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ABSTRACT:  We propose to develop a generic suite of high-throughput (HTP) techniques for the rapid discovery of new materials and new synthetic methodology under high-pressure / high-temperature conditions.  This is a technically demanding area of research where HTP methods have not seriously been applied before.  Our aim is to build a world-leading research network and equipment-base that will strengthen and underpin a whole range of UK research activities.  The team is highly interdisciplinary, and includes leading groups in the areas of materials synthesis using supercritical fluid (SCF) solvents, solvothermal synthesis of framework materials, homogeneous catalysis in neoteric solvents, organic synthesis in SCF solvents, and HTP approaches to materials discovery.  
This expertise will be combined with engineering groups specializing in the development of in situ, multi-channel measurement probes for reactions and solubilization processes under high-pressure conditions, thus creating a unique consortium with the breadth of experience needed to make a chemically and technically innovative impact in this area.  The UK already holds an international lead in the areas of SCFs and framework solids, and this programme provides a mechanism to maintain and extend this lead over the next decade.  The team exploits the synergy between academics in diverse yet interrelated fields, and combines researchers with established international reputations with relatively new appointees.  We propose to bring this team together at an average cost of £155 k per investigator (£1.09 M requested in total).  This funding will create a sustainable network which will act as a major national and international focus for innovative HTP research.
Previous Track Record  (selected recent publications taken from last 5 years)
Dr Andrew Cooper (AC) was appointed as a Royal Society University Research Fellow and Lecturer at the University of Liverpool in January 1999 and promoted to Reader in 2003.  His main research area is polymer synthesis, particularly using supercritical fluid solvents.1  His group has a strong interest in porous materials,2 including the synthesis of macroporous polymer beads (GR/R15587)3 and monoliths (GR/23653)4 using scCO2 as a ‘pressure-adjustable porogen,’ emulsion templating using SCF emulsions,5 and ‘compressed fluid sedimentation polymerization’ (GR/N39999)6 (all reviewed recently in Chemistry in Britain7).  AC has received support from EPSRC, BBSRC, the Royal Society, the ACS Petroleum Research Fund, and industry (Unilever, Avecia, Bradford Particle Design, Uniqema).  He is currently developing new approaches to HTP materials discovery (GR/S16744), particularly techniques for parallel polymer synthesis (using chemometric design) and for rapid polymer characterization.8  The international standing of his work is demonstrated by more than 20 invitations to speak at international conferences in the last 5 years (e.g., ‘Polymer Reaction Engineering V’, Quebec City, May 2003).  AC was awarded the 2002 RSC–MacroGroup Young Researchers Award.  
(1)
(a) A. I. Cooper, J. Mater. Chem., 2000, 10, 207.  (b) A. I. Cooper, Adv. Mater. 2003, 15, 1049.  (c) A. I. Cooper, Adv. Mater., 2001, 13, 1111. (2) (a) H. Zhang, G. Hardy, M. J. Rosseinsky, A. I. Cooper, Adv. Mater. 2003, 15, 78.  (b) H. Zhang, A. I. Cooper, Chem. Mater., 2002, 14, 4017.  (3) C. D. Wood, A. I. Cooper, 2001, 34, 5. (4) A. K. Hebb, K. Senoo, R. Bhat, A. I. Cooper, Chem. Mater. 2003, 15, 2061. (5) R. Butler, C. M. Davies, A. I. Cooper, Adv. Mater. 2001, 13, 1459. (6) H. Zhang, A. I. Cooper, Macromolecules 2003, 36, 5061. (7) S. Hadlington, Chem. Brit., 2003, 39, 21. (8) C. D. Wood, A. I. Cooper, Macromolecules, 2003, in press.  
Professor Andrew Holmes FRS (AH) has research interests in the synthesis and properties of natural and non-natural materials.  He is the author of over 390 papers and has been the recipient of the RSC Materials Science Award, the Alfred Bader Award and the Tilden Lectureship, a Royal Society Leverhulme Senior Research Fellowship, the Novartis Lectureship, the W.G. Dauben Lectureship at U.C. Berkeley and the Aggarwal Lectureship at Cornell.  In 2000, he was the second most cited author in the physical sciences in the U.K.  Activities involving SCFs were initiated in 1994 and have embraced the fields of poly(methacrylate) synthesis,1 dispersion polymerization,2 macroporous monoliths,3 polycarbonate synthesis,4 palladium-mediated cross-coupling reactions,5 self-assembled monolayer formation, patterning of indium tin oxide,6 and deposition from scCO2.  The present proposal builds on this extensive base of experience in multidisciplinary collaborations.  
(1) W.P. Hems, et al., J. Mater. Chem. 1999, 9, 1403.  (2) A. I. Cooper, W. P. Hems, A. B. Holmes, Macromolecules 1999, 32, 2156.  (3) A. I. Cooper, A. B. Holmes, Adv. Mater. 1999, 11, 1270.  (4) S. Mang, A. I. Cooper, et al., Macromolecules, 2000, 33, 303.  (5) (a) R S. Gordon, A. B. Holmes, Chem. Commun. 2002, 640.  (b) S. V. Ley, C. Ramarao, R. S. Gordon, A. B. Holmes, et al., Chem. Commun., 2002, 1134.  (6) C. K. Luscombe, H. W. Li, W. T. S. Huck, A. B. Holmes, Langmuir 2003, 19, 5273.  

Dr Sergei Kazarian (SK) is a Lecturer (since 2001) in Chemical Engineering at Imperial College London.  His research focuses on applications of vibrational spectroscopy to polymers, pharmaceuticals, and SCFs.  He has published more than 60 articles in leading scientific journals and has been an invited speaker at international conferences in Europe, the USA, and Japan.  He gave invited lectures on vibrational spectroscopy of polymers at the 14th (2001) and 15th (2003) European Symposia on Polymer Spectroscopy.  He is the recipient and co-investigator of several EPSRC grants (GR/R57164, GR/N07035, GR/M58221, GR/S57500), and also has current support from BBSRC and MRC.  Much of SK’s recent research has focused on the use of FTIR imaging and confocal Raman spectroscopy to image polymeric materials. 

(1) K. L. A. Chan, S. G. Kazarian, Appl. Spectrosc. 2003, 57, 381.  (2) A. Gupper, P. Wilhelm, M. Schmied, S. G. Kazarian, A. K. L. Chan, J. Reussner, Appl. Spectrosc. 2002, 56, 1515.  (3) A. K. L. Chan, S. V. Hammond, S. G. Kazarian, Anal. Chem. 2003, 75, 2140.  (4) S. G. Kazarian, J. S. Higgins, Chemistry & Industry 2002, 10, 21.  (5) N. M. B. Flichy, S. G. Kazarian, C. J. Lawrence, B. J. Briscoe, J. Phys. Chem. B. 2002, 106, 754.  (6) S. G. Kazarian, Macromol. Symp. 2002, 184, 215. 
Dr Ed Lester (EL) is a relatively new Lecturer in the School of Chemical Environmental and Mining Engineering, but has made a successful step into supercritical water research through collaboration with Prof. Martyn Poliakoff. This has resulted in three significant projects funded by the EPSRC (GR/N06892, GR/R29055, GR/S25227). The main area of Dr Lester’s work within the Clean Technology Research Group at Nottingham has been in image analysis and the modelling the mixing flows within a supercritical fluid reactor. This work has been carried out in order to better understand the mechanism by which nanoparticulates are produced.1,2  To date, all of these projects have successfully integrated chemical engineering expertise with the the Clean Technology Group work at Nottingham.  The development of the image processing software to process batch experiments in scCO2 would form an exciting extension of the modelling work involving scH2O.

(1) A. Cabanas, J. Darr, E. Lester, M. Poliakoff, J. Mater. Chem. 2001 11, 561.  (2) A. Cabanas, J. Darr, E. Lester, M. Poliakoff, Chem. Commun., 2000, 901.  
Professor Martyn Poliakoff FRS (MP) is founder of the Clean Technology Group in the School of Chemistry at Nottingham.  He now leads the group together with M. W. George and S. M. Howdle. It is one of the largest groups studying SCF chemistry1,2 in the world and was the first group in Chemistry to be awarded an EPSRC Platform Grant (GR/R02863 started 11/00). MP’s particular interest is in continuous reactions in SCFs,3-5 a field in which his group are internationally leading. Under GR/R41644, his group is developing a fully automated continuous reactor for accelerating reactor optimization. Their work in scCO2 has recently been commercialized by Thomas Swan & Co Ltd with the world’s first multipurpose scCO2 chemical manufacturing plant.6 In Jan 2003, Nottingham and Thomas Swan & Co won First Prize in the Industrial Innovation Team Award of the Industrial Affairs Division of the Royal Society of Chemistry for their joint work on SCFs.  As far as he is aware, MP is the only UK scientist to be awarded an Honorary Professorship by Moscow State University (1999).  He is highly active in Green Chemistry7 in the UK and EU.  In 2001, he won an Interdisciplinary Award of the RSC and was elected to the Royal Society, partly in recognition of his contribution to Green Chemistry.  He will deliver the 2004 Seaborg Memorial Lectures at Berkeley.  

(1) M. Poliakoff, P. J. King, Nature 2001, 412, 125.  (2) J. A. Darr, M. Poliakoff, Chem. Rev. 1999, 99, 495.  (3) W. K. Gray, F. R. Smail, M. G. Hitzler, S. K. Ross, M. Poliakoff, J. Am. Chem. Soc. 1999, 121, 10711.  (4) M. G. Hitzler, F. R. Smail, S. K. Ross, M. Poliakoff, Organic Process Research & Development 1998, 2, 137.  (5) J. R. Hyde, P. Licence, D. Carter, M. Poliakoff, Appl. Catalysis, A Gen. 2001, 222, 119.  (6) P. Licence, M. Sokolova, S. K. Ross, M. Poliakoff, Green Chem. 2003, 5, 99.  (7) M. Poliakoff, J. M. Fitzpatrick, T. R. Farren, P. T. Anastas, Science 2002, 297, 807.
Professor Matt Rosseinsky (MR) is Professor of Inorganic Chemistry at the University of Liverpool.  He was awarded the RSC Harrison Memorial Prize in 1992 and the Corday-Morgan Prize in 2000.  He currently holds a Royal Society Wolfson Research Merit Award. He has published over 140 papers on work involving the synthesis of new materials, the determination of their physical properties and the detailed refinement of diffraction data. He has worked in several areas of solid state chemistry, including superconductivity in alkali metal fullerides,1,2 transition metal oxide chemistry,3 electroceramics,4 microporous materials,5 and discovered the transition metal oxide hydrides.6 International recognition of these programmes is shown by invitations to the American Physical Soc., the American Ceramic Soc., 3rd International Conference on Inorganic Materials, the International Union of Crystallography, and the British Zeolite Assoc. meetings in 2002 and in 2003 to the Solid State Chemistry Gordon Conference, the International Workshop on Multifunctional Nanoporous Systems (Okazaki), the Joint Magnetics Workshop, the Centennial Meeting of the Spanish Royal Soc. of Chem., and Physics and the Swiss Chem. Soc. Fall Meeting.
(1) M. J. Rosseinsky, Chem. Mater. 1998, 10, 2665.  (2) P. Durand, G. R. Darling, Y. Dubitsky, A. Zaopo, M. J. Rosseinsky, Nature Mater. 2003, accepted.  (3) J. P. Hirst, J. B. Claridge, M. J. Rosseinsky, et al., Chem. Commun. 2003, 684.  (4) S. M. Moussa, J. B. Claridge, R. M. Ibberson, M. J. Rosseinsky, et al., Appl. Phys. Lett. 2003, in press.  (5) E. J. Cussen, J. B. Claridge, C. J. Kepert, M. J. Rosseinsky, J. Am. Chem. Soc. 2002, 124, 9574.  (6) M. A. Hayward, E. J. Cussen, J. B. Claridge, M. Bieringer, M. J. Rosseinsky, S. J. Blundell, I. M. Marshall, F. L. Pratt, Science 2002, 295, 1882.  
Dr Jianliang Xiao (JX) is Reader in the Department of Chemsitry at the University of Liverpool.  He was previously a Research Chemist at the ERATO Molecular Catalysis Project directed by Prof R. Noyori in Japan.  His research encompasses homogeneous catalysis, asymmetric synthesis, and Green Chemistry, and has been supported by EPSRC, British Council, COST and fine chemical and pharmaceutical industries.  The research has been presented in international and national meetings orally and by invitation, published in a number of papers, and highlighted by scientific media such as the ChemWeb Magazine Alchemist (Hot paper, 20th Apr. 2001), Chemical Innovation (Dec. 2000, p. 16), International Catalysis Congress (ICC) on Chem Web (Aug. 2000), and Chem. Eng. News (12th Jul. 1999). He has recently devised novel homogeneous catalysts and immobilised generic chiral catalysts through collaboration with industry and with EPSRC support.  He leads a team (in collaboration with Johnson Matthey) that has been awarded a DTI MMI project totaling ca. £860,000.  
(1) C. Ballie, J. Xiao, Current Org. Chem., 2003, 7, 477.  (2) S. Subongkoj, J. Xiao, J. Mol. Catal. 2003, 196, 125.  (3) W. Chen, L. Xu, Y. Hu, A. M. Banet Osuna, J. Xiao, Tetrahedron, 2002, 58, 3889.  (4) Y. Hu, W. Chen, A.M.B. Osuna, J.A. Iggo, J. Xiao, Chem. Commun., 2002, 788.  (5) J. Ross, L. Xu, J. Xiao, Organometallics, 2001, 20, 138.  (6) Y. Hu, W. Chen, A. Banet, E. Hope, J. Xiao, Chem. Commun., 2001, 725.  (7) Y. Hu, A. Banet, W. Chen, J. Xiao, Organometallics, 2001, 14, 3206. 

Strength of the Proposed Consortium.  This consortium involves five research-leading UK Departments (all graded 5 or 5* in the last RAE) and is a far more powerful multidisciplinary grouping than could be established in any one of the participating Universities, or indeed within any single institution worldwide.  In the last five years (1999–2003), the applicants have authored or coauthored, collectively, more than 300 research publications in the primary literature covering a diverse range of scientific topics.  The consortium has strong links with industry through a whole range of funded collaborations (Unilever, Uniqema, Thomas Swan, Johnson Matthey, others???) and is involved in a large number of international collaborations, not only within the EU via FP5 and FP6 but also with major collaborations involving Russia, China and USA.  The consortium will be new, although several of the proposers have strong, proven track records for collaboration (AC–MP–SK, AC–AH, AC–MR, MP–EL).  
1.
Introduction:  High-throughput (HTP) methodology has made a revolutionary impact in the areas of peptide/protein structure-activity relationships, pharmaceutical drug discovery and, more recently, catalysis.  In most cases, HTP methods have been applied to reactions which occur at ambient pressure and moderate temperatures.  However, many important chemical processes require the use of elevated pressures that range from a few atmospheres to a few hundred atmospheres, e.g.:  
· Organic reactions and catalytic processes involving gaseous reagents (e.g., hydrogenation, clean oxidation with O2, etc.)

· Reaction chemistry in supercritical fluid (SCF) solvents (e.g., organic synthesis, homogeneous catalysis, CO2-fixation)

· Polymer synthesis and materials elaboration using SCF solvents (e.g., polymerization, sol-gel chemistry, polymer processing)

· Polymer synthesis using gaseous monomers (e.g., polyolefins, metallocene polymerizations, ring-opening polymerizations)

· Solvothermal chemistry (e.g. zeolite aluminosilicate and aluminophosphate synthesis, low-temperature extended oxide synthesis, metal-organic frameworks)

As such, pressure is a basic process variable that impinges on many areas of chemical and materials research; it is therefore of widespread interest to academic and industrial researchers.  We contend that any reasonably generic HTP programme in the UK must encompass an activity that develops innovative HTP approaches to chemistry under pressure – particularly if we are to apply HTP methodology in the area of materials chemistry.  


Chemistry under high pressures is tackled conventionally using a laborious, serial approach (e.g., “one reaction per reactor per day”). There are commercial “multi-well” pressure systems (see 3.1), but the designs are relatively unadventurous.  There are not usually very many wells (typically 4–10) and pressure limits are quite low (50–100 bar).  Moreover, none of these systems allow reactions under continuous flow conditions.  In situ parallel monitoring under high pressure conditions (e.g., reaction visualization) is also difficult or impossible.  We propose to develop a unique suite of techniques for carrying out HTP high-pressure research that will give the UK a true world lead in this area by allowing the efficient exploration of parameter space in high pressure reactivity.  Our approach encompasses experimental design, equipment development, HTP synthesis and analysis, and informatics.  
2.
General Methodology:  The first step in our methodology (Figure 1) is chemical hypothesis, based on specific expert knowledge.  The second step is software-based factorial experimental design (a chemometric approach) where the goals are to generate chemical diversity, to maximize the information gained from a given number of experiments, and to facilitate modeling of the large data sets obtained.  AC has already used chemometrics successfully in his laboratory for the synthesis of polymer libraries (e.g., ambient-pressure free-radical polymerization) and for the discovery of new resin formulations (in collaboration with Glassbond, Ltd) using software such as Umetrics MODDE 6.0.  
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[image: image2]HTP synthesis under high pressures will be facilitated by two unique, custom-built pieces of equipment (see 3.1 & 3.2 below).  The (HTP)2 synthesis ‘module’ will be complemented by an HTP characterization module, some components of which are already under development within the network.  For example, as part of GR/S16744, AC is developing a high-pressure parallel gravimetric solubility analyzer that will be suitable for rapid solubility screening under high-pressure conditions.  AC has also established protocols for rapid automated GPC analysis, along with the basic equipment necessary for parallel polymer synthesis and purification (e.g., suite of Radleys reactors, Genevac parallel rotary evaporator, etc.).  We will develop three new HTP analytical techniques in this project:  (i) an in situ visualization module for high-pressure solubility analysis;  (ii) an HTP ATR–IR imaging system, and;  (iii) a microbeam X-ray diffractometer.  The final stage in our methodology is the analysis and management of the large data sets that will be produced (i.e., visualization, predictive modeling, archiving and cross-referencing of both data and physical samples) – this stage will involve collaboration with Dr Themis Bowcock (Liverpool, Physics;  Director of the AiMeS Institute – Advanced Internet Methods and Emergent Systems) in order to ensure compatibility and interfacing with the UK Grid informatics project.  
3.
New HTP High Pressure Apparatus:  This is a technically innovative proposal that involves collaboration between chemists, chemical engineers, and equipment manufacturers to develop a suite of five new technologies to enable the science proposed in Section 4.  
3.1.
Modular Multiwell High-Pressure Batch Reactor (0 – 250(C, 1 – 500 bar):  There is currently no facility worldwide that has adequate specifications for performing parallel experiments using SCF solvents and also for carrying out solvothermal reactions.  A number of “multi-well” pressure systems are commercially available, but each has distinct limitations:  (i) Baskerville 10-well reactor: AC has purchased one of these reactors (GR/S16744) and has used it extensively for polymerization reactions in compressed liquid solvents such as 1,1,1,2-tetrafluoroethane and for parallel solubility screening at low pressures (Wood and Cooper, Macromolecules, 2003, in press).  The system is useful in these roles, but is limited to pressures of 50 bar (too low for many applications) and is fitted with a central pressure manifold.  The system is therefore not suitable for use with SCF solvents because the contents of each well would simply mix in the manifold.  (ii) Hazard Evaluation Laboratories (HEL) 8-well Chem-Scan™ System:  An 8-well pressure system where each reactor is individually sealed.  This allows individual pressure control and pressure-monitoring in each reactor, but the maximum pressure is only 100 bar and the number of reactors is rather low.  (iii) ChemSpeed Accelerator™ SLT1000 Synthesizer:  This system can be fitted with pressure modules, each containing 16 pressure vessels, allowing up to 96 parallel pressurized reactions.  The reaction modules are integrated with a liquid-handling robot.  Nonetheless, the maximum pressure is only 100 bar and each 16-vessel pressure module has a central pressure manifold – again, not suitable for parallel SCF applications.  

Chemistry in SCF solvents (4.1, 4.2 & 4.5) requires pressures in the broad range 50–500 bar and typical temperatures of 20–150 (C.  Solvothermal chemistry (4.3) is generally less demanding in terms of pressure (< 100 bar) but may require temperatures of up to 250 (C.  In collaboration with Thar Designs, Pittsburgh (see Letter of Support), AC and MR will develop a new multi-well autoclave system for parallel reactions under high pressure conditions.  AC has extensive experience in the design of novel high-pressure equipment (see e.g., IGR report for GR/N39999).  The requirements for reactions in SCFs and those of hydrothermal synthesis are quite different, and our system will be modular in order to give us greater flexibility (Fig. 2).  The equipment will comprise a stainless steel heating base to allow the reaction vessels to be maintained at a constant temperature (–5 (C – 250 (C).  This base will accept one of two modules;  (a) 24-well SCF module (rated to 400 bar).  Features include (i) a simple, one-step closure system for all 36-wells;  (ii) automated dosing of fluids & gases using computer-controlled solenoid valves;  (iii) independent control of pressure in each well;  (iv) parallel computer logging of pressure profile in each well;  (v) magnetic stirring in all 24 wells.  (vi) Footprint that is compatible with a standard liquid-handling robot (Presto Liquid Handler) such that reagents can be dispensed robotically before reactor closure.  (b) 96-well hydrothermal module (rated to 100 bar).  Features include (i) standard 96-well plate format to allow reagent dispensing and subsequent product characterization;  (ii) a footprint that will allow direct introduction of the module into a Genevac parallel centrifugal evaporator (already in place in AC’s laboratory) for parallel removal of reaction solvent at the end of the reaction;  (iii) Robotic reagent dispensing, as above;  (iv) a Teflon™ sealing system that will allow each well to be fully isolated (no cross-talk during reaction).  This Teflon™ base seal will consist of 96-indents and will ‘drop away’ to allow the direct transfer of the array of products into a microbeam X-ray diffractometer (see 3.5) or other instrument (e.g., UV plate reader) for parallel analysis.  
3.2.
12-Well High Pressure Flow Reactor (20–250(C, 1–400 bar):   Continuous reactions are of crucial importance in high pressure chemistry because they are more readily scaled up than batch processes.  The UK currently has a world lead in continuous SCF reactions with the opening of the Thomas Swan 1000 tons p.a. plant in 2002.  Conventional SCF flow reactors are just too slow for efficient reactor optimization and catalyst testing. Our ‘multi-well’ flow reactor will overcome this problem.  This reactor will be developed in house by a University team (Nottingham). We will exploit features developed for our single automated continuous SCF reactor which is capable of simultaneous changes in parameters, including T, P, scCO2 and substrate flow rates. Uniquely, the reactor is coupled directly to the injection port of a GLC, with injection under high T and P directly onto the GLC column. In the multi-well design, one must to trade-off the number of reactors with ease of repair and trouble-shooting, else speed of operation is achieved at the cost of excessive down-time.  Our proposed design has six parallel reactors. The innovation will be to couple on-line high-pressure sampling with chromatographic analysis immediately downstream of each reactor. By splitting the inlet flow to the reactors by a series of automated valves, we can achieve the in situ injection of only one reactor whilst the others continue to run. The reactors could be run under isothermal conditions with various catalysts, or with many heating controllers at different temperatures with the same catalyst. The common factor between these configurations is the use of a single reaction substrate and a constant pressure. This means that a single back-pressure regulator (a very expensive component) can be used for the entire reactor cluster, both simplifying the design and reducing the cost of the equipment.  Each reactor can be connected to two different GC columns for simultaneous analysis of organic and gaseous products to provide accurate mass.  
3.3.

In Situ (HTP)2 Visualization System:   The measurement of solubility and determination of phase behaviour under high pressure conditions is of fundamental importance (e.g., in the discovery of new CO2-soluble surfactants and ligands).  The simplest and most widely used method is to conduct solubility tests in a ‘view cell’ (Kirby and McHugh, Chem. Rev. 1999 99, 565).  This is time consuming for large number of compounds, but it is currently not possible to carry out ‘parallel’ visual solubility tests because it is very difficult to reactors with large, pressure-resistant view windows (e.g., to view an area the size of a 96-well plate).  We propose to construct a new type of high-pressure vessel, fitted with narrow, rectangular optical windows of the type used in steam gauges.  This will facilitate the rapid screening of chemical libraries in standard 96- or 384-well micro-plates using automated image analysis.  The plates will be mounted inside a magnetically coupled “shuttle”, allowing the plate to be manipulated in the horizontal plane so that it can be visualised row-by-row.  This will minimize the size and hence the price of the windows employed.  The cell will be fitted with a pair of windows, above and below the plane of the micro well plate, to enable back-lighting methods to be employed so that image quality is optimised.  The vessel will incorporate a robust, clamp and seal system that has been developed at Nottingham over the past 5 years.  The simplicity of this closure system will allow the plates to be changed rapidly with minimal user effort.  The device will allow, for the first time, rapid parallel solubility screening for libraries of materials in SCF solvents (4.1.1 & 4.2) and also libraries of reagents for solvothermal synthesis (4.3.1).  
3.4.

(HTP)2 ATR–IR Imaging System:   FTIR spectroscopy is a potentially flexible method for HTP reaction monitoring, but it cannot record a spatially resolved image in a single snapshot.  Military-developed 64 ( 64 element IR array detectors have recently become available for civilian research, allowing the simultaneous measurement of 4096 spectra from different locations in a sample (or simultaneous measurements on up to 4096 different samples).  SK has developed a unique ATR-IR spectroscopic cell based on a diamond crystal for in situ analysis under high-pressure conditions.  The ATR crystal will be modified with a patterned grid where each element of the grid can serve as a cell/vessel for a separate sample (the size each element will range from 20 to 200 m).  Samples will be spotted…..   It will therefore be possible to obtain ‘chemical images’ from a spatially-defined array of many samples under identical (P, T) conditions.  In the long-term, we foresee a wide range of new applications such as reaction monitoring in SCF solvents, monitoring structural evolution in framework materials under solvothermal conditions (e.g., by algorithmic pattern recognition), and the [image: image3.emf]

parallel study of diffusional behaviour of new surfactants and ligands in SCF media.  Within the scope of this project (PDRA5, see Part 2A) we propose to construct and validate the equipment for use in determining solubility profiles for polymers (4.1.1) and catalysts (4.2) in scCO2.  This system will be complementary to the visualization system described in 3.3.  The visualization system will be able to screen solubility for quite large libraries of materials (up to 384) per run but will not give quantitative data.  By contrast, this parallel ATR-IR device will give spatially-resolved and time-resolved diffusional data, for smaller libraries of materials (4-16 per run), allowing us to carrying out rapid screening followed by accelerated, quantitative measurements on lead candidate materials.  Moreover, since the entire IR spectrum is recorded in each element, selective dissolution of a particular component of a sample can be monitored by using principle component analysis software.  
3.5.

Microbeam X-Ray Diffactometer:  X-ray diffraction is a generic tool for the identification and structural characterisation of new crystalline phases, and is an essential component of any HTP programme.  Diffraction patterns of arrays of new materials, prepared under ambient conditions or solvothermally in the multi-well high pressure reactor (2.2.1), will be measured by scanning the array across a microbeam diffractometer with parallel beam optics to allow the measurement of samples with rough surfaces.  MR will work closely with Bruker AXS to develop effective data collection and analysis methodologies, with particular emphasis on matching the diffraction patterns against existing databases and libraries built up over the course of this project.  We will also develop advanced analysis methodologies where both pattern matching and indexing routes are algorithmically explored.  The effective identification of new materials from HTP-produced sample arrays is essential for any discovery programme focussed on crystalline solids, and thus this part of the programme would represent a major generic development that could strongly complement other proposals in the EPSRC portfolio.  
4.
Specific Research Programmes:   Our overall aim is to develop in the UK a world-leading and generic HTP capability in high pressure research.  Initially, these techniques will be developed in the following specific areas:
4.1.

HTP Polymer Synthesis using Supercritical Fluid Solvents (AC, AH, EL, SK): CO2 is a clean solvent alternative for polymer synthesis (Cooper, J. Mater. Chem., 2000 10, 207) that has recently been commercialized by DuPont for the synthesis of Teflon AF, but there are a number of obstacles to more general implementation of this technology (e.g., expensive fluorinated surfactants, high pressure conditions).  Moreover, the large number of process variables (i.e., temperature, pressure, initiator concentration, monomer concentration, stirring speed, etc.) makes discovery slow and optimization laborious.  We propose an integrated (HTP)2 approach to this problem, encompassing accelerated surfactant discovery, rapid optimization of polymerization conditions, and HTP analysis of polymerization kinetics.

4.1.1. HTP discovery of CO2-soluble hydrocarbon surfactants:  As part of GR/S16744, AC is synthesizing libraries of copolymers using parallel synthesis (i.e., using ambient-pressure solution phase routes).  His team has developed a method for parallel gravimetric solubility measurement in SCFs (Wood and Cooper, Macromolecules, 2003, in press), but this method is limited to 10 polymers per run and pressures of only 50 bar (i.e., low pressure liquid CO2 only).  AC has developed protocols to synthesize and purify larger libraries of polymers (e.g., 96) relatively easily (i.e., in 2 days).  Thus, even when parallelized, the new gravimetric solubility screening proceeds at a significantly slower rate than the library synthesis, and we are limited to P < 50 bar.  We will use the In Situ (HTP)2 Visualization System (3.3) to carry out initial solubility screening for up to 384 materials in parallel.  We will then carry out quantitative solubility measurements on smaller subsets (< 16) of materials which exhibit promising phase behavior using the ATR-IR system described in 3.4.  This will be followed by convnetional phase behaviour determination (i.e., using a standard variable-volume view cell) for a few materials.  Even a 1% ‘CO2-soluble hit rate’ from a chemometric-designed library of copolymers would be quite acceptable and could lead to inexpensive hydrocarbon polymer (e.g., for the generation of cheap, ‘step-change’ CO2-soluble surfactants).  Approximately 250 new materials are already in hand as a result of GR/S16744, and we expect this number to be closer to 1500 by the proposed start date for this project.  
4.1.2. HTP optimization of polymerization conditions in SCFs:  There are a number of published studies concerning dispersion polymerization in scCO2 (DeSimone et al., 1994 265, 356, et seq.), but there are far fewer comprehensive studies concerning the optimization of reaction conditions (i.e., T, P, stirring speed, concentration, surfactant, etc.).  This is part of a more generic problem in high-pressure research that results from the laborious, serial ‘one reaction per autoclave per day’ approach.  AC has developed novel approaches to dispersion polymerization in SCFs such as the use of cross-linking monomers to inhibit particle coalescence (with AH, Macromolecules, 1999 32, 2156) and the use of alternative fluids (e.g., R134a, Macromolecules, 2002 35, 6743).  None of these systems has been properly optimized due to their complex multivariate nature.  We propose to use chemometric designed experiments in order to discover conditions where one can carry out dispersion polymerization in scCO2 using cheaper surfactants, at lower pressures, and with higher yields and molecular weights.  Using the multiwell batch vessel (3.1), we will carry out a series of designed experiments with the aim of understanding the factors affecting the polymerization (e.g., variable importance plots, identification of positive and negative synergies, etc.)  We will then construct models for measurable outputs such as yield, molecular weight, and molecular weight distribution (all of which we have the capability to measure in a HTP fashion) and thus predict sets of ‘optimized’ conditions which will then be tested and the results compared with the predictions.  No other groups are currently applying such techniques to these systems, and this methodology, once developed, will be applicable to a very diverse range of chemistry under high-pressure conditions.  Moreover, we believe that a combination of rapid innovation in the chemistry (e.g., HTP discovery of new CO2-soluble hydrocarbon polymers, 4.1.1) coupled with rapid optimization of reaction conditions for lead system will be an extremely powerful approach in an area where progress is traditionally quite laborious.  
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4.2.

CO2-Fixation for Synthesis (JX, EL, SK, AC):   The reaction of CO2 with inexpensive 1,3-butadiene in the presence of a metal catalyst leads to a range of value-added, multi-functional molecules (e.g., lactones, unsaturated carboxylates) and oligomers, of which the -lactone is of particular interest (Figure 3).  The selectivity of this reaction is generally low and can be influenced by the metal, the ligand, the solvent, the CO2 pressure, the temperature and various additives (see e.g., Elsagir et al., J. Organomet. Chem. 2000 597, 139).  This is mainly because the reactions proceed via butadiene, bis-allyl and mono-allyl intermediates, with the reactivity of each intermediate being controlled by a variety of variables.  As such, the complex multivariate parameter space necessitates an HTP methodology and requires a parallel reactor of the type outlined in 3.1.  We will use CO2 as both solvent and reagent, which should lead to faster reaction rates and may generate novel selectivities under eco-friendly conditions.  Our initial focus will be the coupling of CO2 and 1,3-butadiene using Pd, Ru, Pt, Rh, Ni and Co in conjunction with libraries of ligands available in JX’s group (Tetrahedron 2002 58, 3889; Organometallics 2001 14, 3206;  Tetrahedron Lett. 2001 42, 9085;  Org. Lett. 2000 2, 2675).  Experimental design and modeling (see 4.1.2) will be used to understand and control selectivity.  New ligand libraries will be screened for solubility in CO2 using the parallel visualization approach described in 3.3 or, for smaller more focused libraries, the (HTP)2 ATR-IR system (3.4)  Once a lead catalyst is identified, scale-up will be carried out using single high pressure autoclaves.


A further interesting but much less studied aspect of this chemistry is the possibility to intercept the M-allyl and M-bisallyl intermediates by forming M–R (R = H, aryl, alkyl) through transmetallation or protonation/reduction, thus giving rise to entirely different selectivities/products from the telomerisation/oligomerisation sequence (Takimoto and Mori, J. Am. Chem. Soc., 2002 124, 1008.  This will be explored initially under conventional conditions, and then rapidly optimized using chemometrics and the parallel batch reactor system.  
4.3.

Discovery and Bulk Synthesis of new open framework materials (MR, AC, EL, SK):   Porous materials are of considerable economic importance in separation, catalysis, gas storage, ion exchange, and detergent building applications. There is intense current interest in the diversity offered by metal-organic and metal oxide frameworks in comparison with traditional aluminosilicate zeolite materials – these materials offer more complex structures with non-tetrahedral frameworks, diverse chemical functionality, and the redox, optical, and magnetic properties of the transition metal components. This enhanced chemical and structural complexity offers significant advantages:  for example, such frameworks display leading figures of merit for methane and hydrogen storage, and have afforded the first homochiral microporous materials.  

There are, however, very real difficulties in exploiting this potential – the intrinsic compositional complexity renders comprehensive examination of not only composition space but also attendant (and vital) variations in solvent, temperature, pressure, pH, ionic strength etc quite outside the realms of what is possible with a serial approach. An equally important and related problem is the difficulty in identifying conditions appropriate for the bulk synthesis of potentially interesting materials that are available only in low yields or as single-crystal components of multiphase materials. Our aim here is to investigate composition and reaction space exhaustively for several novel systems and to identify novel open-framework materials with properties that are either superior to or intrinsically unattainable in traditional materials. The novel parallel solvothermal reactor module will allow us access to T and P conditions beyond those available to previous workers in parallel solvothermal synthesis.  Moreover, we will develop parallel characterisation methods (4.3.3) to cope with the large libraries of samples produced.  
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4.3.1.
New Microporous Extended ( Systems for Gas Storage:  The storage and transport of CH4 and H2 are key technological goals in the construction of future mobile and static energy delivery technologies (Menon and Komarneni, J. Porous Mater. 1998 5, 43). The recent demonstration of exceptional methane storage capacity in metal-organic framework materials (Yaghi et al., Science 2002 295, 472) and of non-zeolitic sorption behaviour in such systems (Cussen et al., J. Am. Chem. Soc. 2002 124, 9574) reveals great potential for the handling of important permanent gases. The construction of microporous metal-organic frameworks from functionalised extended (-systems is a key objective, given the importance of H2 – ( system interactions in graphite and need for micropores of precise sizes to interact strongly with hydrogen molecules at moderate temperatures and pressures (Dillon and Heben, Appl. Phys. A 2001 72, 133). We have prepared two new classes of microporous organic-inorganic hybrids which contain the extended ( systems required for permanent gas storage. Their basic structures suggest the incorporation of metal oxo units into the structured under hydrothermal conditions will produce new classes of material. The extended bipyridyl ligands 1 and 2 form two dimensional square layers that can be pillared with SiF62- to afford networks with up to 75% void volume (Figure 4). Preliminary high temperature in situ diffraction and gas sorption measurements indicate that these materials are robust to guest loss, but scale-up of the synthetic procedure is difficult as the reactions are slow at ambient temperature. This is an ideal test case for the rapid, parallel identification of suitable solvothermal conditions for the isolation of this phase. This will be coupled with replacing the small inorganic SiF62- linker with larger linear organic linkers such as terepthalate and biphenyldicarboxylate. This will require comprehensive exploration of the accessible variables of solvent, T, P and concentration.  

The sulphate anion is rarely a framework-forming component in porous materials, but we have recently shown that it forms a new Co(4,4(bipy)SO4 microporous material, suggesting a comprehensive search for analogous materials with organic sulphates and extended bipyridyl ligands replacing the components of the original example.


Our recent synthesis of a hybrid naphthalene dicarboxylate/bipyridyl framework motivates the exploration of the solvothermal chemistry of more  (- rich dicarboxylates – 1,6 – pyrenedicarboxylic acid and 9,10 – anthracene dicarboxylic are straightforward to prepare (Connor et al., J. Polym. Sci. A, 2000 38, 1291) and offer challenging chemistry as solvent systems will have to be carefully chosen to solubilise both metal and (- rich organic components.  (HTP)2 solubility screening under solvothermal conditions will be facilitated, for the first time, by the parallel visualization approach described in 3.3.  Initial work will focus on pure carboxylate frameworks - identification of suitable conditions will allow this to be extended to more complex frameworks containing both carboxylate and extended bipyridyl ligands. 

4.3.2. Chiral Metal-Oxo–Organic Hybrid Systems:  We have recently prepared the first microporous homochiral material using alcohol templating of a helical metal-organic framework. The use of chiral building blocks as part of the framework itself is a natural extension of this chemistry. We will use the solvothermal conditions and the new parallel batch reactor to enhance both compositional complexity and robustness by introducing oxo/hydroxy bridges. The chiral diacids citramalic acid, camphoric acid and saccharic acid, together with the amino diacids glutamic acid and aminoadipic acid, will be investigated with transition metal (Fe3+,Cr3+,Ni2+) and lanthanide (Pr3+, Nd3+, Tb3+, Y3+) ions (note the catalytic activity shown by non-porous organosulphates M. Snejko et al Chem Comm 2002, 1366).

4.3.3. Rapid Screening for New Phases:  We will work closely with Bruker AXS to develop the flexible EVA analysis software to allow phase identification against JCPDS and internal databases, and the passing of previously unidentified Bragg reflections to robust autoindexing suites to allow new phase identification. The major challenges will be (MR??)….. The availability of video microscope recording will allow arrays to be scanned optically for the presence of single crystals. Identification of new reflections in phase mixtures will allow the construction of second-generation “focus “ libraries where the conditions for the isolation of pure phases can be optimised.
4.4.

Rapid Optimization of Continuous Organic Reactions using SCF Solvents (MP, EL):  Most current research in this field is based on either supported noble metal or solid acid catalysis (Baiker, Chem. Rev., 1999 99, 453;  Hyde et al., Appl. Catalysis, A Gen. 2001 222, 119). The next major development in this area will almost certainly involve the application of immobilized homogeneous catalysts that can often provide the increased chemo- and enantioselectivities that are demanded by the contemporary chemicals and pharmaceuticals industries. The improved mass transport properties associated with SCFs may be employed to accelerate reaction rates alleviating lower turnover frequencies that are often characteristic of immobilized catalyst systems (Meehan et al., Chem. Commun. 2000, 1497).  (HTP)2 will be crucial for the efficient development of new processes based on such catalysts.  Key problems associated with process development include identification of the best ligand / metal combination for particular transformations, finding optimal reaction conditions (p, T, flow rates etc), assessing catalyst lifetime, and indeed quantifying metal leaching.  Currently, reaction optimisation is a tedious, manual routine that in some cases can take up to six man months.  The development of an automated, multi-tube, parallel reactor system, will lead to this development time being cut by at least a factor of 10.  This is likely to lead to an increase in the commercial uptake of this emerging technology.  Initially we will target (i) hydroformylation, where the key barrier is finding effective catalysts with low levels of leaching and (ii) oxidation, where the non-flammability of scCO2 should provide a step change in safety over current oxidation processes. Both hydroformylation and oxidation have very recently been highlighted as prime areas for SCF chemistry (Beckman, J. Supercrit. Fluids, 2003, in press). Other target reactions will include hydrogenation (both asymmetric and non-asymmetric) and C–C bond forming reactions (e.g., Friedel – Crafts, Heck, Stille and Suzuki).  This work has the strong support of Thomas Swan & Co. Ltd., who are currently pioneering SCF chemistry on a commercial scale.  

4.5.

Solid-Supported Organic Reactions using SCF Solvents (ABH, AIC):   In previous research projects we have invented (AH and AC) the synthesis of well-defined macroporous monoliths which we believe will serve as suitable solid phase supports for supported phase synthesis using dense phase (preferably supercritical) CO2 as the solvent (Cooper and Holmes, Adv. Mater., 1999 11, 2170).  This concept can be extended to the use of reagent-supported macroporous beads, as further developed by AC and colleagues (Wood and Cooper, Macromolecules, 2001 34, 5).  We also envisage the exploitation of such porous solid phases as separation media for reaction products in quasi-continuous flow reaction processes.  Our synthetic studies using CO2 as solvent have demonstrated that palladium-mediated C–C coupling reactions may be effected by suitable selection of solubilising ligands for the palladium complex, and by the choice of substrates which are solubilised in the reactants.  We have exemplified Heck, Suzuki, Sonogashira and Stille reactions, the use of simple alkylphosphines as ligands, the potential for phosphine-free reactions using a tetra-butylammonium bromide additive, polymer-supported reagents, and a polymer-encapsulated palladium catalyst.  
4.5.1. HTP Screening of Polymer-Supported Reagents for Continuous Flow Manufacturing Processes:  Using both the multi-well batch reactor at Liverpool and the continuous flow equipment at Nottingham, we now propose to conduct a systematic acquisition of data to design optimum conditions for rapid and efficient continuous flow process for Heck and Suzuki coupling reactions.  We will target important aromatic compounds as intermediates for applications in the pharmaceutical industry.  We shall be selecting from combinations of designed supports using the macroporous bead technology, selected polymer supported reagents and substrates and solid phase ligands for immobilising Pd catalysts such as  phosphines, phosphites and phosphoramidites which have potential for mediating these selected coupling processes.  
4.5.2. Aromatic Amination Reactions:  Aromatic amines are important compounds for applications in xerography as well as for key neuroactive pharmaceutical compounds.  Development of a carbon dioxide-mediated process for the synthesis of a vast family of such compounds is extremely attractive.  The conventional wisdom is that amines in carbon dioxide become unreactive owing to the formation of carbamic acids, and this concept has even been used to ‘protect’ the amine from unwanted side reactions in scCO2.  Our initial experiments at aromatic amination of amines has confirmed this observation, but we have recently demonstrated in unpublished work that it is possible to arylate certain N-silyl amines without intervention of the unwanted carbamate (Scheme Y).  In our view the development of reliable continuous flow aromatic amination reactions on solid phase supports in scCO2 offers huge attraction and potential for manufacturing in this solvent which could have enormous benefits to the pharmaceutical and electronics industries if the product could be isolated by rapid expansion and precipitation techniques from the dense phase carbon dioxide.  

[image: image6.emf]The first aromatic amination reactions in scCO2 have been reported.  The use of a silylamine as a protio-analogue is essential in order to achieve good conversion.  Electron deficient aromatic silylamines and electron deficient aryl bromides have been found to be the best substrates.  Electron rich aromatic silylamines and electron rich aryl bromides are relatively poor substrates.  

In this project we shall examine the application of this methodology to the synthesis of triaryl amines.  In addition we will investigate the possibility of extending this methodology to the synthesis of mono-aromatic amines.  This would involve either the coupling of an aliphatic silylamine or alternatively the use of an aromatic silylamine in which the aromatic group acts as a form of amine protecting group and which can be readily cleaved at a later stage in the synthesis.  

Finally we shall develop novel silicon linkers for conventional and new solid phase supports to which our aromatic amination substrates can be attached for the development of a continuous process for synthesis of aromatic amines.  Our support will start carrying a loaded Si-tethered aromatic amine which will be displaced and coupled with another aryl halide.  Reactivation of the Si tether and attachment of a new aromatic amine via silicon will lead to the regenerated substrate for another synthesis cycle.  

Successful rapid evaluation of substrates and products for the end-user industries such as Astra-Zeneca and Syngenta will depend on high throughput screening in collaboration with our partners at Liverpool and Nottingham.  

We are requesting a PDRA spread over the 3 year programme at 65% effort which will enable us to maintain full partnership over the life of the project while partially deploying the PDRA on related EU projects.  The technical support is required to allow Dr Alan Rickard to devote 5% of time to maintaining the SCCO2 facility in the Melville Laboratory.  We have justified consumables at a modest £8K p.a. to provide essential chemicals, solvents and CO2-related components and annual travel of£1K p.a. to enable the collaboration with our UK partners as well as to attend one international meeting during the life of the project.  

5.
Resources:  As outlined in the narrative, we request a total of £1.09 M for this project (£490 k staff + £434 k capital equipment + £150 k consumables+ £19 k travel).  Most of the projects require experienced PDRA support, and a total of 5 PDRAs and 2 PhD students are requested between the 7 researchers.  These staff will complement and transfer HTP methodology to a large group of existing researchers (more than 70 fixed-term research staff with the collaborating research groups). 
6.
Project Management:   This project will establish a new UK research network: most of the sub-projects involve at least one completely new partnership.  Regular project meetings will be held, including 6 monthly meetings where all 7 investigators plus research staff meet to share developments and plan research strategy.  This will be coupled with electronic data and resource sharing through the establishment of a secure network (collaboration with the GRID project).  In the longer term, we view this project as an enabling UK capability;  by effective dissemination, we will seek collaboration with research groups outside of this team from the outset.  
7.
Research Infrastructure:  In addition to the specific infrastructure available in the respective Departments, AC, MR and Prof. P. Hodge (Manchester) are applying to the North West Development Agency (NWDA) to establish a UK Centre for HTP Materials Discovery.  If successful (decision later this year), there would be a very strong synergy between these two activities, particularly since the Centre would be based on a strong academic–industrial partnership.  Nottingham has a strong track-record in exploitation of high pressure chemistry and a full-time Technology Transfer Scientist promoting the wider applications of SCFs.  Similarly, Cambridge (and the AH group) has an outstanding track record for transfer of polymeric materials technology into industrial applications.  





















Figure 5





Figure 2:  Schematic representation of (HTP)2 ATR-IR solubility measurement for 16 samples in parallel.  Detector has 4096 elements (only bottom right area is subdivided for clarity).  For samples which dissolve (image on right), the sample ‘spot’ diffuses radially with time, and multiple dissolution profiles can be collected in parallel.  
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Figure 1:  Outline methodology for (HTP)2 chemistry.  Note that some of the ‘modules’ have more than one potential use (e.g., the 96-well HTP solubility analyzer can be used for HTP purification by carrying out parallel SCF extraction on an array of samples).  Specific equipment to be developed in this proposal is shown in the shaded boxes.  
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