recovered after purification with methanol for 24 hrs, followed

by extraction of the polymer into chloroform (see methods §2.2.4). The recovered mass

corresponded to a yield of 44 % (cf. a maximum yield of 80 % based on the fraction of

’active’ monomer) and a conversion efficiency of 55 %.

Using size-exclusion chromatography (see methods §2.4.5) the purified polymer was

found to have a number-average molecular weight of 40 kg/mol, a weight-average

molecular weight of 62 kg/mol and a PDI of 1.6, indicating good control over the re-

action for the entirety of the process. Polydispersities of 1.6 are comparable to those of

P3HTs produced using equivalent batch methods at elevated temperatures (see §6).

The regioregularity was determined to be >97 % by 1H NMR (see §2.4.2), again similar

to values reported for batch-synthesised materials of comparable molecular weights.84

Overall the material properties of the polymer were analogous to those produced using

conventional flask methods, showing that the droplet flow polymerisation was a viable

route for preparing P3HT. Importantly, no fouling was observed in the reactor over the

course of the experiment.

3.2.3 P3HT:PC60BM OPV Devices using Flow-Synthesised P3HT

To evaluate the flow synthesised P3HT for electronics applications, a set of P3HT: fullerene

bulk heterojunction organic photovoltaic (OPV) devices were fabricated by Solar Press

(Daniel Burkitt and Dr. Jonathan Halls). Devices were fabricated on 1 in2 indium tin ox-

ide (ITO) coated glass substrates (10 ⌦cm�2) by spin coating a 50 nm layer of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Heraeus Clevios PVP AI 4083)

followed by a 250 nm layer of P3HT and [6,6]-phenyl-C61-butyric acid methyl ester

(PC60BM) (Solenne, 99.5 %) from a 35 mg/mL (1:1 wt:wt) solution in ortho-dichlorobenzene

and chloroform (2:3 v:v). The substrates were annealed at 150 �C for twenty minutes in

a nitrogen filled glove-box. Calcium cathodes (30 nm) and a silver capping layer (150

nm) were thermally evaporated onto the substrate at 10�6 mbar using a patterned
†The conventional interpretation of ’catalyst loading’ is the molar ratio of catalyst added to the monomer,

expressed as a percentage. Using the droplet flow method the catalyst is introduced to the monomer by
diffusion of a solid aggregate into the thienyl-Grignard droplet. To reflect that the catalyst is not directly
introduced into to the monomer solution, the term effective catalyst loading is used here to describe the
catalyst loading based on the stoichiometric loading defined by the flow configuration.
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mask to produce cells with an active area of 0.15 cm�2.

FF = 67 %
PCE = 4.0 %
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Fig. 3.6 Light and dark current density-voltage curves of thirteen 0.15 cm2 P3HT:PC60BM bulk het-
erojunction organic photovoltaic devices fabricated using flow synthesised P3HT (Mw: 62 kg/mol,
PDI: 1.6, RR: 97%) at a blend ratio of 1:1 (wt:wt) P3HT:PC60BM. Figure includes average short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power conversion efficiency
(PCE).

In total fifteen 0.15 cm2 cells were fabricated, of which two were found to be defec-

tive and were excluded from analysis. Fig. 3.6 show the light and dark current-voltage

curves for the thirteen working devices. On average the cells achieved power conver-

sion efficiencies of 4.0 ± 0.1 %, with high short-circuit densities of 10.9 ± 0.1 mAcm�2,

open-circuit voltages of 0.55 ± 0.01 V and fill factors of 66.7 ± 0.4 %. Comparing these

cells to those previous reported in the literature it is evident that the devices fabricated

using the flow-synthesised material are of high quality.84
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3.3

Effect of reaction time on molecular weight

During chain growth polymerisation the molecular weight of the polymer increases lin-

early with the extent of monomer conversion. This is assisted by the quasi-living nature of

the catalyst — where the catalyst is bound by local intermolecular forces to the termi-

nal thiophene ring after reductive elimination of the newly extended chain — enabling

the growth of long polymer chains.

In flow, the reaction time of the polymerisation can be accurately controlled by pro-

gramming the rate at which the syringe pumps deliver the fluids to the reactor. To inves-

tigate the effect of reaction time on molecular weight, six polymers were prepared at

reaction times of: 15, 30, 60, 120, 240 and 480 seconds. Table 3.1 records the flow rates

required to obtain these reaction times at a 5:1 ratio of carrier : droplet using the 1.1 m

PTFE spiral tube reactor described in the previous section. Across the range of reaction

times, the total flow rate is varied over a wide operating window from 0.11-3.5 mL/min.

At each set of flow conditions, droplets of the thienyl-Grignard solution were reliably

produced in the PFPE oil with no significant changes to the droplet size.

Reaction Time / s Ftotal / µLmin�1 Fcarrier / µLmin�1 Fdroplet / µLmin�1

15 3,456 2,880 576
30 1,728 1,440 288
60 864 720 144

120 432 360 72
240 216 180 36
480 108 90 18

Table 3.1 Calculation of total flow rate (using Equation 2.2), carrier phase flow rate and droplet
flow rate to produce each reaction time (at the required ratio of 5:1 carrier : droplet phase).

Experiments were performed at 55 �C using a 0.21 M solution of thienyl-Grignard and

0.2 mg/mL (0.37 µM) of Ni(dppp)Cl2 in PFPE. At the fixed ratio of 5:1 catalyst : monomer,

the effective catalyst loading delivered to each droplet was 0.88 mol%. Samples of

polymer were collected into methanol and worked-up to a crude solid. Fig. 3.7a shows

the molecular weight distributions determined by size-exclusion chromatography for the

six polymers. As the reaction time increases, the distribution progressively shifts to higher

molecular weights. Notably each molecular weight distribution consists of a single distri-

bution. In each case a small quantity of low-weight material (produced upon quench-
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Fig. 3.7 (a) molecular weight distribution of polymers synthesised for 15, 30, 60, 120, 240, 480
seconds at 55 �C; (b) corresponding number-average and weight-average molecular weight of
the polymer. All materials were prepared at a flow ratio of 5:1, using a 0.2 mg/mL Ni(dppp)Cl2
suspension in PFPE and 0.21 M thienyl-Grignard solution, corresponding to an effective catalyst
loading of 0.88 mol%
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ing) remains in the sample, which can be removed by additional purification in acetone

and/or hexane if required.128

Molecular weight averages of each polymer were extracted from the chromatograms

by excluding the low weight material from the calculation (see §2.4.5). Fig. 3.7b shows

the weight-average molecular weight (blue marker) and number-average molecular

weight (red marker) for each reaction time investigated. As the reaction time increases,

the molecular weight averages increase. They begin to saturate by 480 s, implying near-

full conversion of the monomer.

The polydispersity of the samples was well controlled, with PDI increasing from 1.4 to

1.6 as the molecular weight increased. Reaction time is therefore a predictable means

of controlling the molecular weight of the synthesised materials. However, the control is

achieved at the cost of yield, with lower molecular weights using only a small proportion

of the monomer.

3.4

Effect of temperature on monomer conversion

Chain-growth polymerisation is a kinetic process that depends strongly on the thermal

energy delivered to the reaction. As the previous section showed, the conversion of

monomer can be tracked by analysing the molecular weight of the polymer as a func-

tion of time. To investigate the effect of temperature on molecular weight and polydis-

persity, a series of polymers were synthesised at four reaction temperatures: 28 (room

temperature), 35, 45 and 55 �C. At each temperature the reaction was tested at 30, 60,

240 and 480 seconds. All experiments were performed using the same 1.1 m PTFE coil

reactor as before with a single batch of 0.21 M thienyl-Grignard solution and 0.2 mg/mL

(0.37 µM) Ni(dppp)Cl2 in PFPE. The flow was configured with a 5:1 ratio of carrier:droplet,

corresponding to a catalyst loading of 0.88 mol%.

For each reaction time the molecular weight increased linearly as the reaction tem-

perature increased. Temperature did not have a major effect on polydispersity. Poly-

mers synthesised for 30 seconds had PDIs in the range of 1.4-1.5, which increased to

1.6-1.7 for polymers synthesised for 480 seconds. Given that the effective catalyst load-

ing remained fixed between experiments, the lower molecular weight of the samples

synthesised at the lower temperature implies slower polymerisation kinetics than at higher
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Fig. 3.8 Weight-average molecular weight of P3HT synthesised at: 28, 35, 45 and 55 �C, with a
reaction time of 30 seconds (blues squares); 60 seconds (red circles); 240 seconds (green dia-
monds); and 480 seconds (black stars).

temperatures.

Overall the results show that there there is no penalty in terms of polydispersity in-

curred by running the reaction at elevated temperatures. Furthermore, increasing the

temperature of the reaction to the highest stable temperature in flow (55 �C) resulted

in the fastest increase in molecular weight, and thereby the shortest time to reach full

conversion.

3.5

Controlling Molecular Weight

The molecular weight of polymers synthesised via a chain-growth mechanism can be

controlled by manipulating the ratio of monomer : catalyst. By increasing the amount

of monomer per unit catalyst it is possible to increase the weight of the polymer, or

vice versa. There are two conventional methods to adjust this ratio: (i) vary the con-

centration of the monomer, while holding the catalyst concentration fixed, and (ii) vary

the catalyst concentration, whilst holding the monomer concentration fixed. Using the

flow method developed here there is a third method whereby the flow rate ratio of the

monomer and catalyst are modulated to change the effective catalyst loading with-

86



out changing the concentrations of the reagents in the syringes. This section describes

the application of each method using the droplet flow method.

3.5.1 Variation of Monomer Concentration

In flow the concentration of a solution can be easily controlled by mixing a stock solu-

tion of a known concentration with pure solvent (THF). In continuous flow, mixing can

be achieved using low-volume static mixers where rapid diffusion homogenises the in-

jected fluids. The reagent concentration can then be accurately controlled by varying

the ratio of the two fluid flow rates while maintaining a constant combined flow rate. In

this way it is then possible to vary the concentration of the solution between that of the

stock solution and pure solvent.

As an aside, this strategy allows continuity to be maintained between experiments

since all of the polymerisations can be performed using a single stock of solutions in a

common reaction environment, which is in direct contrast to flask methods where each

reaction is performed separately (introducing multiple sources of error).

This approach was used to determine the effect of monomer concentration on

molecular weight and polydispersity. A 0.42 M solution of thienyl-Grignard was pre-

pared and transferred to a gas-tight syringe along with a separate syringe of anhy-

drous THF. The fluids were connected to a 1.7 µL static mixer (Upchurch Scientific) as

shown in Fig. 3.9a using 10 cm lengths of 355 µm tubing. The exit of the mixer was con-

nected to the droplet generator, Fig. 3.9b where the thienyl-Grignard met a 0.2 mg/mL

Ni(dppp)Cl2 suspension in PFPE.

Using the same reactor as in the previous section, the droplets were fed into a 1.1 m

(0.86 mL) PTFE coil held at 55 �C. The reaction time was fixed time of four minutes, cor-

responding to flow rates of 36 and 180 µL/min for the (diluted) thienyl-Grignard solution

and catalyst/PFPE suspension, respectively.

In total eight polymers were synthesised with thienyl-Grignard concentrations of:

0.084, 0.105, 0.168, 0.210, 0.252, 0.315, 0.336, and 0.420 M. For the 0.420 M experiment

the flow of THF solvent was stopped. Table 3.2 records the flow rates of the thienyl-

Grignard and THF used to produce each monomer concentration [M]. In all eight ex-

periments the absolute quantity of catalyst remained constant, causing the effective

catalyst loading [C] to decrease as the monomer concentration increased. Across the

set of polymers, the effective catalyst loading varied from 0.44-2.30 mol%.
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thienyl-Grignard
(0.42 M)

(a) mixer

THF

0.2 mg/ml 
Ni(dppp)Cl₂ in 

PFPE

(c) droplet flow reactor
T = 55 °C, V = 0.86 ml

(b) droplet 
generator

methanol
quench

Fig. 3.9 Schematic of the droplet flow reactor setup, where a prepared solution of 0.42 M thienyl-
Grignard is mixed with THF at mixer (a) to produce a controlled concentration of thienyl-Grignard;
the outlet of the mixer is injected into one inlet of the droplet generator and a 0.2 mg/mL suspen-
sion of Ni(dppp)Cl2 in PFPE is injected into the other inlet (b), forming a uniform stream of sub-µL
droplets. The droplet stream is carried into a heated reactor (c), which comprises a 1.1 m coil of
PTFE tubing (0.86 mL) secured in a flat spiral arrangement at 55 �C. Eluent from the reactor was
collected into methanol-filled vials (d).

[M] / moldm�3 Fthio : FTHF / µLmin�1 [C] / mol% Mn / kgmol�1 Mw / kgmol�1 PDI

0.084 7.2 : 28.8 2.30 8.3 15.0 1.81
0.105 9.0 : 27.0 1.67 10.8 19.0 1.76
0.168 14.4 : 21.6 1.08 22.3 35.9 1.61
0.210 18.0 : 18.0 0.88 25.5 40.9 1.61
0.252 21.6 : 14.4 0.74 33.8 53.3 1.56
0.315 27.0 : 9.0 0.58 43.7 69.4 1.59
0.336 28.8 : 7.2 0.54 43.6 69.4 1.59
0.420 36.0 : 0.0 0.44 43.6 69.2 1.59

Table 3.2 Experimental parameters used to produce a known thienyl-Grignard concentration
from a 0.420 M stock solution by dilution with THF and the corresponding molecular weights and
PDI of the polymers. The reaction time was four minutes and the reaction temperature was 55 �C,
[M] denotes the thienyl-Grignard concentration, [C] denotes the effective catalyst loading, Fthio

denotes the flow rate of the 0.420 M thienyl-Grignard solution and FTHF denotes the flow rate of
pure THF.

Fig. 3.10 shows the molecular weight distributions of all eight samples, measured by

size-exclusion chromatography. As the monomer concentration was increased the dis-
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tribution shifted to higher molecular weight, with the shift saturating at 0.315 M. Fig. 3.11

shows the calculated molecular weight averages of the polymers produced. Between

0.084 and 0.315 M both Mn and Mw increased linearly with concentration, consistent

with the ’living’ chain growth polymerisation mechanism.107 The PDI over the same

range decreased marginally from 1.8 to 1.6, implying that higher reaction concentra-

tions aid uniformity of the polymer.

Above 0.315 M however, both molecular weight averages saturated, with materials

produced having near-identical molecular weight distributions (see Fig. 3.10). Satura-

tion is not predicted by the polymerisation mechanism, but similar effects have been

reported previously for GRIM reactions carried out in batch.108,110 It has been suggested

that polymer aggregation causes termination of the polymerisation. The polymer has

a limited solubility in the solvent, which decreases as the molecular weight increases.

Above a threshold concentration, and under identical reaction conditions, the solvent

is unable to support the growth of higher weight chains, which leads to the observed

saturation in molecular weight.
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Fig. 3.10 Molecular weight distributions of P3HTs synthesised with thienyl-Grignard concentrations
[M] between 0.084-0.420 M, at 55 �C for four minutes.

From 0.084 to 0.420 M of thienyl-Grignard, the Mw increased from 15 kg/mol to 69

kg/mol at higher monomer concentrations. In all cases the polydispersities remain low

at 1.8, decreasing with higher monomer concentrations.
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Fig. 3.11 Number-average and weight-average molecular weight of P3HT versus catalyst load-
ing; with a 0.21 M solution of thienyl-Grignard and 0.35-1.56 mol% of Ni(dppp)Cl2 at 55 �C. The
reaction time was four minutes.

From the perspective of productivity, the use of monomer concentration to vary

molecular weight presents two problems. In the linear domain, below saturation, low

molecular weights are attained by reducing the monomer throughput. Thus it would

take longer to synthesise a given mass of lower molecular weight polymer. A better

approach therefore is to fix the monomer concentration and vary the catalyst loading.

3.5.2 Variation of Catalyst Concentration

The droplet flow method developed involves suspending the nickel catalyst in the PFPE

carrier oil. Upon injection of the thienyl-Grignard solution the catalyst diffuses into the

solvent droplets, which results in polymerisation. Therefore to change the amount of

catalyst entering each droplet, at a fixed flow configuration, it is necessary to change

the loading of the solid in the PFPE oil.

In the previous section the monomer concentration was controlled by mixing on-

demand with pure solvent. This same approach was tested for the catalyst in PFPE, by

mixing a high loading of catalyst in PFPE with pure PFPE. However the resulting mixture

was visibly non-uniform, due to the viscous nature of the PFPE. As a result it was neces-

sary to prepare individual catalyst suspensions manually at each desired solid loading.

To observe the effect of the changing the catalyst concentration on molecular
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Fig. 3.12 Number-average and weight-average molecular weight of P3HT versus catalyst load-
ing; with a 0.21 M solution of thienyl-Grignard and 0.35-1.56 mol% of Ni(dppp)Cl2 at 55 �C. The
reaction time was four minutes and the reaction temperature was 55 �C.

weight, three suspensions were prepared at loadings of 0.08, 0.16 and 0.36 mg/mL in

Fomblin PFPE, using the preparation method described in §2.2.2. It should be noted that

the use of solid loadings higher than 3.6 mg/mL led to a build-up of solids aggregates

at the base of the flask and therefore could not be used.

A solution of 0.21 M thienyl-Grignard was prepared and used for the three experi-

ments. Each catalyst suspension was tested at a reaction time of four minutes, with the

flow conditions set at 5:1 PFPE/catalyst : thienyl-Grignard. The reactor was maintained

at a constant temperature of 55 �C. Under these flow conditions the solids loadings

corresponded to effective catalyst loadings of 0.35, 0.69 and 1.56 mol%.

Fig. 3.12 shows the number-average and weight-average molecular weights calcu-

lated from size-exclusion chromatography for the three resulting polymers. Increasing

the catalyst loading caused in the molecular weights to decrease.

As the catalyst loading was increased from 0.35 to 1.56 mol% the Mw fell from 69 to

42 kg/mol. All polymers were well-ordered, with PDI decreasing from 1.7 to 1.6 as the

catalyst loading increased, consistent with the behaviour in §3.5.1.
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3.5.3 Changing Relative Flow Rates

Without varying the catalyst or thienyl-Grignard concentration in the syringes, it is pos-

sible to change the catalyst loading by varying the relative flow rates of catalyst/PFPE

and thienyl-Grignard. For the previous experiments reported, the ratio of catalyst/PFPE

to thienyl-Grignard was fixed at 5:1. Reducing this ratio has the effect of increasing the

relative volume of the droplet phase in the reactor at the expense of the carrier phase.

At the same time, this causes the molar ratio of monomer to increase relative to the

catalyst, and so reduces the catalyst loading.

Using a 0.21 M solution of thienyl-Grignard and 0.2 mg/mL Ni(dppp)Cl2 in PFPE, the

reactor was setup as described previously at 55 �C. The reaction time was fixed at two

minutes, corresponding to a total flow rate of 432 µL/min.

In §3.3 a 5:1 PFPE : droplet ratio was used, resulting in a weight-average molecular

weight of 41.2 kg/mol (PDI 1.6). Lower PFPE : droplet ratios of 1:1 and 2:3 were tested in

an attempt to prepare high molecular weight P3HT.

To obtain the lower flow ratios, the flow rates were adjusted proportionally (as listed

in Table 3.3). The droplet size increased as the flow ratio between the two fluids be-

came more balanced, but this did not affect the operation of the flow reactor (with

the droplets rapidly changing colour from yellow to red upon entering the heated sec-

tion of the reactor). As before, the polymers were collected into methanol and worked

up to dry crude product.

C : D Fc : Fd / µLmin�1 [C] / mol% Mn / kgmol�1 Mw / kgmol�1 PDI

5:1 0.88 360.0:72.0 26.9 41.2 1.6
1:1 0.18 216.0:216.0 76.3 112.6 1.5
2:3 0.12 172.8:259.2 83.8 127.2 1.5

Table 3.3 Molecular weight averages recorded at flow rate offset ratios of 5:1, 1:1 and 2:3 using
solutions of 0.21 M thienyl-Grignard (D) and 0.2 mg/mL Ni(dppp)Cl2 in PFPE (C) at 55 �C and four
minute reaction time, [C]: effective catalyst loading.

Reducing the flow rate differential lowered the effective catalyst loading allowing

the production of high weight materials. At a 1:1 carrier : droplet ratio, the molecular

weight was 112.6 kg/mol (see Fig. 3.13), with a low PDI of 1.5. At a 2:3 carrier to droplet

ratio, the molecular weight increased to 127.2 kg/mol (PDI 1.5). Fig. 3.13 shows the

observed change in the molecular weight distribution, as the catalyst was reduced by
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Fig. 3.13 Molecular weight distributions of P3HTs synthesised with a reaction time of four minutes
at 5:1, 1:1, 2:3 flow ratios of Ni(dppp)Cl2 in PFPE (Carrier: C) : thienyl-Grignard (Droplet: D), at
55 �C.

lowering the flow ratio of carrier (C) : droplet (D).

To increase the molecular weight further, and with the previous observations in mind,

the reactor was reconfigured with a higher concentration of thienyl-Grignard of 0.42

M at the 1:1 flow ratio of carrier : droplet phase. This had the effect of lowering the

effective catalyst loading even further to 0.09 mol%. The effect of reaction time was

investigated at two, four and eight minutes to determine how the polymerisation of

high weight materials affected conversion time.

C : D [C] / mol% ⌧r / min Mn / kgmol�1 Mw / kgmol�1 PDI

5:1 0.44 4 43.6 69.2 1.6

1:1 0.09
2 85.2 132.5 1.6
4 89.0 138.3 1.6
8 87.6 139.6 1.6

Table 3.4 Molecular weight averages recorded at flow rate offset ratios of 5:1 and 1:1 using
solutions of 0.42 M thienyl-Grignard (D) and 0.2 mg/mL Ni(dppp)Cl2 in PFPE (C) at 55 �C, [C]:
effective catalyst loading.

Fig. 3.14 shows a large shift in the molecular weight distribution that arose upon

switching from 0.44 mol% catalyst loading (red trace) to 0.09 mol% (blue traces). At

the shortest reaction time of two minutes the polymer at a 0.09 mol% catalyst loading
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Fig. 3.14 Molecular weight distributions of P3HTs synthesised at 5:1 and 1:1 flow ratios of
Ni(dppp)Cl2 in PFPE (Carrier: C) : thienyl-Grignard (Droplet: D), at 55 �C with reaction times la-
belled.

had a calculated Mw of 132.5 kg/mol and a PDI of 1.6. The molecular weight distribu-

tions at the two longer reaction times of four and eight minutes were indistinguishable

and only shift marginally to higher weight compared to the material obtained after

two minutes. Table 3.4 records the molecular weight averages calculated for each

molecular weight distribution. It can be seen that for the longest two experiments the

molecular weight averages are nearly identical, indicating full conversion within four

minutes. Overall, increasing the volume fraction of the thienyl-Grignard in the flow had

the effect of significantly increasing the molecular weight of the synthesised polymers,

while maintaining good control over the polydispersity.

3.6

Conclusions and Related Work

Catalyst-transfer polymerisation is the ideal route for preparing controlled molecular

weight poly(3-alkylthiophenes) with low polydispersity. Of the many routes developed,

the Grignard-metathesis polymerisation (GRIM) method first described by the McCul-

lough group is the most efficient route for general preparation of poly(3-hexylthiophenes)

due to the simple dibrominated monomer.
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I adapted this stratagem to droplet flow for P3HT during my Master of Research de-

gree. The droplet flow was created by injecting a prepared solution of thienyl-Grignard

into a flowing stream of PFPE containing a solid loading of Ni(dppp)Cl2 catalyst. The

resulting droplet stream was fed into a heated reactor where catalyst diffusion into the

droplet induced polymerisation. Materials produced by this approach were used to

fabricate high-performance P3HT:PC60BM bulk heterojunction devices with efficiencies

of 4.0 %. Furthermore, the material properties of the polymer could be accurately con-

trolled by varying parameters such as reaction time, temperature, concentration and

flow configuration. The observed behaviour was broadly consistent with chain-growth

polymerisation, although the molecular weight saturated at high monomer concentra-

tions as a presumed consequence of aggregation.

In addition to the experiments reported here, the droplet flow process has also

been shown to be amenable to sequential synthesis where the thienyl-Grignard was

prepared in continuous flow by reacting the dibrominated monomer with isopropyl-

magnesium chloride, and then directly injected into the polymerisation reactor.16 The

reactor was tested over a five-hour window with a four minute polymerisation time. De-

spite minor perturbations in molecular weight, no drift in material properties occurred.

A quantitative yield of purified polymer was recorded over a 22 minute period. The

throughput of the reactor was subsequently increased using a five channel scale-out

reactor, where the solutions were split into five identical parallel channels. A production

rate of 57 g/day was achieved, producing polymers of Mw 91.5 kg/mol and PDI 1.7

(RR > 98%). Importantly, over the length of the experiment there was no evidence of

fouling in the reactor.16
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Chapter 4

Improvements to the flow synthesis of

P3HT
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4.1

Introduction

The previous chapter described a method for the controlled synthesis of P3HT in droplets.

This method proceeded by injecting a prepared solution of a thienyl-Grignard solu-

tion into a suspension of Ni(dppp)Cl2 in PFPE. Diffusion of the catalyst into the droplet

caused polymerisation of the thiophene monomers by catalyst transfer polymerisation.

While the method was shown to enable production of high quality material, the mech-

anism of catalyst delivery was not amenable to high volume materials production. This

is mainly due to the need to prepare the catalyst suspension before commencing ex-

perimentation, which necessitates a large quantity of expensive fluorinated oil. This is

further complicated by the lengthy preparation route required to form the suspension.

In addition, the achievable catalyst loading was found to be limited to < 0.4 mg/mL of

Ni(dppp)Cl2, which restricted the range of molecular weights that could be prepared

from a single stock of thienyl-Grignard. As a result, the majority of materials presented

in the previous chapter were of relatively high molecular weight (Mw > 40 kg/mol), ex-

cluding those recorded at low concentration or low conversion.

It would be desirable to produce materials in large volumes from a single feedstock

covering a broad range of molecular weights. This chapter reports a number of devel-

opments designed to meet this goal.

4.2

Solving the Catalyst Stability with Ligands

Solutions used for flow synthesis should remain stable for the entirety of the produc-

tion time, else the material properties may drift. This is critically important for Grignard-

metathesis polymerisation where the molecular weight of the polymer is principally de-

pendent on the monomer : catalyst ratio. If this ratio changes over time, the width of

the molecular weight distribution of the material produced will change.

Attempts to create solutions of Ni(dppp)Cl2 (4.1) in tetrahydrofuran always led to

decolouring of the red solution after a few minutes. If these solutions were then used

to catalyse the thienyl-Grignard a brown silt was obtained. Moreover, Ni(dppp)Cl2 was

only soluble in THF up to ⇠2 mg/mL (3.7 mM) at room temperature, restricting the range
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of accessible molecular weights without sacrificing monomer throughput.

It was speculated that the catalyst decolouring was caused by dissociation of the

bidentate 1,3-diphenylphosphinopropane (dppp) ligand (4.2) from the nickel chloride

salt (4.3), see Scheme 4.1. This was consistent with an observation that adding de-

ionised water to the solution caused it to turn green, characteristic of nickel chloride

hexahydrate.

Scheme 4.1 Ligand dissociation of Ni(dppp)Cl2 in THF.

Bidentate phosphine ligands are well known to coordinate strongly to metal ions

such as nickel. However, upon dissolution of pure Ni(dppp)Cl2 in THF an equilibrium

establishes between the free (4.2) and bound (4.1) species with entropy favouring dis-

sociation of the ligand. Therefore to counter the dissociative process, excess dppp was

added to shift the equilibrium to the left, regenerating Ni(dppp)Cl2. Upon adding dppp

the solution immediately turned red/pink, indicating successful restoration of Ni(dppp)Cl2

in solution.

To test the activity of the "reformed" catalyst, the polymerisation was performed in a

flask. First a 6.75 mL solution of 0.36 M thienyl-Grignard was prepared and maintained at

55 �C. The catalyst solution solution was prepared by placing 6 mg (11 µmol, 0.46 mol %)

of Ni(dppp)Cl2 and 16 mg (38 µmol, 3.5 mol. equiv.) of dppp into an oven-baked round-

bottomed flask. The flask was degassed under high vacuum and then recharged with

argon three times. 5 mL of anhydrous THF was then added, and the mixture left to stir.

To ensure that all of the catalyst initiates at the start of the experiment the thienyl-

Grignard solution should be injected into the catalyst solution (not the other way around).

And, to minimise temperature fluctuations, both solutions should be maintained at the

same temperature. The catalyst solution was therefore heated in a 55 �C oil bath

and allowed to stabilise. The thienyl-Grignard solution was then rapidly transferred to

a syringe and injected (while still hot) into the catalyst solution. Upon addition of the

monomer solution, the catalyst solution turned from a pale red/pink to a deep orange,
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indicating successful polymerisation. After ninety minutes the reaction was terminated

with cold methanol, and the product was then worked-up to a crude solid. Analysis by

SEC and NMR indicated an Mw of 96 kg/mol (PDI 1.7) and regioregularity of 98 %.

Hence it was possible to synthesise well-defined P3HT with high regioregularity, start-

ing from the re-activated catalyst solution. Importantly the excess dppp did not inhibit

the activity of the Ni(dppp) catalytic species.

4.3

Droplet Flow Synthesis of P3HT with a Catalyst Solution

4.3.1 Changes to PFPE and droplet flow configuration

The ability to stabilise the catalyst in solution greatly simplifies flow synthesis. Since it is

no longer necessary to suspend the catalyst in the carrier fluid, a thinner grade of PFPE

may be used. Galden HT-170 (Solvay Solexis) was selected for its low vapour pressure

and low viscosity. Importantly Galden HT-170 readily penetrates standard cellulose filter

papers, making it easy to isolate the solid polymer and to recycle the fluorinated fluid

(see methods §2.2.3 and §2.3.2, respectively). In contrast to the findings of the previous

chapter using Fomblin Y LVAC 06/6 PFPE, the most regular droplet flow was obtained

when the flow rates of PFPE and THF were equal, or where THF was in excess. A flow

ratio of 1:1 was selected to ensure full wetting of the reactor walls by the PFPE. Droplets

generated under these conditions were significantly larger than those described in the

previous chapter, with volumes in the range of 2-3 µL. As will be shown, the increased

droplet size had no adverse effect on the product quality and yet resulted in a three-

fold increase in throughput — beneficial for large volume production.

4.3.2 Changes to droplet generation

Three-inlet droplet generators were used to combine the catalyst, monomer and PFPE.

The droplet generators were machined from PTFE as described in §2.1.3 and had a

number of advantages over the capillary based droplet generators used in the previ-

ous chapter, including: improved chemical resistance, tolerance of higher pressures,

tolerance of flow-processed gas and consistent device-to-device performance. All flu-

ids were connected to the droplet generators using medium pressure (34 bar) flangeless

tube fittings (Upchurch Scientific) (see methods Fig. 2.3).
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4.3.3 Changes to the droplet reactor

The oil-bath from the previous chapter was replaced by a 3D-printed plastic bath that

could fit on a standard laboratory hotplate. The final design held 2 m of 1 mm ID, 2 mm

OD PTFE tubing in a loose spiral, equivalent to a reactor volume of 1.57 mL. 10 cm of

unheated tubing protruded from each side of the oil bath, allowing the reactor to be

connected to the droplet generator at its inlet and to a collection vial at the outlet.

4.3.4 Verification of chain-growth polymerisation

The final reactor setup is shown in Fig. 4.1. Three pumps were used to deliver the catalyst,

monomer and PFPE to the droplet generator from separate syringes. The outlet of the

droplet generator was connected to the inlet of the printed oil bath reactor, which was

held at a temperature of 55 �C.

From a series of early tests it was found that dppp loadings of 1.35 molar equiva-

lences to Ni(dppp)Cl2 were sufficient to recover catalytic activity of the nickel species.

Loadings of up to 9.6 equivalences were tested, and found to have no further benefit

on the catalyst stability in solution. It was decided to use the lowest loading of dppp to

avoid unnecessarily loading the reaction solution with extra reagents.

The time-dependence of the growth characteristics were investigated using a 0.42 M

solution of thienyl-Grignard and a 1.8 mM solution of Ni(dppp)Cl2 (with 1.35 molar equiv-

alences of dppp). Four reaction times were tested: 30, 60 120 and 240 seconds at a

fixed ratio of 1 :1 : 2 for the monomer : catalyst : PFPE, which corresponded to a cata-

lyst loading of 0.44 mol%. Fig. 4.2a shows the molecular weight distributions of the four

resulting polymers, with the distribution shifting to higher weight with increased reaction

time. Between reaction times of 120 and 240 s the peak position remained constant,

while the tail on the higher weight side of the distribution increased slightly. Extraction

of the number-average and weight-average molecular weights from each distribution

revealed a rapid increase in molecular weight followed by saturation as the monomer

stock became fully depleted (see Fig. 4.2b). This trend is consistent with the behaviour

reported in the previous chapter (see §3.3).

However, in this case the number-average molecular weight was found to saturate

within 240 seconds, compared to 480 seconds for the previous method. After combin-

ing the thienyl-Grignard and catalyst solutions the overall concentration of monomer
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PFPE

thienyl-Grignard
(0.42 M)

Ni(dppp)Cl₂ solution 
(1.8 mM)

(b) droplet flow reactor
T = 55 °C, V = 1.57 ml

(a)
droplet 

generator

(c) 
methanol
quench

Fig. 4.1 Schematic of the droplet reactor setup for introducing the catalyst in solution; solutions
of the nickel catalyst, thienyl-Grignard and PFPE are injected into a three-way droplet generator
to create a stream of near-identical droplets (a); the droplets then pass into a 2 m coil of 1 mm
ID PTFE tubing (1.57 mL) held in a temperature-stabilised 3D-printed oil-bath (b), maintained at
55 �C; eluent from the reactor was collected into methanol-filled vials (c).

is reduced to 0.21 M, i.e. the same as that used in the previous chapter (see §3.3). In

the previous set of experiments the polymerisation was performed using an effective

catalyst loading of 0.88 mol%, approximately double that used to produce this series of

polymers. As a result the materials produced here are of higher molecular weight than

those synthesised previously, with the Mw reaching 110 kg/mol in 240 seconds (cf. Mw

49 kg/mol at 240 s previously).

Interestingly the polydispersity was found to be narrower for the newly synthesised

series of materials, with PDIs increasing from 1.3-1.4 as the molecular weight increased,

as opposed to 1.4-1.5 with the previous method.

The reduction in polydispersity is attributed to the shorter, more controlled catalyst

initiation at the start of the polymerisation. In the previous method the catalyst was

required to first diffuse into the droplet before polymerisation could begin. As a result

there was an inherent broadening of the dispersion caused by the temporal overlap of

the two processes (some chains would begin to grow before others, a classic cause of

101



polydispersity). With the catalyst in solution the polymerisation begins almost immedi-

ately upon mixing with thienyl-Grignard.
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Fig. 4.2 (a) Series of RI-SEC chromatograms of polymers prepared with heating times varying
from 30 to 240 s at 55 �C, with a 0.42 M thienyl-Grignard monomer solution and Ni(dppp)Cl2 cat-
alyst loading of 0.44 mol%; and (b) corresponding number-average and weight-average molec-
ular weights of the polymer calculated for each reaction time.
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The above experiments confirmed that the Ni(dppp)Cl2 catalyst could be success-

fully stabilised in tetrahydrofuran in the presence of excess dppp ligand at loadings of

�1.35 molar equivalences. The new method produced materials with narrower polydis-

ersities with the polymerisation reaching full conversion in approximately half the time.

4.4

Synthesis of Low-Weight P3HTs using a New Route to Ni(0)(dppp)

4.4.1 Development of a Soluble Catalyst: Ni(dppp)Br2

Ni(dppp)Cl2 is a very effective catalyst for polythiophene synthesis. For flow methods

however, its limited solubility makes it difficult to access low molecular weight materials.

The molecular weight is mainly governed by the molar ratio of monomer to catalyst.

One way to access lower weight materials is to lower the concentration of the thienyl-

Grignard, but this causes an unfavourable reduction in production rates and increases

the amount of solvent required. A preferable option would be to make the active

species, Ni(0)(dppp), more soluble although care should be take to ensure that the

regioregularity of the final polymer is not compromised.

A straightforward solution to this challenge was found in Ni(dppp)Br2, the bromide

analogue of Ni(dppp)Cl2. Ni(dppp)Br2 is not a commercially available molecule, nor to

the best of the author’s knowledge has it been reported as a catalyst for Ni-catalysed

cross-coupling polymerisation of any kind, although there is one report citing its use

in the preparation of 3-alkylthiophene preparation.129 It is unclear why this is the case,

although it may simply be the case for conventional batch synthesis that there has been

no need for a more soluble catalyst.

Ni(dppp)Br2 was prepared in-situ by first dissolving nickel bromide ethylene glycol

dimethyl ether complex (Ni(dme)Br2, 4.4, Aldrich) in THF under argon, which resulted in a

bright pink solution. Ni(dme)Br2 was found to be soluble in THF at up to 26 mM (a seven-

fold improvement in solubility compared to Ni(dppp)Cl2). Upon adding excess dppp

the solution instantly turned brown, indicating ligand exchange to form Ni(dppp)Br2

(4.5) and glyme (4.6), see Scheme 4.2. Ni(dme)Br2 was selected for two specific reasons;

the lability of the etheric ligand in the presence of the stronger bidentate phosphine

ligand, which ensured that the dppp would readily exchange onto the nickel complex;

and secondly because the etheric glyme produced would not inhibit the subsequent
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Grignard reaction.

It was expected that Ni(dppp)Br2 would form an equilibrium with both Ni(dme)Br2

and NiBr2 in solution, analogous to Scheme 4.1, and so would require > 1 molar equiva-

lences of dppp to stabilise the desired Ni(dppp)Br2 catalyst.

Scheme 4.2 Ligand exchange from Ni(dme)Br2 to Ni(dppp)Br2 by addition of dppp.

To determine the amount of dppp required to stabilise the catalytic Ni(dppp)Br2

species, a series of polymer syntheses were undertaken in flow using dppp concentra-

tions in the range 0.25-5.00 molar equivalents of dppp to Ni(dme)Br2. By sampling under

the threshold of 1:1 dppp:Ni, it was possible to investigate how the polymerisation would

behave when Ni(dppp)Br2 was not the only nickel species in solution. The dppp load-

ing was varied in flow by mixing at different relative flow rates two equimolar Ni(dme)Br2

solutions containing offset dppp concentrations of 0.25 and 5.00 molar equivalences.

To maintain a constant nickel concentration, an initial solution of 13 mM Ni(dme)Br2

was prepared with 0.25 molar equivalences of dppp. From this solution a portion was

removed into a second flask where the dppp concentration was increased to 5.00 mo-

lar equivalences. This procedure avoided any difference in nickel concentration that

would otherwise exist if the solutions had been made up separately. Solutions contain-

ing the low dppp loadings were found to be a pale brown colour while those containing

higher loadings were a dark brown (near-opaque) colour.

The flow reactor was setup as shown in Fig. 4.3. The two catalyst solutions were

merged using a 1.7 µL mixer, and the resulting mixture was fed into the droplet gen-

erator, along with a 0.42 M solution of thienyl-Grignard and PFPE. Polymers were syn-

thesised in a 3D-printed oil-bath reactor at 55 �C. Flow rates of the combined catalyst

solution and thienyl-Grignard solution were set equal at 78.5 µL/min, producing a cat-

alyst loading of 3.1 mol% (assuming that all nickel sites are active). PFPE was pumped

at 157 µL/min to produce a 1:1 droplet flow with the THF droplet phase. Under these

flow conditions the reaction time was five minutes, sufficient for full conversion of the

monomer when using Ni(dppp)Cl2.
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PFPE

thienyl-Grignard
(0.42 M)

13 mM Ni(dme)Br₂ / 
0.25 mole eq. dppp 

(a) 
mixer

13 mM Ni(dme)Br₂ / 
5.00 mole eq. dppp 

(c) droplet flow reactor
T = 55 °C, V = 1.57 ml

(b)
droplet 

generator

methanol
quench

Fig. 4.3 Schematic of droplet reactor setup; two 13 mM solutions of Ni(dme)Br2 with dppp load-
ings of 0.25 and 5.00 are brought together in controlled ratios at mixer (a); the combined solu-
tion is injected into one inlet of the droplet generator (b); a prepared solution of 0.42 M thienyl-
Grignard is injected into a second inlet of the droplet generator along with PFPE into the third
inlet to form a near-identical stream of microlitre-sized droplets; the droplet stream then passes
into a temperature-stabilised 2 m (1.57 mL) PTFE coil reactor at 55 �C (c); eluent from the reactor
is collected into methanol filled vials (d).

In total nine dppp loadings were tested: 0.25, 0.68, 1.04, 1.20, 2.15, 2.63, 3.10, 4.05,

and 5.00 molar equivalence to Ni(II). With the exception of the 0.25 mole equivalence

test, all runs resulted in the formation of polymer products, which were then worked up

as crude solids (at the lowest loading of 0.25 no solids were recovered). The filtrates

recovered from the four lowest ligand loadings were deep yellow in colour, and the

amount of recovered solid was significantly less than for the higher loadings. Above,

and including, 2.15 molar equivalences the filtrate was much paler. Fig. 4.4 shows the

molecular weight distributions of each recovered material measured by gel perme-

ation chromatography. Corresponding number-average molecular weights and poly-
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dispersities of the crude samples are shown in Fig. 4.5. As the loading of dppp is in-

creased the molecular weight distribution increases, however above 2.15 equivalences

the distributions become indistinguishable until 5.00 where the distribution was found to

broaden and shift to higher molecular weight.
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Fig. 4.4 Molecular weight distributions of P3HTs synthesised at [dppp]:[Ni(dme)Br2] loadings be-
tween 0.25-5.00 molar equivalences.
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Fig. 4.5 Number-average molecular weight (top panel) and polydispersity (bottom panel) of
P3HT versus dppp ligand loading.
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Two distinct regimes are evident in Fig. 4.5(top). As the ligand loading was increased

from 0.68 to 2.15 molar equivalences, the Mn increases steadily from 5,300 to 6,300 g/mol.

Above 2.15 molar equivalencies Mn saturates. Fitting a straight line through the first

three data points provides a rough intersection with 6,300 g/mol at 2.1 molar equiva-

lences. All materials were found to have a low PDI of 1.35-1.40, with the exception of

the 5.00 ligand loading where a slightly PDI of 1.45 was recorded (and can be seen as

the broader blue distribution in Fig. 4.4).

Originally it was assumed that Ni(dme) would be inactive towards the thienyl-Grignard.

If this were the case the molecular weight would be expected to fall with increasing

dppp content (since the ratio of Ni(dppp) to monomer is increasing). The opposite

however is observed. Consequently it can be inferred that the Ni(dme) is competing

with Ni(dppp) to react with the thienyl-Grignard.

Given that no polymer was recovered at the lowest loading of 0.25 molar equiva-

lences, and that the yield appeared to be reduced for materials prepared below the

threshold dppp loading, it is speculated that the Ni(dme) behaves in a step-growth

fashion. A step-growth catalyst produces a significant amount of oligomeric material

before polymers are formed. Therefore if the amount of the step-growth catalyst were

to be reduced, the net result would be a slower rate of oligomer formation. This in turn

would increase the amount of monomer available for chain-growth polymerisation by

Ni(dppp). To see an increase in molecular weight of the polymer as the dppp concen-

tration is increased the monomer concentration would need to increase faster than the

Ni(dppp) concentration. The ’belief’ that Ni(dme) is behaving as a step-growth catalyst

is to some extent confirmed by the appearance of the filtrate from the reaction. The

yellow colouration of the filtrates at the lowest loadings differs from the starting thienyl-

Grignard and indicates of a high concentration of methanol-soluble oligothiophenes.

Irrespective of the precise growth mechanism, the data in Fig. 4.5 demonstrates that

a dppp molar equivalence of 2.1 or more is needed to obtain a stable population of

catalytic Ni(dppp)Br2.

The low molecular weights of Mn ⇠6000 g/mol achieved in Fig. 4.5 are directly at-

tributable to the improved solubility of Ni(dppp)Br2 relative to Ni(dppp)Cl2. In general

testing, we have been able to prepare solutions up to 26 mM before reaching satura-

tion.

The bromide derivative was found to initiate polymerisation faster than its chloride
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analogue. With the chloride catalyst, the droplets changed colour from yellow to red

when the droplet entered the oil-bath. With the bromide catalyst, however the colour

changed as soon as the droplets exited the droplet generator (at room temperature),

as shown in Fig. 4.6. The bromide catalyst solutions remained stable for days under

argon, but degraded in under a minute if exposed to air or wet THF.

Fig. 4.6 Photograph of polymerising droplets of P3HT produced using a PCTFE droplet generator.

In summary, a new catalyst for Grignard metathesis polymerisation has been pre-

pared by in-situ ligand exchange of Ni(dme)Br2 and dppp to form Ni(dppp)Br2. The

catalyst was highly soluble in THF, at concentrations up to 26 mM, allowing Mw values

< 10 kg/mol to be achieved in flow, while maintaining excellent control over the poly-

dispersity. It was found to be necessary to load the Ni(dme)Br2 with a least 2.1 molar

equivalences of dppp to ensure the desired Ni(dppp)Br2 catalyst dominates. Above this

threshold the molecular weight of the materials produced did not change appreciably

with ligand loading.
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4.4.2 Controlling P3HT molecular weight using Ni(dppp)Br2

The ability to process the catalyst at higher concentrations makes it much easier to

vary the molecular weight. Of the three methods described in §3.5), the most effective

strategy for controlling Mw was to fix the monomer concentration and vary the cat-

alyst concentration. To demonstrate molecular weight control using this stratagem, a

series of polymers were produced using different catalyst concentrations (this work was

carried out in collaboration with Dr. Siva Krishnadasan).⇤

A total of five Ni(dppp)Br2 concentrations were tested: 4.0, 6.6, 9.9, 12.7, 16.0 mM,

prepared from Ni(dme)Br2 and 2.5-3.0 molar equivalences of dppp. The solutions were

combined with a 0.61 M thienyl-Grignard to produce catalyst loadings of: 0.66, 1.08,

1.63, 2.10, 2.64 mol%, respectively. The reaction time was set to 65 seconds, using cata-

lyst, monomer and PFPE flow rates of 200, 200 and 400 µL/min, respectively.
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Fig. 4.7 Number-average and weight-average molecular weight of P3HT versus catalyst con-
centration; with a 0.61 M solution of thienyl-Grignard and 0.66-2.64 mol% of Ni(dppp)Br2 at 55 �C.
The reaction time was 65 s.

Crude materials were analysed by gel permeation chromatography. Fig. 4.7 shows

the weight-average and number-average molecular weights for each material. As

the catalyst loading increased from 0.66 to 2.64 mol%, the Mw decreased from 78 to
⇤These tests formed part of wider optimisation work. Consequently the reactor used for these tests had

been modified: the inner diameter of the PTFE tubing was reduced to 0.8 mm, and the reactor length was
shortened to 1.75 m, corresponding to a reactor volume of 0.88 mL. The reaction temperature was 55 �C.
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20 kg/mol, while the Mn decreased from 56 to 17 kg/mol. All PDIs were 1.2 except for

the 78 kg/mol material which had a slightly higher PDI of 1.3, indicating excellent con-

trol over the polymerisation in all cases. The lowering of PDI compared to Ni(dppp)Cl2

is attributable to the faster initiation of the Ni(dppp)Br2 catalyst at the beginning of the

reaction.

Mw and Mn decreased smoothly with catalyst concentration, and could be em-

pirically fitted to simple power laws (see Fig. 4.7). Hence it is possible to predict the

molecular weight for any given catalyst concentration, which provides a simple means

of tuning molecular weight. Moreover, the trend and low PDIs are in close agreement

with the ’living’-chain growth character of the polymerisation.130

In summary the enhanced solubility of the Ni(dppp)Br2 allows the molecular weight

of P3HT to be controlled over a wide range and with a high degree of certainty, by

varying the concentration of the catalyst at a given monomer concentration.

4.5

Synthesis of High-Weight P3HT using ’Tube-in-Shell’ Reactors

High-weight P3HTs are challenging to synthesise due to their lower solubility in the re-

action solvent. Synthesising high weight materials on the gram scale in a flask typically

leads to a polymer solids forming at the surface of the solvent in the centre of the flask

where the temperature is lowest and gelation is therefore most likely. Precipitates first

appear within 30 minutes of starting the reaction, and within a couple of hours the

solution in the flask will have completely gelled.

Precipitation of reaction product inside a flowing droplet can lead to fouling prob-

lems. When synthesising high weight materials (Mw > 100 kg/mol) in the 3D-printed

oil-baths, fouling occurred in the unheated tube between the reactor and vial. It was

found that the precipitates could be redissolved using a heated air gun, showing that

the problem was a thermal one.

Gelled droplets move slower than non-gelled droplets. This can cause droplets to

come into contact and merge, increasing in size to the point where contact with the

reactor wall becomes inevitable.

The key to preventing reactor fouling is to ensure that the reactor tubing remains at

a sufficiently high temperature over its full length. To this end, we switched to the tube-

110



in-shell (TIS) reactor described in §2.1.4, which can maintain a constant temperature all

the way to the end of the tubing. In addition, the highly uniform thermal environment

provided by the jacket eliminates the risk of cold spots where polymer gelation might

occur.

PFPE

thienyl-Grignard
(0.61 M)

Ni(II) catalyst solution 
(1.8 mM)

tube-in-shell
droplet flow reactor

T = 55 °C, V = 2.36 ml

droplet 
generator

methanol
quench

Fig. 4.8 Schematic of droplet reactor setup, where prepared solutions of 0.61 M thienyl-Grignard
and 1.8 mM Ni(dppp)Cl2 are injected into a droplet generator, forming a stream of near-identical
microlitre-sized droplets in the PFPE carrier oil. The newly formed droplet stream is carried into a
3m (2.36 mL) heated tube-in-shell reactor at 55 �C. Eluent from the reactor was collected into
methanol-filled vials.

Using a solution of 0.61 M thienyl-Grignard and 1.8 mM Ni(dppp)Cl2, the reaction was

performed at 55 �C in a 3 m (2.36 mL) TIS reactor, see Fig. 4.8. The monomer, catalyst

and Galden PFPE were fed into a three-way droplet generator at a total flow rate of

400 µL/min, corresponding to a reaction time of 880 s. The flow rate of PFPE was fixed at

200 µL/min and the combined monomer and catalyst flow rate was set to 200 µL/min.

Two materials were synthesised using flow rate ratios of 3:2 and 2:1 (monomer : catalyst)

equivalent to 0.20 and 0.15 mol%, respectively.

Fig. 4.9 shows the molecular weight distributions of the materials produced using the

two different flow conditions. High molecular weights were obtained in both cases,

with Mw’s of 174 and 190 kg/mol for the 0.20 and 0.15 mol% experiments, respectively.

Importantly, no fouling was observed in the reactor, and the.droplets remained liquid
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Fig. 4.9 Molecular weight distributions of high-weight P3HTs synthesised with 0.15 and 0.20 mol%
of Ni(dppp)Cl2 at 55 �C.

until being quenched in methanol. The combination of high Mw (190 kg/mol) and low

PDI (1.5) compares favourably with reports of high Mw regioregular-P3HT. For example,

high-weight P3HT synthesised by Merck Chemicals reported in a study by Ballantyne

et al. contained two materials with Mw’s of 220 and 450 kg/mol with corresponding

PDI’s of 2.8 and 3.7, respectively.131 While, Koch et al. reported five materials with Mw >

200 kg/mol with PDIs in the range of 2.0-3.7.132 The TIS reactor is able to produce high-

weight materials with lower PDI than these reported materials. It is believed that the

molecular weight of the materials prepared in the TIS reactor could be further increased

by lowering the catalyst loading further.

4.6

Pressurising a Droplet Reactor

Microwave batch reactors have been shown to be an effective means of superheat-

ing reactions under pressure, resulting in increased reaction rates compared to con-

ventional flask reactions.116,133–136 The basis for this enhancement in reactivity is the abil-

ity to run the reactions above the normal boiling point of the solvent. For example,

Carter showed that the Yamamoto polymerisation of 2,7-dibromo-9,9-dihexylfluorene in

toluene/DMF could be performed at 250 �C in a microwave reactor, producing quanti-
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tative yields in 10 mins, in contrast to 4-24 hours at 80 �C using conventional flask meth-

ods (cf. toluene b.p. = 111 �C; DMF b.p. = 153 �C).133

Unlike microwave vessels, flow reactors are not sealed, and so it is necessary to add

a flow restriction to the end of the reactor to pressurise the reactor. This is most eas-

ily achieved using off-the-shelf back pressure regulators (BPR) (Upchurch Scientific) to

create a controlled pressure gradient across the length of the reactor. BPRs contain a

sprung valve that only allows fluid to flow when the pressure at that point exceeds the

engineered threshold.

Three BPRs were used for experiments rated at: 20, 40 and 75 psig (psig: pounds

per square inch above atmospheric pressure). These were attached to the end of a

3 m tube-in-shell reactor (shown at position (a) in Fig. 4.10). Separate solutions of 0.42 M

thienyl-Grignard and 1.8 mM Ni(dppp)Cl2 (with 1:1 wt.:wt. dppp loading) in THF were

prepared and transferred to gas-tight syringes, along with Galden PFPE. It is important

when working at elevated pressures to fit each syringe with an in-line check valve (CV)

(Upchurch Scientific) to prevent back flow of fluid into the syringe, which can occur

when then the syringes are not at equal pressure (shown at position (b) in Fig. 4.10).

The total flow rate of fluid through the reactor was fixed at 400 µL/min, corresponding

to a reaction time of 355 seconds (5.9 minutes), sufficient for the polymerisation to reach

completion. Flow rates of thienyl-Grignard and catalyst solution were set equal at 100

µL/min, corresponding to a catalyst loading of 0.23 mol%. The PFPE flow rate was set at

200 µL/min to form a 1:1 droplet flow.

4.6.1 Effect of pressure alone

For the first set of experiments, the temperature was fixed at 55 �C and the pressure

was set to 0, 20 and 40 psig (0 psig corresponds to the back pressure cartridge being

removed). In this way it was possible to determine if a ’pressure-effect’ existed. The blue

traces in Fig. 4.11 show the molecular weight distributions recorded by size-exclusion

chromatography for each of the three polymers synthesised. The three samples had

virtually identical molecular weight distributions for the main polymer peak. (The slight

variation at low molecular weight is due to incomplete removal of the low weight side

product during product work-up). The average Mw of the samples was calculated to

be 69.4 ± 0.9 kg/mol, with a consistently low PDI of 1.110 ± 0.003 (see Table 4.1), thus

confirming that pressure alone had negligible effect on the polymers produced.
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PFPE

Ni(dppp)Cl₂ solution 
(1.8 mM)

thienyl-Grignard
(0.42 M)

tube-in-shell
droplet flow reactor

T = 55/80 °C, V = 2.36 ml

droplet 
generator

methanol
quenchBPRBPR

CV

CV

CV

(b)

(a)

Fig. 4.10 Schematic of droplet reactor setup, where prepared solutions of 0.42 M thienyl-
Grignard and 1.8 mM Ni(dppp)Cl2 are injected into a droplet generator forming a near-identical
stream of microlitre-sized droplets in the PFPE carrier oil. In-line check valves are used on each of
the three syringes to protect back flow into the syringe under pressure. The newly formed droplet
stream is carried into a heated tube-in-shell reactor at 55 and 80 �C, which comprises of a 3 m
coil of PTFE tubing (2.36 mL) and a back pressure regulator cartridge (a) with a rating of 20, 40 or
75 psig. Eluent from the reactor is collected into methanol-filled vials.

The tube-in-shell reactors produced very highly controlled material, superior in terms

of polydispersity to the oil-bath reactors described previously. The PDIs obtained here

are lower than those for the high weight material in the previous section because the

molecular weight of the polymers is lower, in a similar fashion to that observed in §4.4.2

with Ni(dppp)Br2. The lowering of the PDI relative to the Ni(dppp)Br2 experiments is

believed to result from the superior thermal uniformity of the TIS reactor, which ensures

a uniform growth rate. It should be noted that further studies using the TIS reactors have

been found to produce materials with PDIs of 1.1 using the Ni(dppp)Br2 catalyst.

4.6.2 Effect of elevated pressure and temperature

While pressure does not affect the properties of the synthesised polymers, the inclusion

of the back pressure regulator allows the reactor to be operated above the normal

boiling point of the solvent without the risk of vapour forming. At atmospheric pressure
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Fig. 4.11 Molecular weight distributions of P3HTs synthesised with a reaction time of 355 seconds
at temperatures of 55 and 80 �C, and varying pressure: 0, 20, 40 and 75 psig.

Pressure / psig Temp. / �C Mn / kgmol�1 Mw / kgmol�1 PDI

0
55

62 69 1.1
20 63 70 1.1
40 63 70 1.1

40
80

73 95 1.3
75 73 94 1.3

Table 4.1 The effect of pressure and temperature on the molecular weight averages and poly-
dispersities of P3HT.

THF boils at 66-67 �C. Elevating the pressure to 40 and 75 psig increases the theoretical

boiling point to approximately 90 and 107 �C, respectively. To determine the effect of

the increased reaction temperature on the resultant polymer, the temperature of the

process water running through the tube-in-shell reactor was increased to 80 �C. The

droplet flow synthesis was repeated at 40 and 75 psig using the same solutions and flow

conditions as described previously. The visual quality of the droplet streams produced at

80 �C under pressure was the same as those formed at 55 �C at atmospheric pressure.

Polymers were collected into methanol for both pressurised experiments, and worked-

up to crude solids and analysed by size-exclusion chromatography. As for the 55 �C

experiments, the two polymers showed near-identical molecular weight distributions,

however the molecular weight was shifted to significantly higher molecular weight com-
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pared to the polymers produced at 55 �C (see Fig. 4.11). Mw increased from 70 to 95

kg/mol as the temperature of the reaction was increased from 55 to 80 �C, while the

polydisersity increased from 1.1 to 1.3.

The increase in molecular weight is not consistent with the living-chain growth poly-

merisation model, in which the catalyst loading alone determines the final molecular

weight of material. As shown in Fig. 4.11, the shift in molecular weight is both large and

reproducible at different pressures. The origin of this effect is unclear, but it is possible

that at the lower temperature a more ordered reaction occurs, resulting in a better

defined product.

While no yield data was acquired for the above experiments, it was later found in

scale-up work that the polymerisation completion time could be reduced to 90 seconds

at 80 �C and 15 barg. In addition, the use of the Ni(dppp)Br2 at 80 �C in a non-TIS

process was found to enable the preparation of P3HT with polydispersities of 1.2-1.3 at

production rates of up to 1,000 g/day.137

In summary it has been shown that increasing the pressure of the droplet flow reac-

tor does not affect the droplet flow and has no direct effect on the synthesised polymer.

The application of pressure, however, allows higher reaction temperatures above the

normal boiling point of the reaction solvent to be used, which has the effect of increas-

ing the average molecular weight and increasing the polydispersity. The tube-in-shell

reactors were shown to produce high quality with very low polydispersities of 1.1.

4.7

Synthesis of P3HT in a Three-Phase Droplet Reactor: Towards Multistep Droplet Chemistry

This final section presents a new method for carrying out multistep chemical reaction

processes in droplet flow. In both of the reported droplet flow methods for P3HT (cat-

alyst in PFPE and catalyst in solution), the injection of precursors occurred at the time

of droplet generation. However, loading all reagents at the start of the reaction limits

the range of chemistries that can be carried out. For semiconducting polymers synthe-

sised by Grignard metathesis polymerisation, a robust method for repeatedly adding

reagents would enable gradient and block copolymers to be synthesised.

Using current droplet methods, additional reagents can be added to the droplet

flow downstream of the original droplet generator by directly injecting fluid through a
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second droplet generator. However, the range of flow configurations where this ’addi-

tion’ can be achieved successfully is limited. To address the issue, a new three-phase

droplet flow method was developed to enable facile dosing of droplets along the reac-

tor. Each droplet is suspended in PFPE (as before) and then buffered between two plugs

of an inert gas, as shown schematically in Fig. 4.12. In the ideal case each droplet (red)

is surrounded by its own discrete body of PFPE (grey) that remains trapped between

two plugs of gas (blue).

droplet dropletgas gas gas

flow

PFPE

Fig. 4.12 Ideal three-phase flow; where the reaction droplet is suspended in a discrete volume
of carrier fluid, and surrounded by plugs of gas.

This design derives in part from a flow concept reported by Khan and Duraiswamy

in 2012.138 In this report the authors synthesised gold nanorods by reduction of gold(III)

chloride trihydrate with sodium borohydride in water. In continuous flow, the production

of molecular hydrogen (a by-product of gold reduction from the borohydride) was re-

ported to cause uncontrolled nucleation and growth of hydrogen bubbles in the flow,

disrupting the flow uniformity. The authors found that it was possible to stabilise the flow

by inserting nitrogen gas into the continuous flow to form a plug flow with the aqueous-

phase reaction (see Fig. 4.13).

In the schematic, the aqueous gold solution (R1) is pumped into a T-junction along

with nitrogen gas to produce a plug flow of water and nitrogen inside a polydimethyl-

siloxane microfluidic chip. The plug flow then enters a second T-junction where the

aqueous-phase reducing agent (R2) is injected into the gold solution, initiating reduc-

tion of the gold and the evolution hydrogen gas. Fig. 4.13 qualitatively describes the

diffusive pathway for hydrogen to reach the nitrogen gas bubble, which was reported

to be assisted by the constant convective mixing of the water phase (induced by the

plug flow). Using this strategy it was possible to maintain a well-ordered flow without the

spontaneous formation of hydrogen gas bubbles.
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added to 0.05, 0.15, 0.2 and 0.25 mL of 4 mM AgNO3 in four

different borosilicate vials (20 mL, scintillation, Kimble glass

Inc., Singapore) and maintained at 35 !C. 5 mL of HAuCl4
(1 mM) was added to this solution and was mixed gently. 70 mL
of ascorbic acid (78.8 mM) solution was added to this dark

yellow colored solution and mixed by slow inversion (4–5 times)

until the solution turned colorless. To this colorless solution

12 mL of the ultra small gold nanoparticle seed suspension

prepared from the microfluidic method described above was

added gently and the solution was left undisturbed for 30 min.

GNR suspensions were analyzed using both UV-Vis spectrom-

eter and TEM according to the method specified above.

Results

I. Concept

A schematic of the basic design concept employed is provided in

Fig. 2. Pure nitrogen gas is introduced through the T-junction

inlet labelled ‘gas’; the bubbles formed are dispensed into a cross-

flowing mixture of aqueous salt solution and surfactant (labeled

R1). An aqueous solution of NaBH4 (labeled R2) is delivered

through the second T-junction inlet. As the reaction proceeds,

molecular hydrogen is evolved within the reacting aqueous

mixture. The injected nitrogen bubbles act as several inert gas

reservoirs or ‘head spaces’ into which this evolved hydrogen is

spontaneously transported due to strong concentration gradi-

ents—the concentration (partial pressure) of hydrogen in the gas

bubbles is much smaller than in the liquid phase throughout their

transit through the device. The transport of dissolved hydrogen

into the gas bubbles is further accelerated by convective motion

in the liquid segments, quite typical of segmented gas–liquid

microflows.35 As a result of this transport process, in combina-

tion with the chemical reduction of gold salt, the liquid phase

concentration of hydrogen is maintained consistently below the

aqueous solubility threshold that, if exceeded, leads to uncon-

trolled hydrogen bubble nucleation and growth.

II. Flow visualization

Stereomicroscopic images of the segmented gas–liquid flow were

recorded after steady state operation was achieved as shown in

Fig. 3. The flow rates, Qaq and Qr were 7.5 mL min"1 and 1 mL
min"1 respectively while the nitrogen gas pressure (Pg) was

maintained at 10 psig. The gas introduced into the reactor

(Fig. 3(a)) formed a series of bubbles, separated by the continuous

surfactant-rich aqueous phase (Fig. 3(c)). The reducing agent,

aqueous NaBH4 was introduced into the reactor through the inlet

R2 (Fig. 3(b)), and was rapidly mixed in the segmented flow.

III. Model for inter-phase hydrogen transfer

We now develop a model for borohydride hydrolysis and

subsequent mass-transfer of hydrogen from the aqueous liquid

segments into the adjacent gas bubbles. In doing so, we neglect

the consumption of hydrogen via the chemical reduction of gold

ions, and our results therefore represent a worst-case scenario

with respect to hydrogen accumulation in the liquid segments.

The reaction kinetics of NaBH4 hydrolysis, which generates

molecular hydrogen (the ‘actual’ reducing agent of gold ions),

have been the subject of several excellent theoretical and exper-

imental studies, and found to depend on the pH, temperature

and concentration of the aqueous solution.18,37–40 In our work,

the pH of the aqueous solution varies between 4.5 and 5.0 due to

the acidic nature of HAuCl4 and the kinetics may be approxi-

mated as first-order in borohydride concentration, with a rate

constant kr of #2.5 $ 10"3 s"1.37,39,41–43 The mass transport of the

liberated hydrogen from aqueous liquid segments to the gas

bubble can now be modelled following classical treatments of

reactive gas–liquid mass transfer as follows.

The mass transport flux of hydrogen across the liquid–gas

interface on the liquid side can be expressed as:44

NL ¼ kL(CG " CG,i) (1)

Similarly, the mass transport flux on the gas side is expressed

as:

NG ¼ kG(pG,i " pG) (2)

where CG,i, CG, pG,i, and pG are the interfacial and bulk

concentrations and partial pressures respectively of hydrogen

gas, and kL and kG the liquid- and gas-side mass transfer coef-

ficients respectively.

Fig. 2 Schematic of the concept of segmented gas–liquid flow where

nitrogen bubbles are dispensed into a continuous aqueous solution (R1).

An aqueous solution of NaBH4 (R2) is delivered through inlet R2 and

rapidly mixed with R1. The inset schematically depicts hydrogen trans-

port across the gas–liquid interface.

Fig. 3 Stereomicroscope images of the flow in the reactor showing the

(a) gas inlet (b) reducing agent inlet and (c) downstream segmented gas–

liquid flow. The flow rates in this case wereQaq¼ 7.5 mLmin"1,Qr¼ 1 mL
min"1 and the nitrogen gas pressure Pg was maintained at 10 psig.

This journal is ª The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 1807–1812 | 1809
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Fig. 4.13 Working principle of the plug flow synthesis of gold nanoparticles developed by Khan
and Duraiswamy. In the first stage, an aqueous gold salt solution and surfactant (R1) was dis-
persed in nitrogen to form plug flow. The outflow was then injected into a second junction where
a second aqueous solution containing the reducing agent was added (R2). The schematic in-
dicates that the injection of R2 leads to an enlarged liquid-phase rather than a new plug of
liquid. Hydrogen gas evolved (from metal reduction) diffuses into the plug of gas, preventing
spontaneous nucleation of hydrogen bubbles, and thereby stabilising the flow. Image taken from
Ref. 138.

The key point of interest in this report is the injection of the second precursor into

the plug flow of the first reagent and nitrogen. The work indicates that the second fluid

can be injected into the first without new droplets forming inside the plugs of gas. This

phenomenon can be understood qualitatively by the unfavourably high surface tension

forces required to create a new droplet inside the gas. Instead the added liquid forms

a bilayer along the top of the gas plug (see Fig. 4.13) until the next plug of liquid passes

underneath the point of injection, at which point the two liquids join to form a single

larger plug of liquid.

It was hoped that translating this to droplet flow would provide a means of preferen-

tially dosing a droplet with additional reagent, without forming new droplets of added

reagent in the carrier gas. Furthermore, because the droplets are held at an even

spacing by the gas flow, it was hoped that each droplet would receive an equal dose

of the new reagent.

As an early demonstration of this principle the droplet flow synthesis of P3HT was sep-

arated into two stages. In the first stage the thienyl-Grignard reagent was dispersed in

PFPE within a PFPE/nitrogen plug flow (see (i) in the inset of Fig. 4.14). The catalyst solu-

tion was then added into the three-phase flow to dose the thienyl-Grignard droplet (see

(ii) in the inset of Fig. 4.14) and subsequently initiate polymerisation (see (iii) in the inset

of Fig. 4.14). Performing this test allowed the uniformity of the droplet dosing to be as-

sessed, as irregular dosing would cause the catalyst loading to vary between droplets,
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leading to an unwanted broadening in the polymer molecular weight distribution.

The initial thienyl-Grignard/PFPE/nitrogen three-phase flow was produced using the

same PTFE droplet generators described earlier in this chapter. For this test nitrogen was

delivered from a 50 mL gas-tight syringe. To create a significant gas buffer between

droplets, the flow rate of the gas was set to 250 µL/min, with the thienyl-Grignard solution

and PFPE both set to 50 µL/min.

A photograph of the flow produced at position (a) in the schematic is shown in

Fig. 4.15a. Inside the reactor tubing, the yellow droplet of thienyl-Grignard solution can

be seen inside the PFPE fluid, which is then buffered by large plugs of gas. Due to

the compressibility of the nitrogen gas, it was first necessary to establish plug flow of

the nitrogen and PFPE to allow the gas-filled syringe to build-up pressure to match the

hydraulic pressure of the PFPE phase.

The three-phase flow was passed into one inlet of a two-inlet droplet generator and

the catalyst solution was injected into the other inlet at 50 µL/min (1:1 with the thienyl-

Grignard), successfully producing a uniform stream of larger deep yellow droplets (see

Fig. 4.15b). The darkened colour is indicative of the early stages of polymerisation.

The droplet flow was then passed into a 2 m coil of 1 mm ID PTFE tubing (1.57 mL) im-

mersed in oil at 55 �C. After entering the heated section of the tubing, the inter-droplet

spacing increased as a result of the gas expanding. At the programmed flow rates, the

retention time in the heated zone would have been ⇠4 minutes without gas expansion,

but this was reduced to approximately 2-3 minutes. At the end of the heated section,

the size of the gas plugs rapidly contracted, while maintaining uniformLy spaced bright

red, polymer-containing, droplets (see Fig. 4.15c).

Finally, before collecting the polymer, the droplets were allowed to cool and gel

in the reactor, as shown in Fig. 4.15d to determine if droplet gelation caused fouling

in three-phase flow. Interestingly, the gelled polymer did not foul the reactor and re-

mained as a well-defined droplet. Consquently, it can be inferred that retaining the

gelled droplet in a discrete volume of PFPE ensures that the reactor wall is constantly

wetted with PFPE, unlike for the two-phase reactors where PFPE can flow around the

droplet allowing it to slow down.

The polymerisation was performed using a 0.29 M solution of thienyl-Grignard and

1.1 mM solution of Ni(dppp)Cl2, which corresponded to a catalyst loading of 0.26 mol%.

The three-phase stream was collected into methanol under steady-state conditions
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Fig. 4.14 Schematic of droplet reactor setup, where a prepared solution of 0.29 M thienyl-
Grignard was injected into a droplet generator along with PFPE and nitrogen gas to form a
three-phase flow comprising droplets of thienyl-Grignard in PFPE surrounded by plugs of nitro-
gen gas. The three-phase flow was then injected into a second droplet generator where a 1.1
mM solution of Ni(dppp)Cl2 was added into the thienyl-Grignard droplet, initiating polymerisa-
tion. From the outlet of the second droplet generator, the three-phase flow was passed through
a 2 m coil of PTFE tubing (1.57 mL) maintained at a constant temperature of 55 �C. The eluting
three-phase flow was allowed to cool, and was then collected into methanol. Inset figure depicts
the droplet generation and addition process at each fluidic junction. At (i) the thienyl-Grignard
is injected into the PFPE phase of the PFPE/nitrogen plug flow forming a single droplet in the PFPE
between each plug of gas. When the droplet stream reaches the second droplet generator (ii)
the Ni(dppp)Cl2 solution is directed into the thienyl-Grignard droplet by the interfacial forces im-
posed by the nitrogen plug, which prevents new droplets forming. After addition, the enlarged
droplet leaves the generator (iii) and polymerisation commences.

and the product was separated off by filtration, and worked up to a crude solid. Us-

ing size-exclusion chromatography, the material was found to have a Mw of 73 kg/mol,

while retaining a low PDI of 1.4, comparable to analogous two-phase flow experiments

described at the start of this chapter (see Fig. 4.16). Over the course of the experiment,
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(a)

(b)

(c)

(d)

Fig. 4.15 Photographs of three-phase flow at different points in the reactor: (a) three-phase
flow of thienyl-Grignard, PFPE and nitrogen generated in the first droplet generator; (b) three-
phase flow after addition of the catalyst solution before entering the heated section of tubing
(note the enlarged droplet size); (c) three-phase flow of the polymer solution after exiting the
heated section of tubing; and (d) three-phase flow of gelled polymer droplets prior to collection
in methanol.
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Fig. 4.16 Molecular weight distribution of P3HT synthesised in three-phase flow.

no additional droplets were formed by the catalyst addition process, and the droplet

sizes maintained a very uniform size.

The three-phase strategy has been shown by Dr. Adrian Nightingale to be a ro-
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bust method for the controlled multistep growth of cadmium selenide quantum dots.139

For this application, a three-phase droplet reactor was used to successively add small

quantities of precursor material to the droplets at four points along the reactor.

Quantum dots produced using the three-phase approach (with repeated additions

of reagent) were approximately double the volume of those obtained by introducing

the entire feedstock into the droplet at the point of droplet formation. Higher concen-

trations of reagent at the start of the reaction lead to the nucleation of more particles

that grow to a smaller size. By spreading out the delivery of precursors over multiple

additions, a smaller starting population of particles is formed, which then grow to be

larger particles. (The concentration of added reagent was sufficiently low that it did

not cause the nucleation threshold to be exceeded, which would otherwise have re-

sulted in additional nucleation).

For both polymer and nanocrystal applications, the three-phase methodology has

great potential for providing the means to perform multistep chemistries. While only

a simple demonstration was shown, the experiment provides a proof-of-concept evi-

dence that well controlled P3HT could be prepared in this way.

4.8

Conclusions

This chapter has focused on improving the droplet flow synthesis of P3HT. Firstly a method

was developed to stabilise the conventional Ni(dppp)Cl2 catalyst in solution using addi-

tional dppp ligand. This enabled the droplet flow method to be simplified and become

more controlled by allowing for precise catalyst loadings in each droplet. Using a thin-

ner PFPE it was possible to work-up materials over filter paper, allowing the solids to

be easily isolated. To produce low weight P3HTs of Mw < 10 kg/mol, a new catalyst

Ni(dppp)Br2 was developed with better solubility than Ni(dppp)Cl2. This allowed greatly

increased catalyst concentrations to be obtained, and so allowed much higher cata-

lyst loadings to be reached. Tube-in-shell reactors enabled the synthesis of very high

weight P3HTs of Mw up to 190 kg/mol, while maintaining excellent control over polydis-

persity (PDI 1.5). The effects of pressure on the synthesis were explored and found be

negligible. However elevated pressures were exploited to perform the synthesis of P3HT

above the normal boiling point of the solvent. Finally, a new three-phase droplet reac-
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tor was developed to enable addition of reagents into an established droplet stream.

To demonstrate the concept, the P3HT polymerisation was performed by injecting the

catalyst solution into a three-phase droplet stream of the monomer in PFPE and nitrogen

achieving reproducible droplet addition, and high quality polymer.
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Chapter 5

Synthesis of random copolymers in

droplets
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5.1

Notes

The work described in this chapter has been published in Ref. 20.

5.2

Overview

Statistical copolymers formed from structurally and optically distinct monomers pro-

vide an excellent way to assess the level of control achievable using the droplet flow

approach. In solution P3HT has been shown to produce a broad absorption spec-

trum centered at 450 nm, extending to 600 nm on the long wavelength side. Poly(3-

hexylselenophene) (P3HS), the selenium analogue of P3HT, has been previously shown

by Heeney et al. to red-shift the peak absorbance wavelength to 499 nm, with the long

wavelength tail moving to 760 nm.140 Heeney et al. reported a reduction of 0.3 eV in

the band-gap of P3HS compared to P3HT. Random copolymers of the two materials

were shown by Hollinger et al. and Palermo and McNeil to produce absorption char-

acteristics intermediate to those of the two homopolymers.141,142 Furthermore, Hollinger

reported a simple method for assessing the construction of the copolymer chain using
1H NMR spectroscopy.

5.3

Experimental

Random copolymers of 3-hexylthiophene and 3-hexylselenophene were prepared us-

ing McCullough’s Grignard metathesis polymerisation route, starting from 2,5-dibromo-

3-hexylthiophene (5.1) and 2,5-dibromo-3-hexylselenophene (5.2, prepared by Dr. Mo-

hammed Al-Hashimi according to the methods described by Heeney et al.140), see

Scheme 5.1.

The thiophene monomer (5.1) was activated by metathesis with one equivalence

of isopropylmagnesium chloride to form a mixture of thienyl-Grignard isomers (5.3a and

5.3b). Similarly the selenophene monomer (5.2) was activated with one equivalence

of n-butylmagnesium chloride to form a mixture of selenyl-Grignard isomers (5.4a and

5.4b). In both cases, it has been previously shown that these metathesis reactions
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Scheme 5.1 Preparation of activated thienyl-Grignard and selenyl-Grignard monomer solutions.

Scheme 5.2 Preparation of random copolymers of 3-hexylthiophene and 3-hexylselenophene.

produce approximate 80:20 mixtures of the two isomers, with the catalytically active

2-bromo-5-(chloromagnesio)-3-hexylchalcogophene (5.3a and 5.4a) being the domi-

nant species.105,140 Each solution was prepared at the same molar concentration of

0.25 M, allowing the solutions to be mixed at different ratios while maintaining a con-

stant concentration of monomeric species. To catalyse the polymerisation and form

regioregular random copolymers (5.5), a 1:1 wt:wt solution of Ni(dppp)Cl2 and dppp

was prepared at a concentration of 1.8 mM.

Fig. 5.1 shows a schematic of the reactor layout. The Grignard-activated thiophene

and selenophene precursors were injected into a 1.7 µL static mixer (Fig. 5.1a), which

combined the two precursor solutions in a controllable ratio according to their relative

flow rates. The outflow was injected into one inlet of a three-way droplet generator

(Fig. 5.1b). The catalyst solution (Ni(dppp)Cl2/dppp) was injected into a second inlet

of the droplet generator. And PFPE was injected into the third inlet of the droplet gen-

erator. At the start of the process, prior to any reagents being injected, the droplet

generator and 1.57 mL (2 m) PTFE coil reactor (Fig. 5.1c) were primed with PFPE. The
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PFPE

S: [5.3a + 5.3b]
(0.25M)

Ni(dppp)Cl₂
(1.8 mM)

(a) mixer

Se: [5.4a + 5.4b]
(0.25M)

(c) droplet flow reactor
T = 55 °C, V = 1.57 ml

(b) droplet 
generator

methanol
quench

Fig. 5.1 Schematic of the droplet reactor setup, comprising: (a) a mixer to control the ratio
of selenophene to thiophene; (b) a droplet generator where the mixed monomer solution and
catalyst solution are brought together with the carrier fluid to form a stream of droplets; and (c)
a 2 m coil of 1 mm ID PTFE tubing (1.57 mL) held in a temperature-stabilised oil-bath, maintained
at 55 �C.

reactor was preheated to a temperature of 55 �C, which was shown in the previous

chapter to provide fast rates of reaction.

It has already been demonstrated in Chapter 4 that full conversion of the thiophene

monomer can be achieved in c.a. five minutes in flow (under equivalent reaction con-

ditions). The kinetic rate of 3-hexylselenophene polymerisation has been reported to be

faster than that of P3HT,142 and therefore a similar reaction time was used here. How-

ever, to ensure all polymerisation reactions proceeded to completion, the total flow

rate (reagents plus carrier) was fixed at 216 µL/min, equating to a reaction time of 436

seconds (7.3 minutes).
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5.4

Results and Discussion

In total eight polymer samples were prepared, including both homopolymers, using the

flow rate conditions listed in Table 5.1. For all samples the ratio of monomer : catalyst

: carrier was fixed at 1:1:2 to provide both a stable droplet flow environment and a

consistent catalyst loading of 0.72 mol%. Each sample was collected into methanol for

eight minutes, where the polymerisation was quenched and the product precipitated.

All samples were then filtered under gravity and washed with excess methanol and

acetone.

The order of experiments was performed such that a thiophene-rich sample was

followed by a selenophene-rich sample. By performing the reaction in the order de-

scribed, the change could be visually confirmed as selenophene-rich materials form

a purple solution during their polymerisation, whereas thiophene-rich materials form a

red-coloured solution during polymerisation. Importantly the colour change was ob-

served over only a few droplets (< 10), consistent with the small dead-volume of fluid

contained between the monomer mixer and the point of droplet generation.

Sample Fthio
[a] / µLmin�1 Fseleno

[b] / µLmin�1 % Se Mw / kgmol�1 PDI

P3HT 54.00 - 0 48 1.3
25% Se 40.50 13.50 25 55 1.3
33% Se 36.00 18.00 33 58 1.3
50% Se 27.00 27.00 50 50 1.4
67% Se 18.00 36.00 67 58 1.4
75% Se 13.50 40.50 75 62 1.4
83% Se 9.00 45.00 83 59 1.5
P3HS - 54.00 100 62 1.4

Table 5.1 Experimental parameters used to prepare each copolymer and corresponding
molecular weight determined by size-exclusion chromatography ([a] thio: thiophene solution 5.3;
[b] seleno: selenophene solution 5.4).

Gel permeation chromatography was used to determine the molecular weight and

polydispersity of the materials, as recorded in Table 5.1. All materials fell within the

range of Mw 48-62 kg/mol and PDI 1.3-1.5, although no clear trend could be discerned.

However it is important to note that, as the selenophene content increases, so too

does the average molar mass of a repeat unit from 166.3 g/mol for 3-hexylthiophene

to 213.2 g/mol for 3-hexylselenophene, an approximate 30% increase. Secondly, it is
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unclear to what extent selenophene polymers behave differently to thiophene poly-

mers during gel permeation chromatography. Therefore no clear conclusions can be

made about the molecular weight data, other than to confirm that the polydispersities

recorded here are similar to those reported for P3HT in Chapter 4.

Each of the materials was characterized using 1H NMR spectroscopy to determine

the regioregularity using the ↵-methylene protons. Fig. 5.2 shows the ↵-methylene re-

gion of the spectrum for each of the eight materials. All materials were determined

to be highly regioregular, with a slight fall in regioregularity from 96 % to 94 % as the

selenophene content was increased from 0 to 100 %.

Fig. 5.2 Partial 1H NMR spectra of the droplet-synthesised P3HT-co-P3HS statistical copolymers,
showing the ↵-methylene proton region. The legend denotes the percentage mole fraction of
selenophene in the feed mixture.

The structural properties of the polymer were assessed from the signals in the aro-

matic region of the NMR spectra. For regioregular chains, the two homopolymers would

be expected to produce a single aromatic signal. However, when the monomers are

mixed, homo-couplings can occur between like monomers as well as hetero-couplings

between thiophene and selenophene monomers.

It has been previously reported by Hollinger et al. that only the heterocycle bound

at the 5-position on the ring influences the shielding of the proton at the 4-position.141

Thus the total number of ring-proton signals in the spectrum is limited to four NMR dis-

tinct couplings (2x21) rather than eight NMR distinct couplings as one would expect if
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Fig. 5.3 Stuctural diagrams of each of the four 1H NMR distinct homo- and hetero-couplings
of selenophene and thiophene with the distinct proton bolded. In each notation the bolded
element corresponds to the heterocycle containing the distinct proton environment.

the 2-position heterocycle were to exert an influence (2x22). Fig. 5.3a-d shows the four

possible diad structures: Se-S, S-S, Se-Se, S-Se, where S and Se correspond to regioregu-

lar 3-hexylthiophene and 3-hexylselenophene heterocycles respectively, with the bold

font signifying the unit containing the distinct proton environment.

Fig. 5.4 shows the aromatic region of the 1H NMR spectrum for each of the eight

polymers. Each spectrum has been normalised to the integral over the 6.90-7.25 ppm

region, revealing a clear trend with Se content for each of the four couplings. Con-

sidering the homo-couplings first, as the selenophene content is increased from zero

to 100% the fraction of S-S couplings is observed to decline from unity to zero, while

conversely the Se-Se content rises from zero to unity at P3HS. The presence of the two

hetero-couplings, S-Se and Se-S, is evident for each of the copolymers. At 50% Se, it can

be observed qualitatively that all four signals are comparable in amplitude, consistent

with a true random copolymer.

Quantitative integration of each diad signal was performed to determine the ratio

of couplings in each polymer. For the S-S signal it was necessary to correct the calcu-

lated integral to remove the contribution from the CHCl3 satellite. This was achieved

by measuring the integral of the low field satellite and subtracting from the S-S integral.

Further, to account for the potential error that can occur when integrating overlapping
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Chemical Shift / ppm

CHCl�
satellite

P3HT

S-S Se-SSe-SeS-Se

7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.95

25% Se

33% Se

50% Se

67% Se

75% Se

83% Se

P3HS

Fig. 5.4 Partial 1H NMR spectra of the series of droplet-synthesised P3HT-co-P3HS statistical
copolymers, showing the ring proton region. The legend denotes the percentage mole fraction
of selenophene in the feed mixture.
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Fig. 5.5 (blue markers) calculated mole fraction (%) of each distinct diad coupling as the mole
fraction of selenophene in the feed mixture was increased from 0% to 100%. Calculations were
made by integration of the four ring proton signals, with vertical lines representing bounding errors
in the integral calculation; (red lines) predicted mole fraction (%) of each diad coupling as the
mole fraction of selenophene is increased in the reaction mixture, assuming un-biased, Bernoul-
lian coupling behaviour.
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signals, each signal was integrated twice: once with a wide bound and once with a

tight bound. Together these values were used to form an error range for each mea-

surement. The blue markers in Fig. 5.5a-d show the calculated mole fraction for the four

diad structures at each selenophene loading, with the horizontal tick representing the

average value.

For the copolymers to be classed as random the catalyst must add new monomers

to the growing chain without bias for a particular monomer. Where this is true the dis-

tribution of diads in a copolymer will conform to those predicted by Bernouillian statis-

tics.143 In all cases, the sum of the thiophene and selenophene mole fractions, FS + FSe,

in each copolymer will always equal one, Equation 5.1. The unbiased probability of a

specific diad forming, PX�Y , is defined by the product of the two corresponding mole

fractions, FX .FY , where X and Y are S or Se. Equations 5.2-5.4 define the predicted

probabilities of the two homo-couplings and hetero-coupling forming in terms of the

selenophene mole fraction.

FS + FSe = 1 (5.1)

PSe�Se = FSe.FSe = FSe
2 (5.2)

PS�S = FS .FS = FS
2 = (1 � FSe)2 (5.3)

PSe�S = PS�Se = FSe.FS = FSe(1 � FSe) = FSe � FSe
2 (5.4)

For each diad in Fig. 5.5a-d, the red line describes the mole fraction of the diad in

the final polymer predicted from Bernoullian statistics (Equations 5.2-5.4), as the relative

selenophene concentration is increased. For each diad, the calculated mole fractions

in the synthesised polymer adhere closely with the corresponding theoretical mole frac-

tion, confirming that the polymerisation mechanism is a random process that does not

prefer homocoupling over heterocoupling.

Combining the two selenophene couplings together, the total selenophene content

in the polymer was found to be consistent with the content in the starting reaction mix-

ture, shown in Fig. 5.6 where the red markers are the calculated selenophene content
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(Se-Se + S-Se) with associated error bars. The red line represents the ideal case where

all of the selenophene in the starting reaction mixture is coupled into the polymer.
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Fig. 5.6 (blue markers) combined Se-Se and S-Se diad mole fractions in each copolymer versus
selenophene mole fraction in the feed mixture. Vertical lines correspond to combined error in
the integration calculation; (red line) predicted mole fraction of selenophene in the copolymer
versus selenophene in the feed mixture.

The above analyses demonstrate that the droplet approach can be used to pro-

duce well-controlled random copolymers with pre-determined structural specifications.

To observe the effect of changing the selenophene content on the electronic prop-

erties of the resulting conjugated polymer, the eight samples were characterised op-

tically using absorption spectroscopy in chlorobenzene. Fig. 5.7 shows the normalised

absorption spectra for each material. As the selenophene content increases, the ab-

sorbance red-shifts steadily, with the peak wavelength increasing from 458 nm for P3HT

to 491 nm for P3HS.

The peak wavelength shift is approximately linear, as shown in Fig. 5.8(blue). Further-

more the full-width half maximum (FWHM) of the absorption peak Fig. 5.8(red) increases

from P3HT to P3HS, consistent with the formation of random copolymers (A high degree

of homo-blocks would be expected to raise the FWHM to a value greater than either

homopolymers141).

5.5

Conclusions

In conclusion, the droplet flow method was successfully applied to the preparation of

P3HT-co-P3HS random copolymers. By varying the content of each chalcogophene

monomer in the starting monomer solution, eight well-defined polymers were synthe-

sised; six copolymers and the two corresponding homopolymers. All of the materi-
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Fig. 5.7 Normalised absorption spectra of P3HT-co-P3HS copolymers in chlorobenzene. The leg-
end denotes the percentage mole fraction of selenophene in the reaction mixture.
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Fig. 5.8 (blue) peak absorption wavelength versus % selenophene in the initial reaction mixture;
blue line is a guide to the eye; and (red) full-width half maximum (FWHM) of the absorbance
peak versus % selenophene in the initial reaction mixture.

als were of similar molecular weight with narrow polydispersity (1.3-1.5) and high re-

gioregularity (94-96 %). Characterisation of the polymers by 1H nuclear magnetic res-

onance spectroscopy revealed that the cross-coupling in the backbone conformed

to Bernoullian statistics, with equal probability of homo- and hetero-couplings during

chain growth. Furthermore, the selenophene content in the final polymer was found

to agree closely with the feed ratio at the start of the reaction. Optical analysis of the

polymers in solution showed a linear red-shift of the peak maximum wavelength as the

selenophene content increased. In addition, the full-width half maximum of the ab-

sorption peak was found to increase smoothly as the selenophene content increased,
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consistent with statistical as opposed to a block copolymerisation. As a whole the prop-

erties of the polymers synthesised here demonstrate the high level of reaction control

accessible using droplet flow methods. One of the principal advantages of flow sys-

tems is the ability to produce a family of materials at the ’click’ of a button rather than

needing to run multiple parallel flask reactions, thereby minimising external experimen-

tal errors and simplifying the overall polymerisation process.
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Chapter 6

The importance of polymer purity in

P3HT:fullerene OPV devices
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6.1

Notes

Organic photovoltaic devices reported in this chapter were fabricated and charac-

terised by Dr. Neil Treat at the Materials Research Laboratory, University of California

Santa Barbara. XRF spectra were acquired by Dr. Patricia Carry in the Analytical Ser-

vices Laboratory, Chemical Engineering, Imperial College London.

6.2

Introduction

Semiconducting polymers offer the prospect of solution processable electronic devices

that can be deposited over large areas at minimal cost.144,145 Before the technology

can succeed, however, significant improvements in performance, cost and reliability

are required. Much research has focused on developing new classes of materials with

improved charge transport and/or light-harvesting properties as well as stacked device

architectures, which has led to OPV devices exceeding 10 % power conversion effi-

ciency.146–148 However, most materials so far reported will fail to reach viable price points

for commercial applications due to the complexity of their syntheses. Furthermore, the

frequent use of stoichiometric quantities of organotin reagents during monomer prepa-

ration and the final polymerisation steps presents considerable safety challenges, which

further add to the cost of the end material.

Even setting aside cost considerations, sourcing such materials in industrially use-

ful quantities is a considerable challenge, with significant batch-to-batch variability in

terms of molecular weight distributions, structural order and purity leading to inconsis-

tent processing properties and device efficiencies.149 New synthesis routes and purifi-

cation procedures that can provide consistent quality material batch after batch are

urgently required if semiconducting polymers are to reach commercial maturity.

One of the very few materials that can be produced affordably in large quantities

is regioregular poly(3-hexylthiophene) (P3HT), an extensively studied derivative of poly-

thiophene first developed in the early 1990’s to enable solution processing of the conju-

gated thiophene chain. Of the various synthesis procedures reported, Loewe and Mc-

Cullough’s Grignard metathesis (GRIM) polymerisation method is arguably the simplest,
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involving a two-stage, single-pot process. Requiring only a dibrominated thiophene

monomer and off-the-shelf reagents and catalysts, it provides a more cost-effective

route to semiconducting polymers than other commonly used coupling routes, e.g.

Stille and Suzuki. Beyond poly(3-alkylthiophene) derivatives, the GRIM method has been

successfully applied to a broad range of other thiophene derivatives and copolymers,

as well as polyfluorenes and poly(p-phenylene) derivatives.114 There is therefore con-

siderable interest in developing treatment protocols that can extract the optimum per-

formance from GRIM-synthesised materials. Previous reports have shown that impurities

in P3HT detrimentally affect the optical properties of thin films150, and hole mobility in

thin-film transistors.151

Here we look specifically at the influence of purification protocols on the photo-

voltaic performance of bulk-heterojunction solar cells using binary blends of GRIM-

synthesised P3HT and fullerenes.

6.3

Batch Synthesis of P3HT

The influence of molecular weight on the electronic performance of P3HT has been in-

vestigated by several groups.131,132,152,153 There is widespread agreement that increas-

ing molecular weight has the effect of increasing charge mobility. However, the influ-

ence of molecular weight on the performance of polymer : fullerene bulk heterojunc-

tion solar cells is unclear, with some groups preferring low Mw materials and others high.

We have previously found that high molecular weight P3HT with Mw > 100 kg/mol can

produce high performance and reproducible organic photovoltaic devices and there-

fore selected high weight P3HT for the current study.

Scheme 6.1 describes the two-step procedure for synthesising high molecular weight

P3HT by Grignard metathesis polymerisation, followed by a quench in methanol to ter-

minate the reaction. In the first step 2,5-dibromo-3-hexylthiophene (6.1) is activated

with one molar equivalence of isopropylmagnesium chloride (iPrMgCl) in anhydrous

THF, producing an approximate 80:20 mix of thienyl-Grignard isomers (6.2a and 6.2b, re-

spectively). A catalytic amount of nickel(II)[1,3-bis(diphenylphosphino)propane] chlo-

ride (Ni(dppp)Cl2) is then added, initiating polymerisation of the 6.2a species.62,105

Once the polymerisation has proceeded to the desired extent, methanol is added
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Scheme 6.1 GRIM polymerisation of poly(3-hexylthiophene) (6.5) from 2,5-dibromo-3-
hexylthiophene (6.1).

to the reaction to deactivate the remaining Grignard moieties, which include any unre-

acted 6.2a monomer, the 6.2b monomer, as well as the active chain end of the polymer

6.3 forming 6.4a, 6.4b and 6.5, respectively.

6.4

Synthetic Methods

2,5-dibromo-3-hexylthiophene (4 g, 12.3 mmol) was degassed in a 100 mL round-bottomed

flask and the vessel returned to an argon atmosphere. To the flask was added 40 mL

of anhydrous THF, followed by the dropwise addition of 6 mL of 2M isopropylmagnesium

chloride (12 mmol, 0.98 mole equiv.). The solution was heated at 55 �C for 30 minutes

in an oil bath, resulting in a colour change from pale brown (after addition of the Grig-
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nard) to a bright yellow solution.

10 mg Ni(dppp)Cl2 (18.4 µmol, 0.15 mol%) was added to the solution in a single

shot under a positive flow of argon. The solution immediately turned red, indicative of

polymerisation. After 150 minutes the reaction was quenched by a single injection of

methanol (20 mL). The flask was removed from the heat and allowed to cool to room

temperature.

Once cooled, the gelled polymer was removed from the flask into a fluted cellulose

filter without further addition of methanol. The filtrate was red-orange, indicative of

oligomeric material. The solids were allowed to dry in atmosphere.

After full purification (using the methods to be described) it is normal to recover

>1.5 g of material, equivalent to a yield of ⇠90 % (assuming that only 6.2a participates

in the polymerisation).

6.5

Synthesis By-products

By-products form at each stage of the synthesis. During the activation step, one mo-

lar equivalence of 2-bromopropane (iPrBr), a low boiling point liquid (bp. 60 �C154),

is produced from the Grignard metathesis reaction with 6.1 (1.25 molar equivalences

to the P3HT forming intermediate, 6.2a). During the polymerisation step, the catalyst

cross-couples monomer units to the end of the growing polymer chain releasing one

equivalence of MgBrCl with each iteration. Quenching the reaction with methanol re-

sults in the formation of Mg(OMe)Cl by reaction of the protic solvent with the Grignard

moieties on 6.2a, 6.2b and 6.3, with hydrogen replacing the MgCl group.⇤In addition to

these reaction by-products, the catalyst will remain as a nickel(II) complex/salt in the

final product mixture.

Overall there are up to six separate contaminants that may be present alongside

the polymer in a crude sample. Table 6.1 lists the expected amounts of each impurity

for every 1 g of P3HT (6.5) synthesised (assuming a best case scenario where 6.2a is

completely consumed). In total, for every gram of polymer, an expected 2.28 g of

impurities will result, equating to 69.5 % of the mass before purification.
⇤For the active polymer, 6.3, Br/Br chain ends can form if the polymer precipitates before the methanol is

added or by metathesis reactions between chains. 128
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Molecule Mol. Equiv. FW Mass / 1 g P3HT % of total

P3HT (6.5) 1 (0.006[a]) 166.2 1.00 30.5
iPrBr 1.25 123.0 0.92 28.0

MgBrCl ⇡ 1.00 139.7 0.84 25.6
MgOMeCl ⇡ 0.25 90.8 0.14 4.3

6.4a - - - -
6.4b 0.25 247.2 0.37 11.3

Ni(II) salt 1.5⇥10�3 unknown < 0.01[b] 0.3

3.28 100.0

Table 6.1 Breakdown of all reaction by-products formed during GRIM polymerisation of P3HT,
values quoted per gram of P3HT. ([a] mol/g P3HT, assuming FW: 166.3 g/mol; [b] calculation based
on Ni(dppp)Cl2).

6.6

Polymer Purification Methods

In the absence of solvent, the metal salts (Mg/Ni) and polymer are solids, while the un-

polymerised monomers and 2-bromopropane are liquids. On the lab scale, removal

of these impurities is typically achieved using Soxhlet extraction, which is a widely used

method for extracting/separating mixed chemical species where at least one compo-

nent is in the solid state. Soxhlet extraction depends on the ability of a chosen solvent

to selectively dissolve specific components through a porous thimble (usually cellulose),

leaving the insoluble components behind in the thimble. By repeatedly passing freshly

distilled hot solvent through the thimble it is possible to extract the soluble components

into the solvent reservoir over time, leaving the insoluble components trapped in the

thimble.

For P3HT synthesised via the GRIM route it is common to purify the material using

a two-step Soxhlet extraction process with methanol and chloroform. In the first step,

methanol is used to dissolve out the majority of the impurities (both the metal salts and

monomers are soluble in methanol). The polymer is then extracted from any remaining

trapped metal salts by repeating with chloroform (which dissolves the polymer but not

the residual metal salts). In some cases additional solvents such as acetone, hexane,

heptane or dichloromethane have been used between the two steps to remove lower

weight chains from the bulk polymer samples and thereby narrow the polydispersity of

the material.128,155,156
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For this study a modified purification procedure was employed using acetone in

place of methanol. Magnesium salts are only weakly soluble in acetone and so Soxh-

let extraction can be expected to selectively remove the liquid components 6.4a, 6.4b

and 2-bromopropane, while leaving some of the magnesium salts behind. The poly-

mer can then be extracted from the trapped magnesium salts using chloroform as

before. By using sequential acetone and chloroform extractions it is therefore possi-

ble to decouple the influence of monomer and magnesium salts on electronic device

performance. Note that, due to its low boiling point, 2-bromopropane is expected to

evaporate quickly during drying of the polymer.

6.7

Preparation of Samples

Purification was carried out in the manner described above and aliquots of material

were isolated during each stage of purification for testing (see Fig. 6.1).

Acetone
Purification

Chloroform
Extraction

Polymer + Monomers 
+ iPrBr + Metal Salts

Polymer + Metal Salts

Pure Polymer

P1 - F
no scavenger

P2 - B
Ni scavenged

P3 - E
no scavenger

P4 - A
Ni scavenged

P5 - C
no scavenger

P6 - D
Ni scavenged

Fig. 6.1 Flowchart describing the purification steps used to obtain polymers P1-P6. Italicised
letters indicate the randomised and anonymised identification labels used for single-blind device
fabrication.
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One third of the crude material was isolated and used for samples P1 and P2. The

remaining material was placed into a cellulose Soxhlet thimble (Whatman), which was

then transferred to a glass Soxhlet extractor where the polymer was repetitively rinsed

with hot acetone for 24 hours. The thimble was then removed and the polymer allowed

to dry. One half of the remaining solid was set aside to form samples P3 and P4. The

remaining half was returned to the (uncleaned) thimble and placed into a clean glass

extractor for the polymer extraction by chloroform (note it is common to find salts on the

walls of the extractor after this first stage when using acetone/methanol). The chloro-

form extraction was terminated once the chloroform dripping from the thimble had lost

its orange coloration (⇠1-3 hours, dependent on scale). After extraction, the chloroform

solution was concentrated under reduced pressure and cold methanol was added to

re-precipitate the polymer. The chloroform was then completely removed under re-

duced pressure, followed by the methanol to leave behind a deep purple powder with

a green/gold tint. The powder was then dried overnight under high vacuum to remove

any residual solvent. This material was used for samples P5 and P6.

6.8

Application of Metal Scavenging Agents to Ni(dppp)Cl2

There are several reports describing the effect of residual catalyst on polymer:fullerene

bulk heterojunction device performance.157–159 Saeki et al. showed that adding up to

5 wt.% Pd(PPh3)4 to P3HT in P3HT:PCBM bulk heterojunction devices resulted in a low-

ering of short-circuit current densities (while the open-circuit remained unchanged at

0.56-0.58 V), leading to a drop in efficiency of up to 45% (from 3.2 to 1.7%).157 Apply-

ing the same approach to PTB7, Nikiforov et al. reported a substantial reduction in

short-circuit current density, open-circuit voltage and fill factor when the concentrations

of Pd(PPh3)4 exceeded 0.01 wt.% in PTB7:PC70BM OPV devices (PTB7: Poly({4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbon-

yl]thieno[3,4-b]thiophenediyl}), PC70BM: [6,6]-phenyl C71 butyric acid methyl ester).159

In apparent contradiction, Camaioni et al. found that removing residual palladium

from an impure PFB-co-FT sample resulted in a lower efficiency PFB-co-FT:PCBM OPV de-

vices (PFB-co-FT: poly[4’-(9,9-bis(2-ethylhexyl)fluoren-2-yl)-2’,1’,3’-benzothiadiazole-7,7’-

diyl]-co-[2’-(9,9-bis(2-ethylhexyl)fluoren-2-yl)thien-7,5’-diyl).158
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For the GRIM reaction used here, the catalyst is nickel-based. To determine whether

nickel impurities have a significant influence on device performance, a fraction of the

polymer collected at each purification stage was further treated with metal scavengers

to remove the nickel. For this purpose, silica-supported ethylene diamine metal scav-

engers (6.6, 50-83 µm, MSA-FC Si-1 BASF) were selected, which work by coordinating

to the metal species to form a metal complex attached to the solid support (6.7). The

metal is then removed with the silica by filtering.

Scheme 6.2 Silica-supported ethylene diamine metal scavengers for targeting nickel in solution.

The scavenging agent was first tested with a pure (polymer-free) solution of the

Ni(dppp)Cl2 catalyst in THF (containing additional stabilising dppp, see §4.2). Adding

the scavenger to the orange-red catalyst solution caused rapid decolouration within

one minute (see inset photograph in Fig. 6.2). At the same time, the scavenging agent

turned from white to pale green, consistent with the successful transfer of the nickel to

the scavenging agent.

For a solution containing 10 mg of Ni(dppp)Cl2 — the amount used for the polymer

synthesis — it was found that a large heaped spatula full of the scavenging agent was

sufficient to decolour the solution.

Absorption spectra of the catalyst solution were recorded before and after adding

the agent, shown as the blue and red traces in Fig. 6.2, respectively. In addition, the

absorbance spectrum of the dppp ligand was recorded as a reference (black dashed

trace).

The spectra acquired before and after adding the metal scavenging agent corrob-

orate the observation by eye that the red Ni(dppp)Cl2 is depleted by the agent. After

addition of the agent, the absorption spectrum of the solution resembled that of the

dppp ligand, with no other features that might indicate the presence of residual nickel

species in solution.

Having confirmed the effectiveness of the scavenging agent for nickel removal, the

agent was used to remove nickel from the polymer at each stage of the purification
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Fig. 6.2 Absorption spectra of Ni(dppp)Cl2/dppp in THF (blue) before adding the metal scav-
enger; and (red) after adding the scavenging agent; (black-dashed) reference spectrum of
dppp ligand in THF. Inset photograph: Ni(dppp)Cl2/dppp in THF before (left) and after (right)
adding the metal scavenger. (Note the pale green colour of the silica solids at the bottom of the
vial).

process. In the flowchart (Fig. 6.1) the agent-treated samples are P2, P4 and P6, which

derive from the crude (P1), acetone-washed (P3) and chloroform-extracted (P5) sam-

ples, respectively.

Nickel extraction was carried out by first redissolving the polymer in THF. However for

the case of the crude material, P1, it was necessary to mix THF with chloroform to fully

dissolve the sample. To ensure efficient removal of the catalyst, three large heaped

spatulas of scavenging agent were added to each solution. After 10 minutes, the so-

lutions were filtered through Whatman Grade 3 (6 µm) cellulose filters under reduced

pressure to remove the silica. The filtrate was then re-precipitated with methanol. The

solvents were removed under reduced pressure and the polymers dried under vacuum.

The scavenged crude material (P2), left a substantial quantity of deep purple residue

on the filter paper, whereas P4 and P6 passed through the filter readily.
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6.9

Randomising Samples for OPV Fabrication

From each of the six samples, 50 mg was set aside for OPV device fabrication. The

samples were assigned a randomised letter between A-F, as stated in Fig. 6.1, which

allowed device fabrication and characterisation to be performed single-blind, without

bias.

6.10

Molecular Weight Characterisation

Gel permeation chromatography was used to determine the molecular weight aver-

ages of each sample, see Fig. 6.3 and Table 6.2. Comparing the two crude materials

(P1 and P2), a significant change in the molecular weight distribution is evident after

scavenging and filtering, with the peak molar mass reducing from 125 to 58 kg/mol.

The scavenged polymer, P2, also had a much higher PDI than P1 (2.5 versus 1.8). The

significant change in weight distribution is consistent with the observed purple residue

during filtering, indicating a loss of longer chains due to poor solubility.

The remainder of the samples showed similar molecular weight averages to P1, in-

dicating the molecular weight was not appreciably affected by the two Soxhlet ex-

tractions. Although acetone is able to remove short oligomeric materials, for the high

weight material used in this study, the weight fraction of short chains is low and their

removal by acetone does not cause a noticeable change in molecular weight from

P1 to P3.

Sample Mn / kgmol�1 Mw / kgmol�1 Mp / kgmol�1 PDI

P1 70 124 125 1.8
P2 30 76 58 2.5
P3 63 122 124 1.9
P4 71 127 125 1.8
P5 66 121 117 1.8
P6 63 127 126 2.0

Table 6.2 Number-average, weight-average and peak molecular weight of each polymer sam-
ple (P1-P6), and corresponding polydispersity.
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Fig. 6.3 Molecular distributions of polymers P1-P6, determined by size-exclusion chromatography.

6.11

Purity Assessment

6.11.1 1H NMR Characterisation

P3HT has a relatively simple NMR signature, with two proton regions that are distinct

from the deriving monomer. It is consequently straightforward to detect monomer and

other hydrocarbon impurities (see §2.5.2). NMR spectra were acquired for each of the

un-scavenged samples (P1, P3 and P5). Fig. 6.4 shows for each sample the two key re-

gions of the NMR spectra, focusing on the ring proton region (left) and the ↵-methylene

proton region (right).

Starting with the most purified material, P5: in the ring proton region there is a single

sharp peak at 7.0 ppm that corresponds to the lone proton on the thiophene ring. And

in the ↵-methylene region there are three closely spaced peaks centred at 2.85 ppm

that correspond to the first pair of alkyl hydrogen atoms (the ↵-methylene protons) on

the side chain.

The crude polymer (P1) exhibited additional features in both the ring-proton and

↵-methylene regions of the spectrum, corresponding to remnant monomer, predomi-

nantly the 4b species (see Fig. 6.4). The additional proton environments at the 2- and 5-

positions on the thiophene ring (formed when the monomer is quenched in methanol)
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Fig. 6.4 Partial 1H NMR spectra of P1, P3 and P5 (left) ring-proton region, and (right) ↵-methylene
region. Inset structures show the corresponding proton environment on the repeat unit.

produce signals that overlap with the proton on the polymer repeat unit, causing a

broadening of the 7.0 ppm peak. In addition, peaks due to 2-bromopropane were

detected at 3.87 ppm (see Fig. 6.5). The area under these peaks indicates the molar

concentration of 2-bromopropane was ⇠6% that of thiophene.

1.02.03.04.05.06.07.0
Chemical Shift / ppm

2-bromopropane

P1 

P3 

P5 

IPA

Fig. 6.5 Full range 1H NMR spectra of P1, P3 and P5.
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After purifying the crude sample with acetone (polymer P3), the signals due to the

monomers and 2-bromopropane were absent from the NMR spectrum, indicating their

successful removal (see both Fig. 6.4 and Fig. 6.5). The result was a sharp singlet at 7.0

ppm, along with a well-defined ↵-methylene peak at 2.85 ppm. In addition to these

features, there was also a weak broad signal at 2.5-2.7 ppm (marked X in Fig. 6.4) and

a small feature on the low field (left) side of the 7.1 ppm signal, both of which are

attributable to non-head-to-tail (non-RR) couplings.66 After extraction of the polymer in

chloroform (polymer P5) these features disappear.

I have noticed on many occasions that impure samples appear to contain an abun-

dance of non-RR couplings, only for these signals to disappear after extraction in chlo-

roform. For analysis by NMR the sample must be dissolved in a deuterated solvent,

most commonly chloroform. Impure samples however tend to form gels in the deuter-

ated chloroform, and it seems likely that the spurious signals at 2.5-2.7 ppm are due to

aggregated species. The aggregation is caused by poor solubility in the deuterated

solvent and cannot be circumvented without performing heated NMR experiments.

For P3 and P5, the calculated regioregularities were 87 and 99% determined from

Equation 2.8, respectively (see §2.5.3 for methods). Hence, prior to chloroform ex-

traction, the NMR data suggest an anomalously low regioregularity. The high value

recorded for the regularity after the final purification step is expected given the high

molecular weight of the material.

6.11.2 Elemental Analysis by X-Ray Fluorescence Spectroscopy

All samples were analysed by X-ray fluorescence (XRF) spectroscopy to determine the

elemental composition of each polymer sample. Fig. 6.6 shows the relative concen-

tration of S, Br, Cl, Mg, Si and Ni in each sample. The full data sets and labelled XRF

spectra can be found in §9 (note these sets use the anonymised lettering system de-

fined in Fig. 6.1). XRF spectroscopy is unable to detect carbon and hydrogen content

in a sample, and so the monomers and polymer are detected by elemental sulfur.

Removal of monomers

The two thiophene monomers 6.4a and 6.4b contain a 1:1 equivalence of bromine

to sulfur, while the polymer 6.5 contains only bromine on the chain ends. The effect

of the acetone wash on monomer concentration can therefore be observed quali-
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Fig. 6.6 Weight percentage of sulfur, bromine, chlorine, magnesium, silicon and nickel detected
in P1-P6, as determined by X-ray fluorescence spectroscopy.

tatively by comparing the sulfur to bromine ratio of samples P1 and P3 in Fig. 6.6. At

the same time the bromine signal is also indicative of MgBrCl. If the concentration of

magnesium were to relate entirely to MgBrCl, then the salt would contribute at most

55% to the total bromine concentration in P1, leaving a sizeable 45% attributable to

the monomers. After the acetone wash, the ratio of bromine to sulfur has decreased

significantly (from 1.5 to 0.06), indicating the removal of the monomer, in agreement

with the NMR analysis. A further cause of the reduced bromine concentration may be

removal of 2-bromopropane during acetone washing, as indicated by analysis of the

NMR spectra.

Removal of magnesium salts

Magnesium salts make up a large percentage of the crude polymer (see §6.5). In sam-

ples P1 and P2 there is a significant quantity of magnesium and chlorine, consistent with

the presence of MgBrCl and Mg(OMe)Cl. In P1 the ratio of chlorine to magnesium in the

sample (1.45) is consistent with a 1:1 molar ratio of magnesium to chlorine (35.5Cl/24.3Mg

= 1.46).

Comparing the sample P2 to its parent polymer P1, there is an observed reduction

in bromine, chlorine and magnesium. The losses are consistent with a 1:1:1 ratio of

Br:Cl:Mg, and hence may be attributed to MgBrCl. Thus, the salt is largely insoluble

in THF/chloroform during the additional processing step and is consequently removed

upon filtration.
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Fig. 6.7 Cartoon of polymer purification, where the crude polymer is placed inside a cellulose
Soxhlet thimble and repeatedly flushed with hot solvent; (a) Soxhlet extraction with acetone,
resulting in the extraction of: 2-bromopropane, 6.4a, 6.4b, MgBrCl and MgCl2 (a speculated
by-product); (b) undissolved solid material comprising: 6.5, magnesium salts and nickel salts; (c)
Soxhlet extraction with chloroform, resulting in the extraction of pure 6.5, while the insoluble metal
salts remain behind in the thimble.

After acetone-washing, the samples P3 and P4 contain a low quantity of bromine rel-

ative to magnesium, suggesting that the MgBrCl salt is almost completely removed dur-

ing the first stage of purification with acetone (while leaving behind other magnesium

salts, see Fig. 6.7). Separately, the molar ratio of chlorine to magnesium is calculated

to be 0.54, which is inconsistent with the anticipated Mg(OMe)Cl salt (which requires

a 1:1 ratio of chlorine and magnesium to hold true). Consequently it is proposed that

this salt can undergo an additional side-reaction that results in the formation of a non-

halogenated magnesium salt. It is speculated that this reaction is disproportionation

of Mg(OMe)Cl to form Mg(OMe)2 and MgCl2 (a salt known to be partially soluble in

acetone160).

With the monomer removed, the purity of the polymer can be calculated by scaling

the weight of sulfur to the weight of the repeat unit in the polymer (FW: 166.3 g/mol) and

then re-normalising. Samples P3 and P4 were calculated to have approximate purities

of 91 and 94 % by weight, respectively. For sample P3, the 9 % of impurities derive from

magnesium and nickel salts. After additional processing to form P4, the amounts of

bromine, chlorine and magnesium are observed to decline, with the reduction being

broadly consistent with the removal of MgBrCl as before. Of the 6 % of impurities in
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P4, the magnesium and nickel salt now only contributes a maximum of 2.4 %, with the

remaining 3.6 % attributed to silica.

For the chloroform extracted samples P5 and P6 there is no detected magnesium

or chlorine, indicating successful trapping of the magnesium salts in the Soxhlet thimble

(see Fig. 6.7). A small quantity of bromine remains (<0.01% by weight relative to sulfur),

which is consistent with bromine chain-ends on the polymer. For P5, the polymer is 99.9%

pure (with 0.1% accounted for by silicon), while P6 is slightly lower in purity at 98.6% due

to contamination of the silica agent.

Removal of nickel

In samples P1-P4 nickel is detected in very low quantities (<0.01% by weight relative to

sulfur), which shows that treatment with the scavenging agent does not completely

remove nickel from the polymer. Nickel can no longer be detected after extraction

into chloroform. It is therefore suspected that the nickel forms an insoluble salt after the

polymerisation reaction that prevents it from coordinating to the agent.

6.12

Assessment of Solubility: Gel Temperature Measurements

To determine the effect of purity on solubility, each of the un-scavenged polymers (P1,

P3 and P5) was dissolved at 5 mg/mL in o-xylene, and characterised using the gel tem-

perature instrument described in §2.4.4. O-xylene (a non-chlorinated solvent) was cho-

sen to accentuate the differences in solubility between the samples. Whilst the gel

temperature instrument does not directly determine a solubility limit, it does provide a

means of assessing the useful working temperatures for a polymer solution of a given

concentration.

Both the acetone-washed (P3) and chloroform-extracted (P5) materials dissolved

readily in o-xylene at 60 �C, forming bright orange solutions. The crude material, P1,

however could not be fully dissolved and formed a purple/brown suspension.

Using the gel temperature instrument, the samples were heated to 60 �C and al-

lowed to stabilise for two hours. The solutions were then cooled at a rate of 4 �C/hr to

15 �C in 1 �C steps, while recording the 90� scattering intensity at each temperature

step. Fig. 6.8 shows the scattering profile of each polymer solution during cooling.
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Fig. 6.8 Gel temperature measurements of polymers P1, P3 and P5.

For the crude polymer solution (P1), the signal at 60 �C was much lower than for P3

and P5 since the polymer was only partially dissolved, and so blocked the laser light

from reaching the detector. As the temperature cooled however, the signal increased

to a peak at 41 �C due to formation of small solid polymer aggregates (see §Fig. 2.14)

in the solution which effectively scatter light towards the detector.64 Between 41 and 25
�C, the signal fell to less than its starting value due to the formation of a highly absorbing

solid gel.

The increased signal of P3 and P5 at 60 �C relative to P1 is due to the absence of

solid particulates blocking light from reaching the detector. For polymer P3, the trace

showed an initial decrease in signal, indicative of polymer-polymer ordering in solution

followed by an increase due to the formation of solid polymer aggregates peaking at

41 �C, the same temperature as P1. Below 41 �C P3 progressive gelation occurred as

before. In contrast, the signal of the salt-free sample P5 remained broadly flat until ⇠35
�C, below which the scattering intensity fell rapidly due to gelation. The removal of

magnesium salts from the polymer appears to suppress the high temperature aggrega-

tion, allowing the polymer to remain in solution at lower temperatures, before the onset

of gelation. Hence the solubility of the polymer improves as the polymer is progressively

purified.

153



6.13

P3HT:Fullerene Bulk Heterojunction Organic Photovoltaic Devices

6.13.1 Overview of Polymer:Fullerene OPV Devices

Semiconducting polymers can be employed as the light-absorbing charge-donor (p-

type) in bulk heterojunction (BHJ) organic photovoltaic devices owing to their com-

bined optical and electronic properties. For this class of OPV device the polymer is

blended with a soluble fullerene-derivative (n-type) in solution and cast into a film, form-

ing a microstructured network of polymer and fullerene, and thus a high surface area

p-n junction.
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Fig. 6.9 Energy level diagrams of a theoretical polymer:fullerene p-n junction (placed between
two electrodes at short-circuit) showing each of the four fundamental processes required for
converting light into free charge in a bulk heterojunction organic photovoltaic device.

Fig. 6.9 describes the four principle processes required to convert incident photons

to electrical current in an idealised BHJ device comprising only of the BHJ and two elec-

trodes. Initially a photon of light is absorbed by the polymer, forming a energetically-
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stabilised electron-hole pair — more commonly referred to as an excition (see Fig. 6.9a).

The exciton is then able to migrate through the polymer network (up to ⇠10 nm for

P3HT71) to an interface between the polymer and fullerene (see Fig. 6.9b). The exciton

can then separate into free charges by charge transfer of the electron onto the LUMO

of the fullerene (see Fig. 6.9c). Under the influence of an electric field the electron

and hole diffuse to the cathode and anode respectively (see Fig. 6.9d) and therefore

creating electrical current.161
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Fig. 6.10 (a) Schematic of the circuit diagram used to characterise the BHJ OPV device, and (b)
cartoon of a typical current density-voltage (J-V) trace of an OPV device, highlighting the key
device parameters.

OPV devices are typically characterised by measuring the current across the device

while applying a voltage across the electrodes in the presence of AM1.5 solar irradia-

tion. To take into account the area of the device, the current is usually reported as

current density (see Fig. 6.10a). At 0 V the electrodes are fixed at an equal poten-

tial and thus producing the highest electric field across the BHJ, resulting in the largest

current density — referred to as short-circuit current density (Jsc, see Fig. 6.10b). As
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the voltage across the device is increased the electric field over the BHJ decreases,

generally resulting in a fall in current density due to increasingly competitive charge re-

combination. When the voltage is increased to the point where there is no net electric

field (approximately equal to the difference in the LUMO energy of the fullerene and

HOMO energy of the polymer) then the current density will fall to zero — the voltage at

which this occurs is known as the open-circuit voltage (Voc, see Fig. 6.10b). Above the

Voc the direction of the electric field is reversed resulting in classic diode behaviour (as

shown by the dark current (blue curve) in Fig. 6.10). The optimal power generated by

the device is defined as Poptimal = Jsc⇥Voc, and assumes no loss of current as the voltage

increases until Voc. In reality recombination losses result in the current dropping off as

the voltage increases. As a result the maximum power generated by the device (Pmax ,

see Fig. 6.10b) is achieved at V < Voc and |J| < |Jsc|. The fraction of power yielded from

the device is known as the Fill Factor (FF) and is defined as Pmax/Poptimal . The power con-

version efficiency (PCE) of the device is defined as ⌘(%) = 100% ⇥ Pmax/Pincident , where

Pincident is the power density of the incident solar irradiation.161,162

6.13.2 P3HT:PC60BM

Bulk heterojunction solar cells of general composition ITO/PEDOT:PSS/P3HT:PC60BM/Ca/Al

were fabricated (by Dr. Neil Treat) from each of the six samples. PEDOT:PSS (Clevios PVP

AI 4083) was spin-coated onto ITO-coated glass and annealed at 175 �C. For each poly-

mer, a 30 mg/mL solution of P3HT in chlorobenzene was mixed with a 45 mg/mL stock

solution of PC60BM (Solenne, used as supplied) in chlorobenzene to form a 1:1.1 wt:wt

blend of P3HT:PC60BM. The polymer:fullerene solutions were spin coated without prior

filtration, and then the resulting films were annealed at 160 �C for 10 mins. Cathodes

consisting of 15 nm calcium capped with 80 nm aluminium were evaporated onto the

active layer, forming five 0.06 cm2 cells. Current density-voltage curves were recorded

under AM 1.5 illumination.

Fig. 6.11 shows current density-voltage curves for the best performing cell obtained

using each polymer sample. Key device parameters are recorded in Table 6.3. P1 and

P2 did not fully dissolve and formed films with visible precipitates. Despite this, a power

conversion efficiency (PCE) of up to 2.4% was obtained from devices based on P1.

By contrast, for sample P2 the maximum efficiency was only 0.4% due to a substantial

lowering of the short-circuit current density and fill factor (the open-circuit voltage was
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Fig. 6.11 Current density-voltage curves of the best (of five) performing 0.06 cm2 P3HT:PC60BM
bulk heterojunction organic photovoltaic devices fabricated using polymers P1-P6 at a blend
ratio of 1:1.1 (wt:wt) P3HT:PC60BM.

Sample
Peak Device

⌘av . ± 1s.d. / %
Voc Jsc FF / % ⌘ / %

P1 0.63 6.05 63.6 2.4 2.3 ± 0.1
P2 0.64 1.8 30.5 0.4 0.3 ± 0.1
P3 0.64 9.9 70.8 4.5 4.3 ± 0.2
P4 0.63 10.1 72.5 4.6 4.5 ± 0.2
P5 0.63 10.8 72.9 5.0 4.8 ± 0.2
P6 0.62 9.79 71.7 4.4 4.2 ± 0.1

Table 6.3 Key device parameters for 0.06 cm2 P3HT:PC60BM bulk heterojunction organic pho-
tovoltaic devices fabricated using polymers P1-P6 at a blend ratio of 1:1.1 (wt:wt) P3HT:PC60BM;
VOC = open-circuit voltage; JSC = short-circuit current density; FF = fill factor; ⌘ = power conversion
efficiency; and ⌘av. = average power conversion efficiency across five cells with error bounds of
one standard deviation.

not significantly affected). The lower efficiency could be a result of the reduction in

molecular weight after scavenging since the device fabrication procedure had been

optimised for high molecular weight P3HT.

After purifying the polymer with acetone (P3 and P4), the short-circuit current density

and fill factor increased markedly, producing peak PCEs of 4.5 and 4.6%, respectively.

This is attributed to the removal of a large weight percentage of monomers (and partial

removal of magnesium salts). The slight improvement in fill factor (and PCE) recorded for
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the scavenged sample, P4, is likely due to increased purity from 91 to 94 % (see §6.11.2).

The purest sample, P5, showed a further increase in short-circuit current density,

which raised the peak efficiency up to 5.0%. However, the scavenged derivative, P6,

produced device efficiencies slightly lower than those of P3 and P4, with a peak PCE of

4.4%. Comparing P5 and P6 by XRF showed that the only difference between the two

materials was a slight decrease in purity from 99.9 to 98.6%. Interestingly, the only pa-

rameter to be significantly affected was the short-circuit current density, consistent with

the observations of Saeki et al. for the palladium doping of P3HT:PC60BM devices.157

Overall it is clear that purification has the greatest impact on short-circuit current

density. In order to produce the highest performance devices it is necessary to remove

as many of the impurities as possible. Further investigation is needed to determine the

fundamental mechanisms by which these impurities affect device operation. For the

crude polymer it was visible to the eye that the insoluble impurities affected the thin film

formation and accounted for a significant proportion of the polymer, while in all but

the purest polymer, P5, there remained a significant amount of non-polymeric material

which could affect both the optical density of the film as well as the bulk heterojunction

morphology.

It is also clear that treatment with the scavenger on the whole did not significantly

improve the device characteristics (the improvement in short-circuit current density P4

compared to P3 was more likely a result of reduced magnesium content from filtering).

Consequently I do not believe the extra processing to be beneficial and (as shown

for P6) it may negatively affect the devices if small quantities of silica remain in the

sample. Furthermore, as observed for sample P2, filtering can greatly alter polymer

weight distributions. From the device performances reported here, it is evident that

filtering is not an essential step for fabricating high performance devices.

6.13.3 P3HT:IC60BA

A set of devices were fabricated to investigate the performance of the best performing

material, P5, with a higher performance fullerene acceptor, IC60BA (IC60BA: indene-C60

bis-adduct). IC60BA has been used as a higher performing alternative to PC60BM in P3HT

devices owing to its slightly higher lying LUMO level (-3.74 vs -3.91 eV), which leads to

higher open-circuit voltages in bulk heterojunction solar cells.163.

Devices were fabricated by Dr. Neil Treat using the the same architecture as for the
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PC60BM devices, with the exception of using a 1:0.71 (wt.:wt.) P3HT:IC60BA solution in

chlorobenzene, along with of a 1.5 vol% additive of chloro-naphthalene (IC60BA was

purchased from Solenne, used as supplied).
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Fig. 6.12 Light and dark current density-voltage curves of the best (of five) performing 0.06 cm2

P3HT:IC60BA bulk heterojunction organic photovoltaic devices fabricated using polymer P5. (For
comparison the best performing P3HT:PC60BM is included).

Fullerene Voc Jsc FF / % ⌘ / % (⌘av . ± 1 s.d./ %)

PC60BM 0.63 10.8 72.9 5.0 (4.8 ± 0.2)
IC60BA 0.87 11.3 71.2 7.0 (6.8 ± 0.2)

Table 6.4 Key device parameters for 0.06 cm2 P3HT:IC60BA bulk heterojunction organic photo-
voltaic devices fabricated using P5 at a blend ratio of 1:0.7 (wt:wt) P3HT:IC60BA; VOC = open-circuit
voltage; JSC = short-circuit current density; FF = fill factor; ⌘ = power conversion efficiency; and ⌘av.

= average power conversion efficiency across five cells with error bounds of one standard devia-
tion.

With the purest polymer, P5, we recorded power conversion efficiencies up to 7.0%

efficiency (6.8% average). Fig. 6.12 shows the current density-voltage curves for the

leading PC60BM and IC60BA devices fabricated using P5, with the key device parame-

ters recorded in Table 6.4. The increase in performance can be seen to result from the

increase in open-circuit voltage from 0.63 to 0.87 V, along with an improvement in short-

circuit current density from 10.8 to 11.3 mAcm�2. Overall, both the PC60BM and IC60BA
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compare very favourably with previously reported P3HT:fullerene bulk heterojunction

OPV devices.84,164

6.14

Conclusions

In this chapter I have investigated the effect of polymer purification on electronic de-

vice efficiency. Using a batch of Mw 125 kg/mol P3HT prepared by the GRIM polymeri-

sation route, the polymer was sequentially purified with acetone and chloroform. Metal

scavengers were applied to a fraction of the crude, acetone-washed and chloroform-

extracted samples in an attempt to remove the remnant nickel catalyst.

It was shown by NMR and XRF that the acetone wash mainly removed the monomer

by-products and 2-bromopropane (a by-product from the initial thiophene metathesis

reaction) and MgBrCl. Removing these impurities had a significant effect on the short-

circuit current density of P3HT:PC60BM OPV devices, increasing PCEs from 2.4 to 4.6 %.

The second chloroform extraction stage was found to efficiently remove the remnant

magnesium salts, resulting in a further improvement in short-circuit current density, lead-

ing to a peak efficiency of 5.0 % with PC60BM. Using the same material in conjunction

with IC60BA resulted in device efficiencies of up to 7.0 %.

In addition to device performance, the solubility of the polymers in o-xylene was

found to improve as the polymer was purified. This effect was attributed to a reduction

in the concentration of magnesium salts, which appear to cause high-temperature

polymer aggregation. Treatment with silica-supported metal scavenging agents was

ineffective at removing low concentrations of nickel, and for the purest material resulted

in a reduction of device efficiency as a likely consequence of silica contamination.
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Chapter 7

Liquid-Liquid Flow Separators
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7.1

Notes

The work described in this chapter has been published in Ref. 165.

7.2

Introduction and Overview

The ability to perform liquid-liquid separation of immiscible binary fluid mixtures is im-

portant in many areas of synthetic chemistry — the textbook example being aqueous-

organic extraction of a product or impurity during post-synthesis work-up. The ability to

perform in-line liquid-liquid separation is useful for regenerating continuous flow from a

discontinuous (droplet or segmented) flow. Performing this operation has several key

application areas: (1) multi-step (telescoped) processes where the continuous (carrier)

phase is not required in the downstream process, (2) collection and recycling of the

carrier phase at the end of the process, which both simplifies product work-up and

minimises the amount of carrier fluid required to continuously run the reactor, and (3)

simplifying — and in some cases enabling — in-line analysis, removing the need to syn-

chronise every measurement to the arrival of the relevant phase.

In the context of the current work, being able to autonomously analyse flow synthe-

sised polymers in-line would open up the possibility of fully automating materials optimi-

sation. Size-exclusion chromatography is the most amenable technique for determining

molecular weight distributions in-line since the analysis occurs in solution and material

can be injected into the column at high concentrations. However to do this it is first

necessary to remove the carrier fluid from the fluid stream to avoid contaminating the

instrument with the fluorinated fluid, which is itself a polymer.

Surprisingly there are relatively few general techniques for separating immiscible

liquids in flow, with only two commercial systems available: the Syrris FFLEX166 and

the Zaiput liquid-liquid separator.167 Both of these machines are designed primarily for

aqueous/organic separators and are targeted at the pharmaceuticals industry. In the

literature there is a broader array of liquid-liquid separation techniques, most of which

fall into one of two categories. The first use separation by gravity, exploiting differences

in the densities of two fluids to create a bilayer that can then be separated. And the
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second use selective wetting of a fluid component onto a surface to induce separation.

7.2.1 Gravity Based Separators

Gravity-based devices are best suited to relatively large working volumes, typically >1

mL. Moreover these types of separator require active management of one or more of

the eluents to meter the separation. A recent example of this style of gravity separator

for aqueous/organic separation was reported by the Ley Group.168,169 Their device was

formed around a 2.5 mL syringe (with the barrel removed), as shown schematically in

Fig. 7.1.

With the syringe held vertically, a tube was attached to the downward-facing tip of

the syringe. A suba-seal was then fitted to the rear (top) of the syringe to seal the cham-

ber. Two needles were then inserted through the seal; one to introduce the immiscible

pair of fluids at the midpoint in the syringe chamber, and the other to remove liquid

from the top of the sealed syringe. To prevent all of the injected fluid flowing straight

out of the bottom of the device, the end of the tube connected to the tip of the syringe

was held above the separator.

Without any fluid metering, it is virtually impossible to predict how this separator will

behave when fluid is injected into the device. Once the immiscible components have

separated in the chamber, each fluid has to pass through an exit where it will expe-

rience a largely uncontrolled fluid resistance. Generally, the fluid resistance of a fluid

being pumped through a tube is unnoticed until the resistance produces a back pres-

sure beyond the strength of the pump, at which point the pump will stall. The situation

becomes more complicated when the fluid flow can escape through two exits. If the

fluid resistance through one exit is less than the other, then the flow rate through that

exit will be higher. Thus to accurately remove fluids, it is necessary to either balance the

fluid resistance for the flow configuration or use a metering pump to limit the fluid flow

through one exit, and thereby constrain the problem. In our experience, running a grav-

ity separator without metering invariably results in unstable outflow from the separator,

with efficient separation only occuring intermittently.

For the first example the author’s test reaction was the condensation of benzalde-

hyde (1a) and phenylhydrazine (2) in dichloromethane (DCM) to form hydrazone (3a).168

The reaction was performed with excess hydrazine reagent, and so an additional stream

of phosphonic acid was introduced after the reaction to remove the excess into water,
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Fig. 7.1 Gravity liquid-liquid separator developed by O’Brien et al.. The schematic shows the
continuous flow reaction of benzaldehyde (1a), phenylhydrazine (2) in dichloromethane to form
hydrazone (3a). At the end of the reaction the product solution is mixed with phosphonic acid in
an inline mixer to extract unreacted 2. The immiscible phases are then separated in the gravity
separator device, allowing the product (3) to be collected pure in dichloromethane. Image
taken from Ref. 168.

leaving the purified product in DCM. The separation device was then used to isolate

the two phases. To meter the separation, a pump was used to extract the less dense

aqueous phase. The separator was monitored with a digital camera, using machine

vision software to track a small plastic bead sitting at the interface of the two fluids. The

height of the float was then used to determine the pump speed for the aqueous phase

extraction. For example, if the volume of the less dense aqueous phase increased, the

height of the float would decrease, at which point the software triggered an increase in

the aqueous phase extraction rate. Whilst the method was shown to provide complete

separation, the method is overly complicated for routine use.

In a follow-up report, the authors reported an extension to the technique where

three gravity separators were placed in series to sequentially extract chiral ↵-hydroxyacids

into ethyl acetate, produced by diazotization of a series of amino acids in water.169 The

sequential separation stages were necessitated by the limited extraction efficiency of

the product into the extraction solvent (⇠74 % per wash). In this example, fresh ethyl

acetate was introduced before each separation. All three separators were monitored

using the camera/vision system described previously. The denser aqueous phase was
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metered using a series of pumps to ensure consistent separation of the fluids. The au-

thors reported that the system worked reliably over multiple 24 hour runs, confirming the

robustness of the technique.

There are many other similar prototypes that predate the Ley Group device, but the

volumes for separation are generally a lot higher and are not targeted at synthesis appli-

cations. Most gravity separators have been used to extract target species for analytical

measurements such as inductively coupled plasma mass spectrometry (ICP-MS).

7.2.2 Surface Wetting Based Separators

Surface wetting based separators are the most widely used systems for liquid-liquid sep-

aration. This type of separation is guided by surface interactions between the fluids and

the channel material(s), which can either take the form of micro-machined channel

architectures or porous membranes.

Steel/PTFE Binary Devices

A simple example of a surface-wetting separator was reported by Kashid and cowork-

ers for the separation of aqueous-organic segmented flows.170 The separator, shown in

Fig. 7.2, consisted of a hydrophobic PTFE block with a micromachined internal 120� Y-

shaped pathway that connected to external tubing by ports threaded into the block.

To create a hydrophilic surface for the aqueous phase to wet, a steel needle was fitted

into one of the exit channels. The authors showed that the device was able to sepa-

rate water from a range of organic solvents, including n-butanol, n-butyl formate and

kerosene. Extraction efficiencies of >75 % were reported but the efficiency dropped

markedly if the capillary diameters or flow rates were too high. The best results were

obtained for water:kerosene separation, where the volume fraction of water from the

steel outlet was in excess of 90 % across a wide range of flow rates (⇠0.2-3.0 mL/min)

when the flow rates of water and kerosene were equal.

Scheiff and coworkers reported a similar style of separation device for performing

aqueous-organic separation with a steel needle fixed inside an extruded polyolefin mi-

crocapillary.171 In their device the separation efficiency was controlled by varying the

pressure-drop for each of the two exit channels, which was achieved by varying the

tubing length between the separator and collection vessel. The device was shown to

provide excellent separation of water from kerosene or paraffin oil. However the re-
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Fig. 7.2 (left) photograph of the liquid-liquid separator of developed by Kashid et al.. Image
taken from Ref. 171; and (right) schematic of the liquid-liquid separator (as interpreted from
the experimental in Ref. 171), the device comprises three narrow channels spaced equally at
120� around the cylindrical section of PTFE. As drawn, the aqueous : organic segmented flow
is introduced from the right hand side. Into one of the PTFE channels is inserted a steel needle,
which is connected to the tube leaving the device. At the point of confluence, the aqueous :
organic flow is split such that the aqueous-phase exits through the steel needle, while the organic
exits through the PTFE channel.

quirement to balance the pressure-drop between each eluent channel narrowed the

operating window. When the flow rate of the incoming fluid stream was too high or too

low, imperfect separation occurred.

Kolehmainen and Turunen reported the development of a ’plate-based coalescer’.172

The device consisted of a hydrophilic stainless steel plate and a hydrophobic PTFE

plate sandwiched together horizontally, with an internal channel architecture microma-

chined into the bottom steel plate (see Fig. 7.3). Two channel depths of 100 and 200 µm

were tested, each having the same length and width of 200 and 15 mm, respectively. A

1:1 segmented flow of water and isoparaffin oil (loaded with a metal extraction agent,

tris(2-ethylhexyl)phosphate), was injected into one end of the coalescer, forcing the flu-

ids to form a bilayer of oil on water, due to by the preferential wetting of water to steel.

The outflows were collected through regulating valves to prevent gravity-induced flow

through the lower aqueous exit. The authors reported complete separation of the two

phases so long as the droplet size in the oil/water droplet stream was larger than the

depth of the machined channel. Larger droplets were found to recombine quicker

enhancing vertical phase separation.
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Clogging is an evident risk in microprocesses. In order to
increase to feasibility of the microprocess, it is recommended
to take under consideration what is the reasonable smallest
dimension for the unit. A goal in this study was to construct
the coalescer which enables reliable continuous phase separa-
tion and where channel dimensions are larger and contact times
longer than in the device presented by Okubo et al. [6]. By using
larger dimensions, the aim is to decrease pressure drops and the
risk of clogging. In this study, the efficiency of the plate-type
coalescers was tested for the continuous separation of immisci-
ble liquid streams. The aim is also to use such a device later in
the connection of an extraction process. The performance of the
devices was studied by means of droplet size information and
phase separation efficiency measurements.

2. Experimental study

2.1. Experimental set-up

The coalescing of the liquid droplets took place in a plate-type
coalescer. The coalescer consisted of two plates. A rectangular
flat channel was machined on the surface of the other plate and
the channel was situated between the plates. The dimensions
of the channel in the coalescer were as follows: width 15 mm,
length 200 mm, height 100 and 200 !m. The used materials were
stainless steel, PTFE and glass. The diaphragm pumps were used
to feed the fluids through the micromixer into the coalescer.
The liquid–liquid dispersion was generated in the standard slit
interdigital micromixer manufactured by IMM. The width of the
interdigitally configured channels in the micromixer was 40 !m.
The coalescer contained two outlets, one for aqueous phase and
the other for organic phase. The structure of the coalescer is
rather simple, therefore manufacturing costs of such a device
are not high. The schematic drawing and the photograph of the
experimental system are depicted in Fig. 1.

2.2. Experimental procedure and material properties

Experiments were conducted at temperature of 295 K.
The used streams were water as aqueous phase and Shellsol

Table 1
The composition of the streams used in the experiments

Aqueous phase Organic phase

Water Shellsol + 10 wt% tris(2-ethylhexyl)phosphate
Water Shellsol + 30 wt% tris(2-ethylhexyl)phosphate
Water Shellsol + 50 wt% tris(2-ethylhexyl)phosphate

D60 with tris(2-ethylhexyl)phosphate (TEHP) as organic
phase. Tris(2-ethylhexyl)phosphate can be used as a solvent
in liquid–liquid extractant or separation agent of metals.
Tris(2-ethylhexyl)phosphate was added into Shellsol to form
10, 30 and 50 wt% organic solution. The summary of the liquid
streams is presented in Table 1.

In the experiments, aqueous and organic phases were fed
through the standard slit interdigital micromixer to form dis-
persion. After the micromixer, the dispersion was introduced
immediately into the coalescer where coalescence of liquid
droplets took place. Separated phases were then withdrawn con-
tinuously from the outlets. Two different channel heights, 100
and 200 !m, could be used by changing the plates.

Droplet size measurements were carried out by using a light
microscope with an image processing software. Average droplet
diameters and droplet size distributions were derived from ana-
lyzed data.

Contact angles were determined by means of the sessile drop
method. A container was filled with Shellsol and TEHP solution.
The solid surface was placed horizontally in the container under
the fluid level. After that, a water droplet was injected on the
solid surface. The angle between the baseline of the droplet
and the tangent on the boundary of the fluids was measured
optically. The definition of the contact angle is illustrated in
Fig. 2.

Surface tensions and interfacial surface tensions for the fluids
were measured by the DuNouy ring method and a tensiometer.
In the method, certain force was needed to pull a horizontal ring
from the liquid surface and the needed force was converted to
the value of surface tension [7]. The interfacial tensions were
measured for the interphase of water and Shellsol with TEHP.
The measured properties are presented in Table 2.

Fig. 1. The schematic drawing of the experimental set-up and the photograph of the coalescer.
Fig. 7.3 Plate-based separator developed by Kolehmainen and Turunen for separation of wa-
ter:isoparaffin oil mixtures; (left) schematic of the separator where the aqueous and organic
phases are mixed in a micromixer and then passed into the separator, which comprises two
plates: Plate 1 is made from PTFE and Plate 2 is made from stainless steel and contains a micro-
machined fluidic channel. At the end of the separator the oil and water exit vertically through
channels on the top and bottom of the separator. Each fluid passes through a variable control
valve, to meter separation, and is collected in a separate collection bottle; and (right) a photo-
graph of the plate based separator. Image taken from Ref. 172.

Gaakeer and coworkers reported a similar style of separator using pairs of hydropho-

bic (PTFE) and hydrophilic (glass) bars, recording excellent separation of n-heptane and

water.173 Their device was formed inside a steel housing, and directed a segmented

flow into a narrow pathway between the hydrophobic and hydrophilic bars with a nar-

row exit slit (0.1-2.0 mm) between each pair of bars (see Fig. 7.4). This resulted in the sep-

aration of the two immiscible fluids into separate exit streams, with the separation being

induced by the preference of water for glass over PTFE. At the organic exit (PTFE slit), the

authors observed that water breakthrough could occur if the hydraulic pressure-drop

(caused by fluid friction) at the glass slit became equivalent to the capillary pressure

acting against water flow through the PTFE slit. At high-flow rates, the hydraulic pres-

sure of the fluid flow increased and so resulted in water breakthrough at the organic

exit, leading to contamination. To prevent water breakthrough at high flow-rates, it was

shown that the slit height could be increased to reduce hydraulic pressure.

Pillared Devices

The hydrophobicity of PTFE was further exploited by Castell and coworkers to separate

a segmented flow of water and chloroform using an all-PTFE separator.174 In contrast
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are 39 Pa, 4.9 Pa and 0.31 Pa for a flow rate of 25 ml min!1. These
values are far below the capillary pressures of the Teflon slits
and problems with breakthrough are not expected. For n-heptane
the hydraulic pressure drops are even lower.

To verify these assumptions about the occurrence of break-
through, we determined the performance of the separator for dif-

ferent flow rates, flow ratios of water and n-heptane and for slit
heights of 0.1 ± 0.02 mm, 0.2 ± 0.02 mm and 0.8 ± 0.02 mm. The re-
sults are presented in Figs. 5–7.

The first to mention is that no drops with a diameter smaller
than the slit height were found in the outlets of the separator. As
expected there was a clear difference in separation performance
for the 0.1 ± 0.02 mm slit and the 0.2 ± 0.02 mm slit. For the slit
height of 0.2 ± 0.02 mm the water breakthrough in the Teflon slit
was below 5% of the total flow in this slit, while for the slit height
of 0.1 ± 0.02 mm this value increased to 73%. Measurements with a
slit size of 0.8 ± 0.02 mm showed even better results with a maxi-
mum of 12% breakthrough of water in the total flow through the
Teflon slit. To exclude influences of downstream pressure distur-
bances the outlets of the Teflon and glass slits were open to the
atmosphere.

The breakthrough in Fig. 5 is explained by the small difference
between the hydraulic pressure of the water in the glass slit and
the capillary pressure in the Teflon slit. At a water flow rate of
5 ml min!1, the capillary pressure was 2.7 times larger than the
hydraulic pressure. At 10 ml min!1 this was reduced to 1.3 times
larger, resulting in a breakthrough of water through the Teflon slit.
While the capillary pressure is larger than the hydraulic pressure,
breakthrough is not expected. However, the slug flow results in
discontinuous flows in the slits which can cause disturbances
resulting in the breakthrough.

P1

Slug flow in15 mm
1 mm

1 mm

Slit height
5 mm 5 mm10 mm

10 mm

P2

Flow divider

Aqueous out Organic out

Glass Teflon

Fig. 1. Cross view of the separator. The connections for pressure sensors are indicated as P1 and P2. Glass and Teflon bars are hatched. Steel housing is in grey.

Table 2
Dimensions of the slits.

Height (H) (m) Length (L) (m) Width (W) (m)

2.0 " 10!3 ± 0.02 " 10!3 5 " 10!3 0.01

glass
Teflon

1mm

H

L
0.8 " 10!3 ± 0.02 " 10!3 5 " 10!3 0.01
0.4 " 10!3 ± 0.02 " 10!3 5 " 10!3 0.01
0.2 " 10!3 ± 0.02 " 10!3 5 " 10!3 0.01
0.1 " 10!3 ± 0.02 " 10!3 5 " 10!3 0.01
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Fig. 2. Fitted from equation 1 (–) and measured hydraulic pressure drop from flow
resistance. Water in glass slit (height 0.12 mm: D; height 0.22 mm: (N)) and n-
heptane in Teflon slit (height 0.12 mm: s; height 0.18 mm: d).
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Fig. 3. Increase of pressure difference over the water filled glass slit with the height
of 0.12 mm. The pressure was increased by pumping n-heptane (0.25 ml min!1) to
the separator allowing building up a liquid column (vol. 4 ml) at the outlet of the
Teflon slit. Breakthrough of n-heptane through the glass slit at 730 Pa.
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Fig. 4. Calculated capillary pressure drop as function of the slit height (–) and
measured capillary pressure drops for the glass slits (N) and the Teflon slits (s).
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Fig. 7.4 Liquid-liquid separator developed by Gaakeer et al. for aqueous:organic separation.
The slug flow is injected into the top the separation zone, which comprises two pairs of bars
made from glass and PTFE that form two exit slits of a well-defined height. The organic phase
preferentially exits through the PTFE slits, while the aqueous phase preferentially exits through the
glass slits. Image taken from Ref. 173.

to the above reports (where two materials were used to drive the separation by sur-

face interactions), here separator consisted of 140 cone-shaped PTFE pillars inside a

PTFE channel. The pillars were machined at ninety degrees to the main flow channel,

Fig. 7.5(ii) and (iv), with a parallel auxiliary exit channel accessible to fluid that passed

through the pillar architecture.

The gap between each (hydrophobic) pillar was 64 µm, resulting in a high surface

area-to-volume ratio that maximised the capillary force required for water to break

through the pillars. The authors reported the need to apply back pressure on the aque-

ous outlet to allow the chloroform to flow through the pillars and out through the aux-

iliary exit. However, as the backpressure was increased on the aqueous outlet, it was

found that the hydraulic force required for fluid to exit the aqueous exit became com-

parable to the capillary force required for the water to exit through the pillars, which led

to water breakthrough at the chloroform exit. The breakthrough was reported to occur

at differential outlet pressures of between 0.05-0.1 bar, with the breakthrough pressure

increasing as the flow rate of the two fluids increased. Niu and co-workers reported a

similar chip-based device formed into poly(dimethylsiloxane) (PDMS) where a series of

small pillars facilitated the removal of a fluorinated carrier oil, Fluorinert FC40, from a

water:fluorous segmented flow.175

Membrane Devices

Membrane separators follow a similar concept to the pillar-based methods where a

network of porous holes in a membrane can be used to preferentially allow one phase

168



Fig. 7.5 Pillar-based liquid-liquid separator developed by Castell et al.. The PTFE device com-
prises two reagent inlets that bring together water and chloroform at a mixer forming an immis-
cible slug flow that then passes through a serpentine channel and into the liquid-liquid separator
(ii). The separator consists of 140 cone-shaped pillars (iii) which create a number of narrow chan-
nels connecting the main fluid stream to an auxiliary outlet (iii). The hydrophobicity of the PTFE
construction prohibits the water from passing through the pillared-architecture and results the
chloroform stream being removed through the pillars. To promote chloroform cross-over, back-
pressure is applied to the aqueous outlet to offset the capillary pressure induced by the narrow
channels. Image taken from Ref. 174.

of an immiscible pair to pass through the membrane, while leaving the other behind un-

affected. These devices were initially developed by researchers interested in extracting

metal impurities from water with an organic solvent, commonly chloroform. The forma-

tion of the segmented flow provided the high surface area contact between the two

phases required for efficient mass transfer of the ion from water into the organic phase.

After the extraction step, it was necessary to remove the aqueous phase and pass the

organic stream into an analytical instrument, often an inductively-coupled plasma mass

spectrometer or an atomic emission spectroscopy instrument.

An early demonstration of a membrane separator was reported by Nord and Karl-

berg in 1980.176 Their separators were fabricated by sandwiching a membrane in be-

tween two pieces of Perspex, with matching micromachined channels to allow flow

of liquid above and below the membrane (see Fig. 7.6). Organic-water segmented

flows were injected into the underside of the membrane as shown in Fig. 7.6, with the

separated fluids exiting from different sides of the membrane after passing along the
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Fig. 7.6 Schematic of the PTFE membrane separator developed by Nord and Karlberg. The
Perspex device is comprised of a PTFE membrane sandwiched between two pieces of machined
Perspex to create a separation chamber. The aqueous:organic slug flow is introduced to the
device at one end of the chamber, with gradual phase separation occurring as the fluids flow
towards the exit channels at the other end of the separator. Image adapted from Ref. 176.

channel).

The pair tested a series of membrane materials, concluding that polyethylene-backed

PTFE membranes of pore size 0.5 or 1 µm were the most effective, and provided favourable

hydrophobicity with water (unlike cellulose membranes which deteriorated in some or-

ganic solvents and required pre-soaking in solvent to removed absorbed water). More

importantly for continuous operation, the authors state a key criterion that the internal

volume of the machined grooves needed to be at least 4-5 times the volume of a sin-

gle segment of water to prevent the aqueous phase from being forced through the

membrane by hydraulic pressure.

Atallah and coworkers later reported a similar methodology, whereby a rod of PTFE

was cut in two to form two semi-cylinders into which a 1.5 mm deep (3 mm wide) chan-

nel was cut on opposite faces.177 Separately, Gore-Tex (microporous stretched PTFE)

membranes (0.2 µm pore size) and polypropylene packed Gore-Tex membranes (0.5

µm pore size) were sealed between the two halves of the cyclinder, with fluids entering

and exiting the channels via fluidic fittings threaded into the PTFE rod. Like Nord and
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Karlberg previously, Atallah et al. noted water penetration of the membrane when the

inlet side of the separator was completely filled with water. The authors found that high

separation efficiencies could be achieved when the organic phase was pumped out

of the separator, thereby creating a pressure differential to assist separation. In addi-

tion, the authors noted a further criterion to allow their membrane separators to be run

continuously for prolonged periods of time. The authors found that regular PTFE tape

membranes were liable to rupturing if the flow rate exceeded a threshold flow rate,

which was attributed to the hydraulic force of the fluid flow. The authors reported that

Gore-Tex membranes had sufficient strength needed to avoid this.

More recently, the Jensen research group reported a membrane separator consist-

ing of a 0.1-1 µm PTFE filter fitted into modular polycarbonate housing (see Fig. 7.7(left))

and they reported a similar device integrated into an etched silicon chip microreactor

(see Fig. 7.7(right)).178 The polycarbonate device was reported to provide favourable

separation of 1:1 segemented flows of hexane and water, while the silicon device was

used to good effect with dichloromethane and diethyl ether and water. Further the

authors reported the successful separation of a fluorocarbon, perfluorohexane, from

water. The fluorocarbon could not be separated from organic solvents using this device

due to insufficient difference in surface wetting on the membrane.

Sahoo and coworkers later demonstrated the use of their separator in one of the

first reports of in-line separation during synthesis.179 In this report, the authors synthesised

a series of carbamates in a three-step process in flow, requiring separators between

each step. In the first microreactor, benzoyl chloride in toluene was reacted with a

basic solution of sodium azide to form benzoyl azide. After the reaction, the aqueous

flow was removed using the liquid-liquid separator shown in Fig. 7.7(left). The benzoyl

azide was then passed into a second microreactor containing a packed channel of

solid-supported acid catalyst to induce transformation of the azide to the isocyanate.

A second separator removed the nitrogen produced in the transformation, with the or-

ganic phase continuously wetting and passing through the membrane and preventing

the gas from penetrating through. Finally, the isocyanate was brought together with

an alcohol in a third microreactor to produce the final carbomate. The demonstration

proved the utility of membrane separators for multistep flow chemistries and their ability

to handle hazardous intermediates such as azides and isocyanates.

An interesting application of the same membrane separator was reported by Li and
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hydrodynamic pressure drop and capillary pressure forces. A

microdevice with a PTFE membrane sandwiched between

microchannels illustrates the capillary pressure-induced phase

separation behaviour for a hexane–isopropanol–water system.

Next, we demonstrate a silicon based microfluidic solvent

extraction device that integrates mixing and phase separation

processes. An integrated design decreases the number of device–

device fluid connections, reducing dead volumes at the expense

of increased microfabrication complexity. Chemical separations

benefit from the integration of mixing and separating as the same

steps are used in most chemical extraction processes. Mass

transfer rates are similar for small molecules and chemical

compatibility is achieved by using glass and silicon as the

materials of construction. The integrated devices are realized by

using silicon micromachining and modeling serves to establish

operating limits. We demonstrate that the device is capable of

completely separating several organic–aqueous and fluorous–

aqueous liquid–liquid systems, even with high fractions of

partially miscible compounds. In each case, extraction is

equivalent to one equilibrium extraction stage.

Experimental

Two devices were fabricated, one to explore the phase

separation principle (Fig. 1) and the other to examine the

phase separation combined with mixing and extraction (Fig. 2).

The proof of principle device was fabricated in polycarbonate

and the integrated extraction device was microfabricated in

silicon.

Proof of principle polycarbonate device

Standard machining techniques were employed to fabricate

0.5 6 0.5 6 20 mm channels in two pieces of polycarbonate

(see Fig. 1). Inlets and outlets were 0.5 mm holes drilled

directly into the channels, and J0–28 screws with 1/160 Tefzel

tubing (Upchurch Scientific; Oak Harbor, WA) were used for

fluid connections. Tubing sizes ranged from 250–1000 mm ID

and 10–30 mm long. Typically, 250 mm ID 6 210 mm long

tubing was used on the aqueous outlet, while 500 mm ID tubing

6 210 mm long was used on the organic/fluorous side. A piece

of Zefluor membrane (y7 6 30 mm from 47 mm disk and

separated from the support, Pall Company; East Hills, NY)

was placed between the two pieces to divide the channels, and

compressed using 10 1/160 cap screws.

Flow rates of organic and aqueous solutions were varied

between 10 and 2000 ml min21. Hamilton Gastight Syringes

(Reno, NV) of 1, 5, and 10 mL volumes were used, and PTFE

tubing was connected using Luer fittings (Upchurch

Scientific). Hexane (VWR Scientific; West Chester, PA),

isopropanol (VWR Scientific), and DI water (from a Milli-Q

water system, 18.2 MV; Billerica, MA) were delivered by

syringe pump (Harvard Apparatus; Holliston, Massachusetts),

mixed and contacted using T-mixers (Upchurch Scientific),

and fed to the phase separator.

Fig. 1 Schematic (top) and photograph (bottom) of the proof of

principle membrane device fabricated in polycarbonate. The device

dimensions are 10 mm width, 50 mm length and 20 mm height. The

schematic shows a segmented flow of an aqueous solution (A)

dispersed in an organic phase (B). The organic phase wets the

hydrophobic membrane and is driven through the membrane pores by

the imposed pressure difference leaving the aqueous solution behind in

the top portion of the device.

Fig. 2 Schematic (top) and photograph (bottom) of the integrated

extractor device. Fluids A and B are mixed, then contacted with an

immiscible liquid C, where the partially miscible component A

partitions between B and C. Finally, the two phases are separated by

the membrane. The footprint of the device is 35 6 30 6 1.5 mm (W 6
L 6 H).
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straightforward. Videos were also obtained for qualitative

analysis using a COHU 2222–1000 color CCD camera

(COHU; Poway, CA) and a Leica stereo-microscope MZ12

(Leica Microsystems Inc.; Bannockburn, IL).

For extraction analyses, we used HPLC (Waters; Milford,

MA) with a reverse phase C-18 column and 0.1 M aqueous

monobasic phosphate buffer at 1 mL min21 for the aqueous

extract. A calibration curve of the concentration versus

absorbance at 220 nm was prepared for known concentrations

of extractant (DMF, VWR Scientific) in de-ionized water to

quantify results. 25–100 ml of each sample was diluted in 900 ml

of water and run 3 times. The variation in area counts between

runs was less than 3% and typically less than 1%. The

measured concentrations were then scaled by the dilution

factor to give the concentration of the sample.

Results and discussion

Liquid–liquid phase separation using capillary forces

The immiscible liquids are delivered to the membrane

separator where selective wetting and capillary pressure are

used to induce and maintain separation of the two phases. A

sufficient difference in the surface wetting by the two

immiscible phases is required to drive the phase separation.

For example, no suitable materials were identified for

separating organic (hexane) and fluorous (perfluorohexane,

Lancaster Synthesis, Inc.; Pelham, NH) phases, but either of

those phases could be separated from water. Materials studied

included PTFE (Pall), cellulose (filter paper, VWR), and ethyl

acetate (Sigma–Aldrich).

The aqueous phase, which does not wet the PTFE

membrane, passes across the membrane surface to outlet 1

while the organic/fluorous phase wets and flows through the

pores of the membrane to outlet 2 (see Fig. 1). The pressure

drop due to laminar flow is given by the Hagen–Poiseuille

equation.

DP~
8mQL

pR4
(1)

The pressure drop from the aqueous phase outlet 1 to the

point of collection of the separated aqueous phase is DP1. We

denote Qtot as the total flow rate of the two phase fluid flow,

Q1 is the aqueous phase flow rate and Q2 the organic phase

flow rate, R1 and L1 are the outlet tubing radius and length,

respectively. There are two extreme cases based on the

duration of segments relative to the length of the membrane

separator: (i) small alternating aqueous and organic segments,

and (ii) large aqueous segments followed by large organic ones.

In the first case, the flow rate through the outlet 1 will be Q1,

as all the organic phase that comes with the aqueous phase

goes through the membrane and out from outlet 2. In the

second situation, when the aqueous phase is longer than the

separator region, there is no flow through the membrane when

the aqueous segment is in the separator and the flow rate

through the outlet 1 will then be Qtot. Actual operation falls

between the two cases, but we approximate the flow through

outlet 1 as Qtot to obtain a worst case design criterion. DP1 is

then given as:

DP1~
8m1Qtot

pR4
1

L1 (2)

An order of magnitude analysis shows that the pressure

drop due to flow in the channel on the aqueous side in the

separator device (DPaq,mem) is very small compared with DP1:

DPaq,mem

DP1
~

8m1Q1Lsep

pR4
sep

8m1Q1L1

pR4
1

~

Lsep

L1

R1

Rsep

! "4

*
21 mm

210 mm

0:25 mm

0:66 mm

! "4

* 0:002

(3)

Consequently, DPaq,mem need not be included in further

analysis and the pressure at any point on the aqueous side of

the membrane is approximately DP1. The pressure drop

through the membrane (DPm) and organic outlet tubing

(DP2) are also described by the Hagen–Poiseuille equation.

By a similar order of magnitude estimate (3), the pressure at

any point on the organic side of the membrane, is

Fig. 5 Exploded schematic view of the microfluidic device and

packaging (top), and final packaged silicon device (bottom). The

membrane and silicon microdevice are sealed by compression using

Teflon O-rings with the fluid chuck and polycarbonate top plate. 1/160

PTFE tubing and fittings are screwed into to the chuck.
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Fig. 7.7 PTFE membrane separator reported by Kralj et al.. (top left) schematic of the modular
membrane separator, where a flat PTFE membrane is sandwich between two pieces of machined
polycarbonate; (bottom left) photograph of the modular separator; (top right) schematic of
the integrated membrane separator, incorporated in a microfluidic chip assembly; and (bottom
right) photograph of the integrated membrane separator. Images taken from Ref. 178.

coworkers who used the device to recycle a palladium phase-transfer catalyst for the

continuous hydroxylation of 3-bromoanisole in water:toluene (see Fig. 7.8).180 At the end

of the reactor the water:toluene mixture was passed into the membrane separator,

where the aqueous product stream was isolated from the toluene phase, containing

the catalyst and unreacted 3-bromoanisole. Once the reactor had reached steady-

state, the recovered toluene feed was recirculated into the reactor, at which point

the catalyst/3-bromoanisole supply (stream A) was exchanged for a flow of pure 3-

bromoanisole (stream D).

Over five cycles of the catalyst, the yield of the 3-hydroxylanisole remained constant

at 78-79 %. This implementation showed how a liquid-liquid separator can provide recy-

cling for continuous flow synthesis. In this example, the separator facilitated continuous
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synthesis while minimising the amount of catalyst required. Such benefits make flow

methods attractive for chemical synthesis and indicate why robust liquid-liquid separa-

tors are a necessary tool for flow chemistry.

Fig. 7.8 Integrated PTFE membrane separator for catalyst and reagent recycling in the phase-
transfer catalysis of 3-bromoanisole reported by Li et al.. Image taken from Ref. 180.

To improve the robustness and widen the operating window of the device, Adamo

and coworkers reported an updated version of the flat membrane separator.181 Using

the same initial design the authors added a secondary pressure control device after the

membrane separation. The pressure control device comprised a diaphragm between

the two fluid outflow streams which locked the pressure difference between the two

exit channels at the optimal value for complete separation. This improved separator

was shown to be effective up to 16 mL/min (at 1:1 ratios of organic:water).

7.2.3 Summary

In summary, there are a variety of methods that can be employed to induce liquid-liquid

separation in a flow environment. Firstly gravity-based devices permit separation of two

phases by allowing substantial volumes of fluid to accumulate and phase separate,

and then exit the device from separate outlets. And, secondly, surface wetting-based

devices exploit hydrophobicity of fluorinated materials (and hydrophilicity of steel/glass)

to drive separation of organic:water segmented flows. In all cases, these devices have

been shown to work best when the two immiscible phases have closely balanced flow
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rates.

Whilst all of these devices have been shown to work reliably for the chosen pairs of

immiscible pairs of fluids for a selected range of flow rates, their application to post-

process a semiconducting polymer or nanocrystal flow synthesis would likely result in

blockage of the device. In a gravity-based separator the large dead volume would

create a place for the product to cool and aggregate. Furthermore, the additional

pumping and/or valve control equipment required creates additional edges and joints

where fouling of the product can occur. For the surface-wetting separators, the design

of the devices is the problematic aspect rather than the separation method. Here,

either two materials are sandwiched together or a membrane is inserted between two

materials. If working with soluble components or pure solvent, this construction would

not cause a problem. However problems would be encountered when working with

materials that can cause fouling, as standard device architectures are likely to cause

pockets of static fluid at edges and joints that would eventually lead to the entire device

fouling.

This led to the need to develop a new format for liquid-liquid separation better suited

to the needs of materials synthesis. In particular we required a method that could

remove the fluorinated carrier fluid at the end of a droplet synthesis.

7.3

Towards a Liquid-Liquid Separator

While investigating the use of PTFE membrane capillaries for an unrelated application, it

was found that fluorous oil would readily penetrate the PTFE membrane. It was realised

that this could potentially form the basis for a separator. Unlike the flat membrane sep-

arators described above, using porous capillaries for separation allows an injected fluid

to flow through a tube, and avoids the need to inject the fluid into a specially engi-

neered structure. This approach therefore offers a means of minimising dead volumes.

Membrane capillaries are made in a similar fashion to regular PTFE tubing but un-

dergo forced expansion as the polymer is extruded. The result of this process can be

seen in the SEM images in Fig. 7.9, kindly provided by Mr. Thomas Phillips. The images

reveal the presence of micron-sized regions of polymer (nodes) connected together

by many long polymer fibres. The manufacturer specifies these materials by the ’inter-
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Fig. 7.9 Scanning electron microscope images of Aeos ePTFE (IND: 15 - 25 µm) from Zeus Indus-
trial Products. Images acquired by Mr. Thomas Phillips.

nodal distance’ (IND), a measure of fibre length (as labelled in Fig. 7.9(right)) and there-

fore indicative of the porous domain size. The material used throughout this work was

specified as having an IND of 15-25 µm. In these fibril regions, the fluid is able to per-

meate through the bulk material allowing fluid transfer out of the capillary. Typical ap-

plications of these porous capillaries include filtration, breathable sheaths, packaging

and insulation.

The use of porous capillaries for liquid-liquid separation has been reported previously

in 1988 although details were limited. Yamamoto and coworkers mentioned the use of

porous capillaries for post-extraction separation of water and carbon tetrachloride to

allow direct injection of extracted metals into an inductively-coupled plasma atomic

emission spectrometer.182 In this work, the authors reported that higher porosity capil-

laries allowed separation of the two phases to occur more quickly, with a 70 % porosity

(maximum pore size: 3.5 µm) yield complete separation of the two fluids within a 5 cm

length of material of porous tubing. PTFE capillaries were also used by Wang and Barnes

in 1988 for gas-phase extraction of AsH5 produced by the aqueous-phase reduction of

sodium arsenate with basic sodium borohydride.183
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7.4

Development of a Capillary Liquid-Liquid Separator

7.4.1 Design and Construction

The objective of this work was to create a discrete module that could be plugged

onto the end of a droplet reactor for immediate in-line separation of immiscible liquids.

The specific applications we had in mind were: product/impurity extraction, multistep

chemistries, PFPE carrier fluid recycling, product isolation and in-line analysis.

To achieve this aim, the capillary membrane material was chosen to match our

standard tubing, which has a 1 mm ID and 2 mm OD. The porous capillary cannot be

directly ’plumbed-in’ as it is too soft and flexible, and therefore cannot be attached to

microfluidic connectors in the same way as a rigid tube. To overcome this problem a

method was developed whereby the inner diameter of the porous capillary was chosen

to be slightly less than the 2 mm inner diameter of the rigid tubing. A suitable grade of

material with a 1.8 mm ID (2.5 mm OD, 15-25 um IND) was found and was used for all

work reported here.

The two ends of the porous capillary were stretched over two short pieces of rigid

PTFE tubing (5 mm overlap) and glued in place. Successfully applying glues to PTFE can

be particularly tricky because of the low surface tension. However it was found that

first applying Loctite 770 primer to both surfaces, followed by Loctite 406 cyanoacrylate

adhesive, resulted in a strong and liquid-tight seal.

A freshly made separator is shown in Fig. 7.10a. Importantly it was found that joining

the two materials in this way prevented direct liquid contact between the glue and the

flowing liquid, and prolonged the life of the seal when working with organic media. It

should be noted that the PFPE oils and water do not degrade the seal.

Once the porous material has been bonded to the rigid PTFE tubing, it is possible to

connect the separator to other fluidic componentry using standard fluidic connectors.

The separators can be fabricated for around $5 each and, if handled with care, can

be used repeatedly.

For the work described below, separators were fabricated by connecting a 60 mm

segment of porous capillary to two 75 mm segments of rigid non-porous PTFE tubing,

leaving a 50 mm length of porous PTFE tubing exposed.

Initial investigations focused on separating droplet flows of water in PFPE (specifically
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Fig. 7.10 (a) photograph the porous-PTFE capillary liquid-liquid separator; (b) schematic of the
liquid-liquid separator showing the working principle of the device, where the red fluid (the ’de-
pletant’) preferentially penetrates the porous capillary leaving the blue fluid (the ’eluent’) to
recombine into continuous flow; and (c) photograph of the liquid-liquid separator in operation.

Galden HT-170 used in Chapters 4 and 5). Fig. 7.10b shows a schematic view of the

device operation, where the droplet flow of water in PFPE enters the porous capillary

from the left. Inside the porous capillary the PFPE preferentially wets and permeates the

membrane material, causing the water droplets to recombine into a continuous flow.

The fluid that permeates through the membrane is named the depletant and the fluid

that passes through the capillary unaffected is named the eluent.

A photograph depicting PFPE depletion inside the capillary is shown in Fig. 7.10c

where the water has been dyed with methylene blue for clarity. The separator is visibly

wet, which is a consequence of the PFPE wetting the membrane (note the difference

in colour between the (dry) white joints and the glossy grey (wetted) central section

of the porous capillary). The PFPE readily leaches through the membrane, and is no
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longer present inside the tube after the fluid has travelled a quarter of the way along

the capillary. The complete depletion of PFPE is confirmed by the continuous stream of

dyed water in the PTFE exit tube.

7.4.2 Using a flow restriction to control the separation efficiency

In most reported separation devices, the existence of a sufficient pressure difference

between the two exits is one of the key requirements for liquid-liquid separation. This is

also true of our capillary-based separator. To demonstrate this, the separator was con-

nected to a PTFE droplet generator (Fig. 7.11a-b, and methods §2.1.3), and a 1:1 droplet

flow of water : PFPE was injected into the separator at a total flow rate of 1 mL/min. The

depletant and eluent were collected into separate vials for analysis. Fig. 7.11h shows

the collected eluent and the depletant after 5 minutes of operation. While the deple-

tant vial contains only PFPE, not all of the PFPE was isolated from the water as can be

seen from the bilayer in the eluent vial. Furthermore, PFPE can be seen passing through

the separator in Fig. 7.11e at the two circled regions, 1 and 2. In this case, the pressure

difference between the eluent and depletant is insufficient to completely separate the

two fluids. It is important to note that the depletant vial is free from water, demonstrating

that the membrane does not suffer from water breakthrough during operation.

To increase the pressure difference between the two exits, a flow restriction in the

form of a narrow capillary was installed onto the end of the separator. Taking an ex-

treme case first, a 50 mm segment of 154 µm ID FEP tubing was attached to the end of

the separator using fluidic connectors, Fig. 7.11d. Fig. 7.11j shows the collected eluent

and depletant vials under the same flow conditions as before. Under these conditions

the eluent is free from PFPE but the depletant is heavily contaminated with water. In

Fig. 7.11g the dyed water can be seen breaking through the separator material at the

circled points, 3 and 4. Thus it can be seen that inserting an overly narrow flow restriction

causes the applied back pressure to exceed the threshold for water breakthrough.

For perfect separation an intermediate flow resistance is required. In testing a 50

mm length of 355 µm FEP tubing was found to be sufficient to achieve ideal separation

under the chosen flow conditions (see Fig. 7.11c). Fig. 7.11i shows the resulting eluent

and depletant vials, again at a total flow rate of 1 mL/min. Both vials are free from

contamination by the other fluid. Furthermore no water breakthrough or regions of

PFPE can be seen in the separator photograph in Fig. 7.11f.
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water

PFPE

droplet 
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separator flow 
restriction

(a)
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Eluent DepletantEluent DepletantEluent Depletant

Fig. 7.11 The effect of flow restriction on separation efficiency: (a) schematic of the experimen-
tal setup, which comprises a droplet generator creating water:PFPE droplet flow that enters the
separator fitted with a flow restriction channel; (b) schematic of the separator with no flow re-
striction; (c) schematic of the separator with a 50 mm length of 355 µm FEP tubing attached at
the outlet of the separator; (d) schematic of the separator with a 50 mm length of 154 µm FEP
tubing attached at the outlet of the separator; (e) photograph of the separator in use at equal
flow rates of 500 µL/min with no flow restriction attached; 1 and 2 show undepleted PFPE exiting
the separator; (f) photograph of the separator in use at equal flow rates of 500 µL/min with the
355 µm flow restriction attached; (g) photograph of the separator in use at equal flow rates of
500 µL/min with the 154 µm flow restriction attached; 3 and 4 show the aqueous phase breaking
through the PTFE membrane; (h-j) photographs of the eluent and depletant collected over a ten
minute period. The aqueous phase has been dyed blue for clarity.
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7.4.3 Quantitative analysis of separation efficiency

With a 50 mm section of the 355 µm flow restriction tubing in place, the separator was

tested across a wide range of total flow rates, while maintaining a constant 1:1 ratio

of water : PFPE. Before each measurement, the separator was to allowed to stabilise

for five minutes and then the eluent was collected into a pre-weighed vial over a five-

minute period. Each set of conditions was tested three times and the masses of liquid

collected were averaged to produce a single result for each set of flow rates. No PFPE

passed into the eluent vial for any of the flow rates investigated. The mass of liquid col-

lected into the eluent vial could therefore be used to calculate the average volumet-

ric flow rate of water exiting the separator (assuming a density of 1 g/cm3 for water).

Fig. 7.12 shows the calculated eluent flow rates for the following series of water flow

rates: 50, 100, 200, 400, 800 µL/min, with a matching flow rate of PFPE in each case. The

blue line indicates the expected flow rate, assuming no losses. In all cases the resulting

outflow of water matched the input flow rate.
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Fig. 7.12 Calculated collection rate of water using the separator fitted with the 355 µm flow
restriction for 1:1 water:PFPE droplet flow. At each flow rate the eluent was collected three times
for five minutes. In all cases, no PFPE was observed in the collection vials and so the measured
mass of fluid was converted to an average flow rate, assuming a specific gravity for water of
1 g/cm3.

Next the separator was tested with imbalanced water : PFPE flow rate ratios, a key

requirement for a versatile general purpose liquid-liquid separator. The total flow rate
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of water and PFPE was fixed at 200 µL/min and the ratio of water to PFPE was varied

as follows: 5:1, 2:1, 1:1, 1:2, 1:5 and 1:10. In addition, the separator was tested for the

injection of pure water and pure PFPE. Collection times of five minutes were used in

all cases, except for the 1:5 and 1:10 experiments where the collection period was

extended to twenty minutes to allow a sufficient volume of eluent to be accumulated

in the vial for reliable measurement. As before all experiments were run three times,

with the eluent collected into pre-weighed vials.
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Fig. 7.13 Calculated collection rate of water using the separator fitted with the 355 µm flow
restriction at a total flow rate of 200 µL/min while varying the ratio of water:PFPE. The eluent was
collected three times and averaged. In all cases, no PFPE was observed in the collection vials
and so the measured mass of fluid was converted to an average flow rate, assuming a specific
gravity for water of 1 g/cm3.

No PFPE was visible in the collection vial for any of the flow ratios investigated. In-

terestingly, this included the case where PFPE was injected in continuous flow. As with

the previous series of experiments, the total mass of fluid collected in the eluent vial

was converted to an average flow rate of water. For all flow ratios, fully recovery of the

water phase was achieved, as shown in Fig. 7.13.

7.4.4 Demonstration of post-separation inline analysis

To demonstrate the utility of the capillary separator for inline analysis, a dilution experi-

ment was carried out using a 214 µM aqueous solution of Brilliant Green dye (Aldrich).
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The Brilliant Green solution was loaded into one syringe, and pure water was loaded in

another. The two liquids were mixed at different ratios using a low-volume static mixer

(Upchurch) to produce varying concentrations of the dye in the range of 0-214 µM at a

constant flow rate of 100 µL/min. The outlet of the mixer was connected to one input of

a two-input droplet generator, while PFPE was injected into the other input. The output

of the droplet generator was connected to the separator as before. Fig. 7.14 shows

the complete experimental configuration. PFPE was injected at a constant flow rate of

100 µL/min to produce a 1:1 droplet stream of the dyed water with a total flow rate of

200 µL/min.

PFPE

droplet 
generator

separator flow restrictor

Brilliant Green (aq.)
(214 μM)

mixer
water

detector
(position B)

detector 
(position A)

Fig. 7.14 Experimental setup of flow dilution apparatus. An aqueous solution of 214 µm Brilliant
Green and water were mixed at various ratios with a 1.7 µL static Y-mixer subject to a combined
flow rate of 100 µL/min. The diluted fluid was then delivered into a droplet generator where it
was dispersed into PFPE flowing at 100 µL/min, forming a 1:1 droplet flow of water in PFPE. The
droplet flow was then passed into the separator fitted with the 355 µm flow restriction. Before
commencing the dilution experiments the absorbance of the stock solution was recorded at
position A, and then the detector was placed at position B to record the absorbance of the dye
solution eluting from the separator.

To analyse the aqueous-phase dye, a simple flow cell was machined out of alu-

minium to enable visible-range absorption spectra to be acquired using an LED and
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spectrophotometer (connected via a fibre optic cable), see Fig. 7.15a-b. Cut from

a short section of aluminum rod, the flow cell contained a 2.1 mm through-hole for

the tubing, which was held in place with a grub screw. Perpendicular to the tubing

(i.e. along the axis of the rod) and on opposite faces were machined recesses for a

standard 5 mm diameter LED and a fibre optic cable (Ocean Optics). The fibre op-

tic was secured using a SMA-905 threaded port (equivalent to 1/4"-36 UNF). A 0.5 mm

diameter through-hole was then drilled through the two recesses to allow transmission

of light, whilst minimising lensing effects created by the curvature of the tubing (note

that the diameter of the machined hole is less than the inner diameter of the tube). To

provide a broad spectrum of visible light, a ’warm white’ LED (Nichia NSPL510DS) was

selected and driven with a constant current source to maintain a constant light output.

An Ocean Optics USB2000+ spectrophotometer was connected to the other end of the

fibre optic cable, and real-time spectra were acquired using the Ocean Optics Spec-

traSuite software package. As a control, the detector was first placed at position A,

immediately after the dye-containing syringe, to allow the absorption spectrum to be

recorded before droplet generation (see Fig. 7.14).

SMA 905 connector

2.0 mm

0.5
mm

PTFE 
tube

1.0 mm

(a) (b)

Fig. 7.15 (a) schematic of the aluminium over-tube optical housing, comprising a channel to
thread the PTFE tubing through and an orthogonal LED mount and fibre-optic connector (SMA-
905); and (b) photograph of the assembled optical setup.

The detector was then moved to position B, between the separator membrane and

flow restriction, where the absorption of the water stream after droplet generation and

subsequent PFPE removal could be recorded. The flow rate ratios of the dye : water

were then varied as follows: 0:1, 1:3, 1:2, 1:1, 2:1, 3:1 and 1:0 (at a total flow rate of

100 µL/min) equating to dye concentrations of 0, 54, 71, 107, 143, 161 and 214 µM,
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respectively. For each flow condition the separator was allowed five minutes to stabilise

before the spectrum of the water was recorded.
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Fig. 7.16 Use of the separator for in-line absorption spectroscopy (with 355 µm flow restriction in
place): (a) absorption spectra of Brilliant Green recorded in-line at position B after phase separa-
tor at various dye concentrations (0-214 µM); also shown as a control is the absorption spectrum
of the pure dye solution (214 µM) recorded in-line at position A (dotted red line); and (b) mea-
sured absorbance at 624 nm versus dye concentration.

The absorption spectra for each concentration of the dye are shown in Fig. 7.16a,

along with the control spectrum measured at position A (plotted as a red dashed line).

Each spectrum consists of an electronic transition peaking at 624 nm, with a higher

energy vibronic shoulder. There is negligible difference between the control spectrum

and the spectrum recorded for the 214 µM experiment, which confirms that the dye is
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not affected by the separator and that no losses are occurring during the separation

process.

Fig. 7.16b shows a plot of the peak absorbance at 624 nm for each concentration.

In accordance with the Beer-Lambert law, the seven points lie on a straight line that

passes through the origin, with a slope of 4225 M�1 ± 76 M�1. Due to the curvature

of the tube the path length of the transmitted light was less than the inner diameter of

the tube (note the inner diameter of the tube was measured to be 1 mm ± 0.1 mm

by optical microscope). Fig. 7.17 highlights the difference in path length across 0.5 mm

diameter illuminated orifice, where the path length ranges from 0.87-1.0 mm.

1.0 mm

0.87 mm

light in 0.5 mm

Fig. 7.17 Schematic of the illuminated region of the 1 mm ID PTFE tube, using the optical housing
shown in Fig. 7.15.

To determine the effective path length of the tube, the absorption spectrum of a

secondary dye (methylene blue) was measured in flow and in a regular cuvette using

a bench top spectrometer. The Beer-Lambert law can be used to relate the measured

absorbance and path length for the two measurements (Equation 7.1). From this equa-

tion, the measured path length of the flow tube was determined to be 0.9 mm.

lcuvette

Acuvette
=

lflow

Aflow
(7.1)

Returning to Brilliant Green and using this path length together with the measured

slope, an extinction coefficient of 46,900 ± 850 M�1cm�1 was extracted. This agreed

with an extinction coefficient of 46,400 ± 2,300 M�1cm�1 determined from the starting

214 µM stock solution in a 1 mm cuvette using a bench top absorption spectrometer.

In summary, the dilution experiment shows that useful chemical information can be

accurately extracted by analysing a reformed continuous flow downstream of the sep-
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arator. Moreover, the data was acquired using simple methods and apparatus, avoid-

ing the need for fast instrumentation synchronised to the droplet flow. Whilst the dilution

serves only as a demonstration, a wide range of other spectroscopic analysis tech-

niques could be carried out on the eluent stream. Alternatively, the continuous flow

itself could be injected into an instrument — for example a flow-mode NMR or into the

injection loop of a liquid chromatography instrument.

7.4.5 Demonstration of multistep droplet processes

To investigate whether the eluent flow from the separator could be used for multistep

processes, a droplet flow was regenerated downstream from the separator using a sec-

ond droplet generator and a fresh feed of PFPE, see Fig. 7.18. In the photograph a 1:1

droplet flow of methylene blue dyed water and PFPE (1) is being injected at a total flow

rate of 200 µL/min into a separator where the PFPE is removed, restoring the dyed water

to continuous flow. The end of the 355 µm ID flow restriction tubing is connected into the

inlet of a second droplet generator (2) where a flow of PFPE at 100 µL/min re-disperses

the water into droplets (3). From the photograph it can be seen that the second droplet

stream is uniform and evenly spaced, indicative of a stable injection rate of water into

the second generator. Hence using the separator it is possible to repeatedly switch

between droplet and continuous flow, as desired.

separator
second droplet 

generator
droplet 

flow

flow 
restrictioncontinuous 

flow droplet 
flow

fresh 
PFPE

1

2

3

Fig. 7.18 Photograph showing sequential liquid-liquid separation of water:PFPE droplet flow (1)
with the 355 µm flow restriction attached, followed by injection of the un-depleted aqueous-
phase into a secondary droplet generator (2) to reproduce droplet flow (3).

186



7.4.6 Droplet synthesis and separation of silver nanoparticles

Nightingale et al. have previously reported the benefits of preparing silver nanoparti-

cles in droplet flow reactors.61 They reported that the use of a droplet reactor avoided

reactor fouling, which is a common problem in continuous flow. In addition, the droplet

reactor was shown to produce a more mono-disperse range of nanocrystal sizes, with

the full-width half maximum of the surface-plasmon absorption narrowing by 13 % com-

pared to the equivalent continuous flow reaction.

The aqueous-phase preparation of silver nanoparticles serves as an excellent test

reaction for performing post-synthesis removal of the carrier fluid. The nanoparticle syn-

thesis entails the reduction of AgNO3 by NaBH4 in basic conditions. To controllably initi-

ate the reaction, separate solutions of the silver nitrate precursor (406 µM AgNO3 (0.1 N

solution Aldrich) and 2.03 mM polyvinylpyrrolidone (Mw: 29,000 g/mol, Aldrich)) and re-

ducing agent (90.3 µM NaBH4 (Aldrich) and 3 mM NaOH (Aldrich)) were prepared. Both

precursor solutions at this stage were colourless. The silver nitrate solution was shielded

from ambient light with foil to prevent light-assisted nucleation.

droplet 
generator

1

capillary

separator
2

AgNP
collection

Fig. 7.19 Photograph of silver nanoparticle droplet flow synthesis: where aqueous droplets of
silver nitrate and basic sodium borohydride are created in PFPE at a total flow rate of 400 µL/min
in the droplet generator (1). The droplets then pass through a 25 cm length of tubing during
which the reaction proceeds. The aqueous phase is then recovered in the separator (2) with the
355 µm flow restriction attached.

The two solutions were transferred to separate 10 mL plastic syringes and sepa-

rately injected into two inlets of a three-way droplet generator (1), each at 100 µL/min.

Galden HT-170 PFPE was injected into the third inlet at 200 µL/min, producing a 1:1

reagent to PFPE droplet stream. The droplets were then passed into a 25 cm PTFE

capillary (1 mm ID, V = 200 µL) at room temperature (shown in Fig. 7.19), translating

to a reaction time of 30 s. On leaving the droplet generator, the droplets developed
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a strong yellow coloration, indicative of nanoparticle growth. The separator (2) was

directly attached to the end of the capillary, using standard fluidic connections. Com-

plete removal of the carrier fluid occurred within the porous capillary in accordance

with previous tests using PFPE and dyed water. The eluent from the separator was col-

lected into vials, see Fig.7.20a.
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(b)

Fig. 7.20 (a) photograph of post-separation eluent collection vial from silver nanoparticle
droplet flow synthesis; and (b) normalised absorption spectrum of the silver nanoparticles.

To confirm the presence of well-defined silver nanoparticles, the absorption spec-

trum was recorded offline using a bench top spectrometer, shown in Fig. 7.20b. In

the 300-700 nm region, the spectrum shows a single sharp transition indicative of the

surface-plasmon resonance of silver nanoparticles. The peak absorption at 400 nm im-

plies an approximate nanoparticle size of 12 nm, as previously reported by Nightingale

and co-workers.61

7.4.7 Conclusions

In conclusion, the capillary membrane separator developed here has been shown to

provide a simple, low-cost method for efficiently separating binary pairs of immiscible

fluids. The utility of the separator was demonstrated using water in fluorinated oil droplet

flows. In all cases, contamination-free separation was demonstrated over a wide range

of flow conditions. It was found that a flow restriction placed after the separator was

needed to achieve reliable separation of the two fluids. Without the flow restriction,

the eluent was frequently contaminated with the carrier phase. Conversely, if the re-
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striction was too narrow, the droplet phase was found to break through the membrane.

A balance was achieved using a carefully selected intermediate flow restriction. In

practice, this flow restriction could be replaced with an adjustable valve to provide a

continuously tuneable flow resistance.

The separator was used to determine the extinction coefficient of Brilliant Green dye

from a seven-point flow dilution experiment. At each concentration the separator fa-

cilitated the acquisition of a stable absorption spectrum in a quasi-static fashion, elim-

inating the need for fast optics and electronics that would otherwise be required to

acquire data from a flowing droplet stream. To demonstrate that the fluid flow exiting

the separator was of uniform speed — an essential requirement for multistep processes

– the end of the separator was connected to a secondary droplet generator along

with an auxiliary feed of fresh PFPE. In this way it was possible to reform a stable and

uniform droplet stream. Finally, the separator was used as a post-synthesis work-up tool

for silver nanoparticles, allowing the carrier fluid to be removed without manually post-

processing the immiscible fluids.
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Chapter 8

Conclusions and Future Work
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8.1

Conclusions

This thesis has described the development of droplet flow reactors for the controlled syn-

thesis of semiconducting polymers, specifically P3HT and random copolymers of P3HT

with P3HS. With a view to utilising P3HT in electronic devices, we have also explored the

influence of polymer purity on organic photovoltaic device efficiency. The thesis closed

with the report of a new inline liquid-liquid flow separator for post-reaction operations

such as in-line analysis.

Starting from the droplet flow method that I originally developed during my MRes

project for Grignard metathesis polymerisation, I sought to overcome the requirement

to process the Ni(dppp)Cl2 catalyst as a solid powder suspended in a thick PFPE oil.

Originally it was found that dissolving the catalyst in solution resulted in decolouration

and deactivation of the catalyst. By adding additional dppp ligand to the decoloured

solution, it was shown that the colour and catalytic activity could be restored. This

then allowed the catalyst to be delivered into the droplet reactor as a solution at up to

2 mg/mL (3.7 mM). Using this method it was found that full conversion of the monomer

could be achieved in as little as four minutes, as opposed to several hours in a flask.

The limited solubility of Ni(dppp)Cl2 typically led to high molecular weight polymers

with Mw > 40 kg/mol. Whilst the monomer loading could be lowered to increase the

catalyst loading, it was more desirable to improve the solubility of the catalyst to main-

tain a relatively high reactor throughput. To this end, it was found that Ni(dppp)Br2

could be prepared in-situ with significantly improved concentrations of up to 26 mM

(a seven-fold increase on Ni(dppp)Cl2). To the best of my knowledge Ni(dppp)Br2 is a

new catalyst for GRIM polymerisation. By retaining the dppp ligand on the catalyst,

the polymerisation mechanism is unchanged, with the bromide derivative acting as a

direct substitute for the original chloride catalyst.

The method of preparing Ni(dppp)Br2 from Ni(dme)Br2 and dppp was developed to

ensure that the displaced ligand, glyme, was compatible (and inactive) towards the

thienyl-Grignard reagents used in the polymerisation. Above 2.1 molar equivalents of

dppp to nickel, the polymerisation produced a consistent molecular weight of polymer,

indicating complete conversion of Ni(dme)Br2 to Ni(dppp)Br2. Using this catalyst system,

very low Mw materials of < 10 kg/mol were synthesised with a PDI < 1.4.
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Applying this catalyst more broadly, it was shown that a wide range of Mw’s from

20 to 80 kg/mol could be prepared with low PDI’s of 1.2-1.3. The catalyst has since

been used within the group to synthesise P3HT on the large-scale, at production rates

of >1 kg/day (extrapolated from short test runs). Materials produced at this throughput

showed no loss of control over material properties, with PDI remaining 1.3.137

In addition to low weight P3HT, it was also shown how new ’tube-in-shell’ reactors en-

abled the synthesis of very high molecular weight P3HT with Mw’s up to 190 kg/mol (PDI

1.5). If required, it should be possible to increase these weights further by reducing the

catalyst loading. To reduce the reaction time of the polymerisation, the droplet flow

reactors were tested under elevated pressures, allowing the reaction temperature to

be increased above the normal boiling point of the solvent. In like-for-like experiments,

it was found that solely increasing the pressure had no effect on the material proper-

ties of the polymer. However, the elevated pressure was used to increase the reaction

temperature from 55 to 80 �C resulting in the PDI increasing from 1.2 to 1.5 along with

a significant increase in molecular weight. In additional testing for scale-up (not de-

scribed here), it has been found that the application of pressure in conjunction with the

Ni(dppp)Br2 catalyst reduces the conversion time to 90 s with PDI  1.3.137 Looking to-

wards multistep processes such as block co-polymerisations, a new three-phase reactor

was discussed where reagents can be accurately added to the droplets downstream

of the droplet generation process. P3HT was prepared using a multistep process for a

proof-of-concept experiment, where the synthesised remained well-controlled with PDI

of 1.4.

The droplet reactor method was extended to prepare a series of P3HT-co-P3HS ran-

dom copolymers. The concentration of each monomer in the polymer could be tuned

by varying the ratio of two equimolar activated-monomer solutions delivered to the

droplet generator. Analysis by 1H NMR revealed that the copolymers conformed to

Bernouillian statistics, in which homo- and hetero-couplings occur with equal proba-

bility. The optical spectra of the copolymers were intermediate between the two ho-

mopolymers, with the peak wavelength showing a linear red-shift as the concentration

of selenophene was increased.

The effect of polymer purity and polymer purification methods on OPV device effi-

ciency was investigated. As the polymer was purified it was found that the short-circuit

current density in P3HT:PC60BM bulk heterojunction devices increased, leading to higher
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device efficiencies. Attempts to remove the nickel catalyst using a silica-supported

scavenging agent were unsuccessful, and left the polymers contaminated with the sil-

ica agent. The solubility of the polymer was shown to be dependent on the purity, with

magnesium salts appearing to cause high temperature aggregation of the polymer

in o-xylene. Using the purest material device efficiencies of up to 5.0 and 7.0 % were

obtained using PC60BM and IC60BA as electron acceptors, respectively.

In the final chapter a liquid-liquid separator was developed for regenerating con-

tinuous flow from droplet flow. The separator was fabricated from a length of porous-

PTFE membrane capillary combined with a flow restriction (to create a pressure-drop to

drive liquid-liquid separation). Complete recovery of the aqueous-phase was achieved

from aqueous:PFPE droplet flows over a range of flow rates and flow rate ratios. Using

the device, a simple method was demonstrated for performing quasi-static analytical

measurement in-line, thereby removing the need for fast electronics synchronised to

the flowing droplet stream. After separation, the aqueous continuous flow could be

re-dispersed in PFPE, providing a simple route to multistep processes. The separator was

used to post-process a silver nanoparticle preparation, enabling the recovery of the

PFPE carrier fluid.

8.2

Further Work

The following sections identify key areas for development of the droplet flow method.

These will be the focus of my Knowledge Transfer Secondment with Millennium Inorganic

Chemicals/Cristal Global (supported the Royal Commission for the Exhibition of 1851

Industrial Fellowship scheme).

8.2.1 In-line Molecular Weight Characterisation using Size-Exclusion Chromatography

It is frequently necessary to obtain realtime information about the products being pro-

duced in the flow reactor. To this end, I have begun development of an in-line size-

exclusion chromatography instrument that will autonomously analyse the materials pro-

duced in flow. Using the in-line liquid-liquid separator described in Chapter 7, it is pos-

sible to recover a continuous stream of the product in solution, which can then be

directly fed into the injection valve of the chromatography instrument. At the time of
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writing, the instrument is able to reliably generate chromatograms of crude polymer

materials, and has been successfully added to the end of a droplet flow reactor for

room temperature P3HT synthesis. Further work will allow the system to operate at ele-

vated temperatures.

8.2.2 Autonomous Optimisation

Once the size-exclusion chromatography system is fully operational it will be possible to

determine key metrics such as monomer conversion, molecular weight and polydisper-

sity autonomously. By feeding this data into a control algorithm that can intelligently

update the reaction conditions; e.g. flow rate, temperature, composition, it will be

possible to autonomously target process conditions that produce materials with a user-

specified set of properties, i.e. molecular weight and polydispersity.

8.2.3 In-line Purification

My work to date has shown that well-defined P3HT can be prepared using the droplet

flow technique in large quantities up to 1 kg/day. However, while it is possible to pre-

pare large quantities of polymer using this method, it is still necessary to use Soxhlet

extraction to purify these materials. As has been demonstrated, polymer purity has a

major influence on OPV device efficiency, and on the general processability of the ma-

terial. There is therefore a need to develop robust methods of purifying flow-synthesised

materials in-line. By performing purification in-line it should be possible to circumvent

the trapping of impurities that occurs upon quenching the polymer in protic solvents,

leading to faster and more effective purification.

8.2.4 Block copolymers by GRIM polymerisation

Block copolymers are an important class of semiconducting polymer for organic pho-

tovoltaics, and have been shown to aid phase segregation with fullerenes in bulk het-

erojunction thin films.184–186 Conjugated block copolymers prepared by GRIM polymeri-

sation have been widely reported.114 To synthesise such materials it is common to first

synthesise a homopolymer and then add a secondary Grignard-activated monomer

into the reaction mixture at the end of the first polymerisation to create the copolymer,

with the block ratio being controlled by the molar ratio of the two monomers.
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Initial experiments to make block copolymers of P3HT-b-P3DDT in two-phase droplet

flow were successful. However, the method could only be applied over a narrow set

of flow conditions, which made it difficult to prepare copolymers of widely ranging sto-

ichiometry. Using the new three-phase method for reagent addition it will be possible

to synthesise block copolymers with far greater freedom over the reaction conditions.

Moreover, the three-phase approach is amenable to sequential addition and thus fa-

cilitating the preparation of tri-block and higher block copolymers.

8.2.5 Suzuki, Stille and Direct Arylation Coupling Techniques

The preparation of polythiophene derivatives is made simple by the ’living’ chain-growth

characteristics. Consequently, it is straightforward to target different molecular weights

of polymer. In contrast Suzuki and Stille methods proceed by step-growth polymeri-

sation, and so the molecular weight cannot be controlled in the same way as P3HT.

Applying droplet flow methods to these coupling types may enhance rates of reaction.

However, perhaps the greatest opportunity is to use in-line molecular weight character-

isation to accurately mix the two monomers. With these coupling routes, the molecular

weight of the polymer is highly sensitive to the ratio of the two monomers (described by

the Carothers equation187). For example, if there is a 1% excess of one monomer then

the degree of polymerisation is limited to 199, reducing to 39 at 5% excess. Thus by con-

trolling the flow rate of the two monomers and monitoring the molecular weight distribu-

tion in-line it should be possible to compensate for experimental error introduced in the

preparation of solutions, and lock into high weight materials. These methods could be

particularly beneficial for producing controlled molecular weight diketopyrrolopyrrole-

based donor-acceptor copolymers188,189 and isoindigo-based copolymers190, which

are becoming popular for application in solar cells and transistors. In addition, as has

been shown in Chapter 5, it is possible to use droplet flow reactors to very easily prepare

families of materials. This in principle can be extended Stille and Suzuki couplings where

multiple donors and acceptors are mixed into the feed mixture to tune the optoelec-

tronic properties of the polymer with a high-degree of precision, while using minimal

quantities of reagents.

An increasingly popular cross-coupling method is direct arylation polymerisation.191,192

As highlighted in Chapter 3, these methods at present do not offer the same level

of control over the material properties for P3HT. However, direct arylation circumvents
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the requirement for organometallic intermediates, while also allowing polymerisation

through C-H bonds, and thereby simplifying monomer preparation. As a result these

methods are a potentially greener route to conjugated polymers. Starting with poly-

thiophenes, it should be possible to screen and optimise direct arylation polymerisations

in flow, and hopefully identify reaction conditions that allow preparation of equivalent

quality polymers to Grignard metathesis polymerisation.
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Fig. 9.1 XRF spectrum of P1 from §6.

0
2

4
6

1
0

2
0

3
0

5
0

7
0

1
0
0

2
0
0

3
0
0

4
0
0

5
0
0

6
0
0

7
0
0

8
0
0

9
0
0

1
0
0
0

1
1
0
0

1
3
0
0

K
C

p
s

R
h

 L
A

1
R

h
 L

B
1

R
h

 L
G

1

R
h

 K
A

1

R
h

 K
A

1
/C

o
m

p
to

n

R
h

 K
B

1

R
h

 K
B

1
/C

o
m

p
to

n

B
r 

K
A

1

B
r 

K
B

1

B
r 

L
A

1
B

r 
L

B
1

C
a 

K
A

1
C

a 
K

B
1

C
l 

K
A

1
C

l 
K

B
1

S
  

K
A

1
S

  
K

B
1

M
g

 K
A

1
M

g
 K

B
1

S
i 

K
A

1
S

i 
K

B
1N
i 

K
A

1

N
i 

K
B

1

N
i 

L
B

1

F
e 

K
A

1

F
e 

K
B

1

F
e 

L
B

1

1234567891011121314151617181920212223242526272829303132333435

KeV

JHB_P3HT_B
Eval V2.0.156 Admin 05/02/2014 11:34:36

Fig. 9.2 XRF spectrum of P2 from §6.
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Fig. 9.3 XRF spectrum of P3 from §6.
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Fig. 9.4 XRF spectrum of P4 from §6.
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Fig. 9.5 XRF spectrum of P5 from §6.
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Fig. 9.6 XRF spectrum of P6 from §6.
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