(JREI) Computer Simulation of molecules, molecular interactions and materials: EPSRC GRANT GR/M92287

Summary

This was a JREI grant for the purchase of a multi-processor computer to carry out a series of projects in the area of molecular dynamics, ab initio quantum mechanics and chemical informatics.  The science involved a mixture of high-performance computing calculations to be carried out by specialist simulators (Dr Wilson (molecular dynamics/Monte Carlo), Prof. Hutson (quantum mechanical studies of intermolecular forces), Drs. Clark and Tozer (density functional theory)) and calculations to be carried out in conjunction with complementary experimental studies (Prof. Harris (solid state NMR), Prof. Howard (X-ray Crystallography), Dr. Fox (NMR/synthetic work), Dr. Cooper (X-ray and IR studies).

The project has been immensely successful. The computer equipment purchased has provided the main computational resource for the staff members identified on the grant, plus 12 Ph.D. students and 6 PDRAs in the various research groups over a three-year period; and has led to 49 theory publications and a further 23 publications which have included a (sometimes substantial) computational element in addition to experimental work. The work has in many cases been world-leading. Evidence of quality has been provided by numerous international invitations for talks (over 30) as well as invitations to national conferences and seminars at University departments. Recent highlights include a NATO ASI 2003 (Computer simulations of polymers and liquid crystalline polymers  - MRW), Gordon Conference on Ionic and Molecular Clusters 2002 (JMH), Materials Science Conference Tokyo 2003 (SJC) and a visiting professorship (JMH, University of Colorado (Aug. 2001-Jul. 2002)). All these are indicative of the quality of science achieved.

The authors have been successful also in obtaining follow-on funding, made possible because of the success of this grant. Most notable have been grants for MRW(3),  JMH(1) and SJC(2) (listed in full on the IGR form), where follow-on funding has partly been enabled by the work done on this grant. 

In terms of the research helping the “beneficiaries” listed on the original grant, we feel that real benefits have come from the computer systems purchased and the science made possible by them. An industrial CASE student was sponsored by Merck during the grant period, and he was able to make good progress on the industrially important problem of designing new materials with high helical twisting powers (as described below). The new parallel molecular dynamics program (gbmol_dd) written on the SUN system, is now being used by a number of groups and is available free to the academic community. The research on new potential energy surfaces is already being used by experimentalists (see below). Other researchers are already using the new DFT functionals developed during this project, and the non-local functionals are now available in the CASTEP code, which is distributed freely to the UK academic community. In addition, SUN have also benefited from the collaboration with Durham. The code development projects (supported by SUN under the collaboration) have helped identify several problems with the SUN parallel libraries and compiler, which have now been rectified.  

Summary of Grant Expenditure
 This was a JREI application, which was applied for with Open Computers & Finance Plc (in partnership with Compaq) providing the industrial collaboration. In addition the University contributed a figure of £31,396.76 to the computer equipment, as this was seen as a major strategic project within the University. The value of the total expenditure was such that EU procurement rules demanded a full procurement exercise to be carried out by the University. The JREI rules were adhered to during the procurement, so it was necessary for companies bidding for the computer equipment to provide at least the same level of external contribution that was specified in the original proposal. In addition, because of the collaborative nature of the proposal, it was essential for bidding companies to be involved in the project as a full collaborative partner. As a result of the procurement exercise new collaborators, Esteem and Sun Microsystems, were identified. Sun contributed fully to the collaboration through on-site training courses, aid in parallel program development and backup and support for the system. In addition Sun were able to contribute a far larger sum to the project than was offered by Open Computers & Finance Plc in the original proposal. 

The grant funded the purchase of chemical modelling software and a 48 processor Sun computer. The latter was composed of twelve 4-processor shared memory machines, linked together by fast myrinet communications. At time of purchase it provided a state-of-the-art powerful parallel computing facility at an exceptional price.
 The Department of Chemistry supported the machine through provision of expert support. Initially this was through a computer office employed directly in Chemistry (Lydia Heck). Later this support was outsourced to experts within the IT service in Durham, taking advantage of UPS and generator backup provided by the latter.  Throughout the grant the machine has run with minimal downtime and has been used to full capacity. A sophisticated batch queue system ensured a mix of single processor and multi-processor jobs could be run at the same time; and that the machine could provide good through put for the range of applications required.  

We expect to run the machine for a further 18 months, by which time on-going rapid improvements in CPU performance will render the machine obsolete. The University has recently announced the purchase of a £1.5 million machine, to be purchased through SRIF2. This will effectively be the successor to the current JREI machine and we expect to start transferring work from the current to new machines in late 2004/early 2005. 

Summary of Research Outcomes

Here we summarise the main results that have arisen from the research. Because of the varied nature of the work carried out, it is difficult to provide a full account of all the science within six pages. Consequently, further details of the science have been made available on the website for this grant. The web-site contains also a full publication list (72 references).
  

Area 1: Simulation of liquid crystals (Dr. M. R. Wilson and Dr. S. J. Clark)

A joint project was undertaken with to carry out plane wave density functional theory (DFT) calculations on molecules made from liquid crystal fragments. In conjunction with molecular dynamics simulations of these “fragment molecules” in the bulk liquid, the DFT calculations have been used to develop accurate force fields to describe the interactions in liquid crystal molecules.
 The new force fields have been used to simulate bulk nematic phases using molecular dynamics methods and calculate some of the key physical properties that determine the behaviour of liquid crystals in displays (e.g. rotational viscosity coefficients).
 These calculations were carried out by David Cheung, a EPSRC DTA student and represent the most accurate calculations of liquid crystal phases to date. 

We have also carried out calculations of the helical twisting power (HTP) of liquid crystal chiral dopant molecules. This has been worked sponsored by Merck in the UK, through an industrial CASE award. Here, molecules with a high HTP are required for doping into nematic liquid crystal polymers, which are then cross-linked to provide panels that can dramatically improve the viewing characteristics of liquid crystal displays. Before this work Merck have not been able to obtain the HTP of a new material prior to synthesis. The latter can involve many months of hard work to obtain a new material that may have a low HTP. The programs developed during this project are capable of screening new materials prior to synthesis.
 

We have also been able to test a number of simplified models for liquid crystals.5 These include the first determination of the phase diagram for a soft repulsive spherocylinder model and calculations of rotational viscosities of a number of Gay-Berne models. Insights from these simpler potentials, allow us to obtain a better understanding of the relationship between molecular structure and material properties. The spherocylinder system has proved particularly useful. It provides nematic and smectic-A liquid crystal phases that are computationally cheap and, as such, can be used as liquid crystal solvents for studies of dopant ordering (including chiral dopants) and as a reference system for development of new methods for the determination of material properties. As such it has already being used by several international groups. 

Area 2: Development of Parallel molecular dynamics software (Dr. M. R. Wilson)
A new parallel molecular dynamics program has been developed. The program uses a technique known as domain decomposition that greatly improves the parallel performance on a multi-processor machine. It can be used to simulate molecules with arbitrary connectivity composed of both spherical and nonspherical interaction sites. The program is ideal for the simulation of coarse-grained models for systems such as liquid crystals, oligomers, polymers, dendrimers and large polyphilic molecules.
 The program is being further developed as part of  a new EPSRC HPCx project grant, and is one of the key simulation codes for the proposed UK consortium on “Multi-scale modelling of Liquid Crystals for Optical Devices”.
Area 3: Understand interactions between ultracold atoms and molecules (Prof. J. M. Hutson)

The proposal originally envisaged that JMH’s work would focus on extending his recently-developed morphing procedure for developing accurate potential energy surfaces to more complex systems. Work of this type was indeed done for He-OCS,
 and the resulting potential surface is being used extensively by other groups in calculations on liquid helium droplets. In addition, JMH has carried out quantum dynamical calculations of bound states for a variety of systems including large clusters containing open-shell molecules,
 floppy Van der Waals trimers such as Ar2HF that are important in studies of nonadditive intermolecular forces,
 and most recently fully coupled non-adiabatic calculations on Br-HF,5 which is topical because Roger Miller's group (North Carolina) have recently succeeded in observing its spectra in liquid helium droplets.

During the course of the project, JMH began work in a new area, the study of interactions between ultracold molecules. Collisions between such molecules are crucial in experiments on cooling and trapping molecules, aimed at producing a molecular Bose-Einstein condensate. It is in this area that JMH’s research group has made its most extensive use of the JREI system. In collaboration with Jean-Michel Launay (Rennes), they have carried out the first ever quantum calculations of low-temperature reactive scattering in an alkali atom + diatom system.
 They have also done a substantial amount of work on calculating potential energy surfaces in systems such as K + K2 and Li + Li2,5 where the interactions are complicated by conical intersections, and have recently begun calculations on interactions between molecules such as NH and Rb atoms, which are important in current attempts to achieve sympathetic cooling of such molecules by thermal contact with a laser-cooled Rb gas. 5
Area 4: Investigation of exchange-correlation functionals in density functional theory (Dr D. J. Tozer and Dr. S. J. Clark)

High quality exchange-correlation potentials, determined from ab initio electron densities, were used for the first time in hybrid exchange-correlation functional development. The resulting functional, denoted B97-2,
 gives chemical reaction barriers that are twice as accurate as those from the popular B3LYP functional. B97-2 also provides an accurate description of the potential energy surface connecting oxirene and ketene5 and performs well in quantum dynamics simulations of the H + H2 reaction.5
Detailed investigations were performed into the quality of molecular predictions from the ¼ generalised gradient approximation (GGA) functional. The functional was shown to provide particularly high quality bond length and harmonic frequency predictions for a new benchmark of diatomic molecules;
 the results surpass those of hybrid functionals. It was also successfully applied to a benchmark of challenging sulfur-containing molecules.5 

It has been demonstrated that molecular semi-empirical exchange-correlation functionals can perform poorly when applied to bulk semiconductors.5 An alternative approach – the weighted density approximation (WDA) – was therefore investigated, paying particular attention to the quality of the exchange-correlation holes.
 

The calculation of NMR shielding constants and chemical shifts is a significant challenge for density functional theory. For first- and second-row main group nuclei, conventional exchange-correlation functionals give shielding constants that are significantly too deshielded. A new approach, denoted multiplicative Kohn-Sham (MKS), was developed for calculating shielding constants directly from theoretical electron densities. The results demonstrated that high quality shieldings can be obtained in DFT, without the need for explicit current dependence.
 The method was also applied successfully to the calculation of magnetisabilites.5 More recently, new exchange-correlation functionals have been developed that provide high quality shieldings and chemical shifts, without degrading other molecular properties.5
Area 5: Calculation of nuclear shielding parameters (Prof. R. K. Harris)

The program Gaussian has been used to compute nuclear shielding (and hence chemical shifts) for a wide range of organic/pharmaceutical compounds.  The target systems have been crystalline solids, so in general molecular clusters have been used to simulate the local environment of individual molecules in the crystal.  The results have been compared to experimental data obtained by the magic-angle spinning NMR technique.  Among the systems studied are flurbiprofen(I), sulfanilamide(II),5 milrinone(III), methylnitroacetanilide(IV),5 histidine hydrochloride(V)5 and carbamazepine(VI).  Both 13C and 1H shifts have been computed in some cases, frequently as a function of dihedral angles, in order to understand the relation of shifts to geometry, in particular when different polymorphs exist, as for II and IV.  For the white form of IV, the 1H shift of the hydrogen bond has been computed as a function of N-H distance (see the figure) and thence the hydrogen located accurately (in contrast to XRD results). 5 The method was validated using V.  For I we have tested (in collaboration with Dr. C. Pickard, Cambridge)5 the value of computations using the CASTEP program (based on repetitive structures using plane waves) by comparing cluster calculations using Gaussian.

The energy of substituted triazines has been computed using Gaussian 94 as a function of dihedral angles of substituents and hence the barriers to internal rotation obtained for four separate situations (all involving C-N bonds) using the QST3 method.  The order of the four barriers, all of which are present in a dyestuff studied by solution-state NMR, are consistent with the variable-temperature experimental evidence.
,
 The 15N NMR chemical shifts of a member of the triazine series have been computed both for an isolated molecule and for two types of hydrogen-bonded dimers.16 The results rationalise the observed MASNMR chemical shifts and were used to assign the experimental spectrum.

Lack of suitable research personnel has meant that no computations have been carried out on aluminosilicate oligomers.  Instead, isotropic shielding constants have been computed for Sn nuclei in a series of systems:  (a) For simple compounds, with comparisons to experimental results,
 (b) for a series of heterometallic cyanides,
 and (c) for trimethyltincyanide.5 For (b) this has led to an understanding of the effect of Sn-N-C angle on the shielding, which allows assignment of the four 119Sn resonances for solid [(Bu4nN)0.5(Me3Sn)3.5Fe(CN)6.H2O].  The Me3SnCN computations show that the structure must consist of ordered Sn-N-C…Sn-N-C… chains.  The tin computations were started on the Columbus Cluster at the Rutherford-Appleton Laboratory but continued on the system supplied by the present grant.
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Area 6: Chemical Informatics and Simulation of X-ray diffraction patterns (Prof. J. A. K. Howard FRS and Dr. S. J. Cooper)
The facilities provided on the grant allowed for extensive informatics work to be carried out. These studies used primarily the Cambridge Structural Database for data-mining in attempts to understand the structures of chemical similar species. The calculations were closely tied to experimental X-ray diffraction studies of new materials.
 The facilities were also used for calculation of charge densities for comparison to those obtained through X-ray studies.5
In the original proposals it was intended to use the computer facilities obtained to run molecular dynamics simulations that would investigate the possibility of a hydrogen bond rearrangement occurring at the Brill transition in nylons.  However, at the start of the grant we were fortunate to obtain conclusive experimental data that the hydrogen bond rearrangement did not occur,5 and consequently the molecular dynamics simulations were not performed.  Instead, we have used the Cerius II software obtained on the grant to simulate oriented X-ray diffraction patterns that we compare with the experimental data.
 Work in this area is ongoing; for instance recently we have been modelling the surface regions of polyethylene films and have shown that the surface crystallites have a contracted unit cell corresponding to 94-95% of the bulk value. 5
Area 7: Structural determination of new carboranes and related species (Dr. M. A. Fox)

The Sun machine proved to be a very valuable tool for structural determination of new carboranes and related species synthesized here at Durham and in Leeds and Bath. An in-house program was developed to extract relevant information from optimised Gaussian geometries and SHELXTL files to rapidly compare coordinates (and associated geometrical misfits) and calculated boron, proton, carbon and fluorine NMR shifts.

It was found that the MP2/6-31G* level of theory was excellent for realistic geometries of heteroboranes. DFT (e.g. B3LYP/6-31G*) proved to be poor for geometry optimization of heteroboranes - no better than HF/6-31G* in most cases. However the B3LYP/6-311G* level of theory was good enough for accurate NMR chemical shifts determined from MP2-optimized geometries. The biggest margin of error between observed and computed 11B NMR shifts is 2ppm which is excellent over the typical 11B range of 100ppm. The method reached such a confidence level that only observed 11B NMR data are needed to determine the geometry of a new heteroborane. This combined ab initio/NMR/X-ray method has proved to be instrumental in synthetic research on boranes, carboranes and borazines.
 This method was also found to be useful in determining anion-cation and hydrogen bond interactions in solution.

MAF has collaborated also with colleagues at Durham and with Dr Weller of Bath by providing calculated boron NMR chemical shifts to determine the molecular geometries of new heteroboranes synthesized by their groups. 

� The University and Research council contribution together amounted to approximately 20% only of the list price of the system purchased.
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