Individual Grant Review – EPSRC Grant GR/M21676/01

COMPUTER SIMULATION OF LIQUID CRYSTAL PHASES USING ATOMISTIC POTENTIALS

A) Background and Context

This report describes scientific research into the simulation of liquid crystalline systems, as part of a three year EPSRC funded programme of research from October 1999 – October 2002. The grant money funded a Ph.D. student, Lorna Stimson, and provided equipment money (approximately £20000) for the purchase of computers to carry out the simulation studies. 

Lorna was recruited from the University of Durham, following a 4-year Master’s degree in Chemistry. She is due to submit her Ph.D. thesis at the start of January 2003. During her Ph.D. she received excellent training in a 5* research department,
 was able to attend a large number of conferences and present her results,
 attend an EPSRC funded Summer School and attend a CRAC course.  Following a successful presentation of her research at a CECAM workshop on Advances in Computer Simulations of Liquid Crystals (Erice, July 2002), she was recruited to work on a prestigious EU funded network as a PDRA.
 The post in Demetri Photinos’s group (Patras, Greece) starts in January 2003.

B) Expenditure 

At the time of application, it was originally envisaged that a 2-processor SGI Octane system would be purchased. By the start date of the grant, computers had advanced. The most cost effective computing was provided by DEC alpha workstations (433 a.u. machines). Accordingly, three of these machines were purchased from the grant. Industrial collaborators at Merck NB-C UK provided an additional machine, and the University of Durham provided a further machine. Networking of the five machines, together with installation of MPI (message passing interface), provided a powerful parallel compute facility to carry out the science. Since installation (with the exception of short stoppages for minor hardware problems and software upgrades), the machines have been employed 24 hours a day during the project. Standard studentship maintenance grants increased considerably during the period of the grant. This meant that expenditure on the staff element of the grant was a few thousand pounds extra. However, savings from the equipment budget and consumables, were sufficient to meet these additional costs. Other than this expenditure was largely as planned in the original proposal.

C) Research Impact

The work on the grant has been extremely successful, leading to the publications listed in the IGR form, plus four additional works, which we expect to be able to submit in the near future.
 The grant has also provided first-class training for a Ph.D. student in a grade 5* department, leading to a research job for the student, (Lorna Stimson). The research work has been presented at a number of International Conferences as Invited Talks and at a number of departments as Invited Seminars. These include invites to the RSC Materials Discussion 4 (Grasmere, Sept 2001), The CECAM meeting Advances in Computer Simulations of Liquid Crystals (Erice, July 2002).  University of Oxford (Dept. of Materials, 2000), Merck (Darmstadt, Germany 2000). A testimony to the importance of the science is provided by the research elsewhere into similar topics. For example, the new atomistic simulation work in Zannoni’s group in Bologna,
 and the research work on rotational viscosities from atomistic models at Merck (Darmstadt) and elsewhere.14 LC simulations  was one of the key topic areas at this year’s CCP5 conference, and a meeting on Polymer liquid crystal simulation is being planned for Erice in 2003. 

Some of the science is of immediate industrial interest. Merck (Darmstadt) invited MRW to Germany to discuss dipole correlation factors and rotational viscosities in nematics, then visited the group in Durham to learn how these calculations were carried out. Merck NB-C UK provided a DEC 433 a.u. workstation for this project, and an additional student for the project in 2000 (David Earl, Industrial CASE award). Merck have a particular interest in the chiral work, which will be used to help design new chiral dopant materials for commercial applications (see section D for details).  

Finally, this work has led to further EPSRC grant applications and additional funding. MRW (PI) received a JREI/EPSRC award to provide a 48-processor parallel machine for research projects in the Department of Chemistry (Durham).
 The Monte Carlo molecular simulation program, written during this project, is now being developed as a parallel application in a new EPSRC grant.
 Two further grant applications are currently being considered. These will aim to:

a) develop new methods for calculation of bulk material properties from atomistic simulations, 

b) develop parallel simulation methods for the HPC(X) supercomputer. 

Both proposals rely heavily on the initial work done in this project. 

D) Key Results

The proposal has led to important research results in three key areas. For each area, these represent either the first simulation study of its kind, or the most sophisticated study to date. The results have already made a significant impact internationally, with regard to conference invitations (above), research presentations, and further research support. A detailed discussion of the main research findings and the progress of the science is described in the project review (section E), with the main results summarized below.. Further details and a pictorial summary of the simulation work can be found on the group web-site.
 The latter has been designed with regard to public understanding of science, and disseminating the results of our research to a wider community.
1) Atomistic simulations

State-of-the-art ab initio force fields have been developed to model liquid crystal molecules. These have been used to carry out the most accurate simulation studies of liquid crystal molecules to date. In turn the simulations have allowed us to provide predictions for key material properties in the isotropic liquid and nematic liquid crystal phases, including densities, order parameters, rotational viscosities and dipole correlation factors. 

2) Semi-atomistic studies  -simulations of macromolecular liquid crystals

Hybrid models consisting of Gay-Berne and Lennard-Jones sites have been used to provide the first off-lattice simulations of a liquid crystal side-chain polymer, in the bulk state and a liquid crystalline dendrimer. These have been used to understand molecular organization in these materials (first studies of their kind). The project involved developing and testing a new parallel molecular dynamics program that can be used to simulate a wide-range of macromolecular systems. This program is now available for use by other researchers.

3) Predictions of helical twisting power

New methods have been developed to calculate the helical twisting power (HTP) of chiral dopant molecules when immersed in a liquid crystal solvent. This work has been partly supported by Merck NB-C UK (see above), and they are planning to make use of the simulation work to help design new chiral dopant materials with a high helical twisting power. These materials are being incorporated into cross-linkable liquid crystal polymers, to make chiral polymer films, which are marketed by Philips. 

E) Project review

1) Atomistic Simulation Models

Force Field Development

In the original proposal, it was envisaged that united atom force fields would be suitable for the atomistic simulation work. Early work on force field development and some trial calculations on small molecules in the bulk, quickly convinced us that more sophisticated force fields based on a fully atomistic model would be required to produce accurate material properties. Not least, was the problem of electrostatics interactions. Many liquid crystals contain dipolar or quadrupolar groups, and for these molecules it proved impossible to model properly the distribution of charge without an all-atom force field. Moreover, trial calculations of mesogens in the isotropic liquid phase showed that electrostatics interactions promoted molecular association in the form of transient dimers, as postulated from earlier dielectric and light scattering results. So although the electrostatics interactions contribute only a small amount to the interaction potential, it is vital to model them accurately with both an all-atom force field and an Ewald sum.

In initial force field work, Hartree-Fock (6-31G* basis set) calculations were carried out to develop an ab initio force field.
 These were later replaced by more accurate density functional calculations using a complete plane wave basis set.
 The quantum calculations provided data for bond and bond angle distortion energies, and energy profiles for internal rotational about dihedral angles. To develop an accurate force field from these, we developed an automatic fitting procedure. This involved fitting the full ab initio potential curve (v(()) to the force field v(()), with the energy minimized for all other degrees of freedom. This ensured that in fitting the torsional energy, the rest of the force field was taken properly into account.
 The electrostatic and Lennard-Jones data was obtained initially from previous literature force fields, and tested with the quantum mechanical derived parameters in MD calculations on small molecules, with the aim of reproducing densities and heats of vaporization. The intermolecular parameters could then be varied to fit the thermodynamic data, with the quantum mechanical data re-fitted where required. This procedure ensured that the published LC force field we have developed is the most accurate available today.

Simulations

Atomistic molecular dynamics (MD) calculations have been carried out on a number of systems. We studied mesogens in the both isotropic and nematic phases with the aim of calculating key bulk properties. For the molecule PCH5 (see diagram below), we were able to simulate system sizes of 125 and 200 molecules in the nematic phase, and predict order parameters, densities and diffusion data in good agreement with experimental work. In particular the simulated densities were within 2% of experiment, which is indicative of the quality of the force fields developed. This degree of accuracy has not been achieved previously but is required both, for obtaining display related bulk properties (viscosities, elastic constants etc.), and for future predictions of transition temperatures.
 
The nematic state points were used to provide one of the first predictions for the rotational viscosity, (1.
 This is one of the key material properties that determines the response time of a liquid crystal material in a display, and there is considerable interest in producing fast-response materials with low (1. This is particularly true for the next generations of fast-switching large panel LCDs. This is a “new hot area” for LC simulation, and during the grant other groups developed several alternative techniques.
 The approach we use (based on the either the director angular velocity correlation function, or the mean square displacement of the director approach of Sarman) can be used with equilibrium MD studies, is relatively simple, and in our studies gave the best results.13
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We have also looked at the possibilities of obtaining elastic constants from atomistic data (one of our original project aims), using the director fluctuation method. However, trial calculations for PCH5, have shown that the system sizes are still too small to obtain good results; and these calculations will have to await larger systems (probably around 8000 molecules are needed to obtain results of comparable accuracy to experiment data).
 

In the case of the isotropic liquid, we were able to successfully simulate a number of mesogens (see diagram) at temperatures just above the isotropic-nematic phase transition (pretransitional region).
 Here, despite the isotropic long-range order of the phase, the molecules themselves exhibit short range orientational order. Our experimental collaborators in Merck (Darmstadt) have studied a huge number of compounds in the pretransitional region, with the aim of synthesizing materials which exhibit parallel dipole association as measured by the dipole correlation factor g1. We were able to show from simulation that in the molecules PCH5 and PCH5-Cl, the change from a terminal cyano to a chlorine group is able to cause a switch from preferred anti-parallel dipole alignment (g1<1) to parallel alignment (g1>1) by changing the balance of transient dimers. Here quadrupole ordering is the key to designing a material with a positive g1. 

Finally, for one system, PCH5, we have carried out a 1000 molecule study; and looked at the system size dependence of atomistic results. This is the largest atomistic LC system simulated in the literature to date (44000 atoms).
 The results confirm the majority of conclusions from the smaller system simulations, but g1 values from the larger system are in better (excellent) agreement with experimental data. 

2) Simulation of liquid crystal macromolecules

There is little known about molecular organization in many macromolecular liquid crystals. However, recently there has been some important neutron diffraction and small-angle X-ray work on these systems. This is of great interest because many researchers would like to able to understand how such structures are arranged at the molecular level. Indeed knowledge of this is vital in the molecular engineering of supermolecular architectures, with a view to building new materials for nanoscale applications. The project student, Lorna Stimson, had a particular interest in this area. Consequently, the original project objectives were modified to look at macromolecular systems (instead of chiral SmC* structures) using the same hybrid models described in the original proposal. In doing this it was felt that there was a real opportunity to make a significant scientific impact. Two systems were studied: a siloxane-based side-chain liquid crystal polymer and a prototype liquid dendrimer, with the latter studied both in the bulk and in a liquid crystal solvent.4B-D Molecular dynamics simulations were used with parallel programs developed in my group, which were modified specifically for these projects.
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The figure shows snapshots from one simulation of a SCLCP showing a well-ordered smectic liquid crystal phase. In the first diagram colour coding of the mesogenic units is according to orientation, with green along the director and blue and red along orthogonal directions. In the other pictures, the polymer backbone is blue, the flexible spacers red and the mesogens are white. The two diagrams on the right show the positions of the mesogens and the backbone respectively.
For the polymer system we used united atom LJ sites for the polymer backbone and flexible spacers, with the mesogenic groups represented by Gay-Berne particles. When cooled the bulk phase undergoes microphase separation into mesogen rich and polymer rich regions. It is the microphase separation that allows mesogenic ordering to take place (as illustrated in the figure). In the formation of smectic layers, the polymer backbone gets excluded from the mesogenic layers, and a sheath of flexible spacer forms around the backbone. However, at defects the backbone is able to jump between layers. At higher temperatures the mesogens can have nematic order within a mesogenic layer, but form smectic sub-layers at lower temperatures (as shown in the figure).
A similar LJ/GB model was used to study a generation 3 dendrimer in a Gay-Berne solvent in isotropic, nematic and smectic-A phases. The model was based on a recently synthesized carbosilane LC dendrimer, which exhibits smectic mesophases at generation 3. In the nematic phase the model dendrimer changes structure becoming elongated so that the mesogenic groups are able to align with the solvent director. Remarkably, in the smectic-A phase the flexibility of the dendrimer allows mesogenic groups to be distributed over five separate smectic layers.  Interestingly, (for this generation), a central core can be defined, into which solvent molecules are effectively unable to penetrate. This allowed us to design a more coarse-grained model with a central soft core. This simplified model (129 sites) has been used to study the behaviour of the mesogen in the bulk. The first such study of its type. Unfortunately, to date we have not found smectic mesophases, and a variation on this model is being actively simulated in on-going work.

3) Calculations of helical twisting power

In the original proposal, it was planned to develop a method for calculating helical twisting powers for chiral dopant molecules. As mentioned above, our industrial collaborators in Merck were particularly interested in this part of the project. The Merck Industrial CASE student was able to contribute substantially to the research, allowing significant progress to be made. A Monte Carlo program was developed that allowed a chiral molecule, represented by atomistic potentials, to be simulated in a Gay-Berne (GB) solvent. The GB solvent formed a twisted nematic phase, in which the director was forced to twist through 90 degrees over the simulation box through employment of twisted periodic boundary conditions. In a series of simulations the chiral dopant was gradually mutated into its enantiomer, and the free energy change for this process was measured.
 The measured free energy change leads directly to a quantitative measure of the helical twisting power. Initial successful work focussed on a series of chiral dopants in a Gay-Berne solvent
. This was followed by further calculations using a soft repulsive spherocylinder solvent,
 (the latter required a short study to determine the phase diagram prior to use in the HTP calculations).
 The method we have produced seems to be very effective for the test systems studied. One drawback however is that it requires several weeks of simulation time (usually 80 free energy perturbation simulations are required to compute the free energy change with sufficient accuracy). 

Recently, we have been investigating several single molecule techniques, to see if any of these can yield accurate HTP values. This would allow very rapid screening of molecules for industrials prior to them embarking on an expensive and time-consuming synthetic programme.
 The most successful approach to date has been pursued in collaboration with Maureen Neal’s group in Coventry, using a scaled chirality tensor. 
 This has predicted good HTP values for a large number of molecules with a rigid chiral framework. Further work into this and other methods is currently underway to extend these to the study of flexible chiral dopants, using the Monte Carlo program developed in the first part of this project. 

Finally, our work suggests that each separate molecular conformation has a different HTP, and constant NVT Monte Carlo simulations show how the overall HTP value changes with increases in temperature (as higher energy conformations with different HTPs start to become populated). This mechanism explains the temperature-induced reversal in HTP that occurs with some materials. It also explains the fact that some molecules can have different HTPs in different solvents. The latter is caused by some conformations being preferentially selected in certain solvents.













� Including graduate level courses, further training, weekly departmental seminars from eminent scientists, weekly research group meetings, opportunities to develop transferable skills  (including presentation skills) and the chance to demonstrate to undergraduates.


� Including: CCP5 (Durham 2002), Erice (July 2002) , Post-graduate Symposium  (Durham  2002) , 19th ILCC (Edinburgh 2002)., IOP (Brighton, 2002), UKHEC (Edinburgh, 2001), CCP 2001 (Aachen, 2001), BLCS 2001 (Strathclyde, 2000), BLCS (Oxford, 2000). 


� SuperMolecular Liquid Crystal Dendrimers (LCDD). A TMR Network comprising seven Universities. 


� Includes: A) Helical twisting power and scaled chiral indices. Neal M. P., Solymosi M., Wilson M. R., Earl D. J., to be submitted to J. Chem. Phys., Jan. 2003.  B) A paper on a LC dendrimer in isotropic, nematic and smectic-A solvents. C) A paper on a side-chain LC polymer. D)  A paper on a LC dendrimer in the bulk. Authors for last three Stimson L. M., Ilnytskyi J. M., Wilson M. R.  


� Presented at the 19th International Liquid Crystal Conference, Edinburgh 2002. 


� Grant GR/M92287/01 Computer simulations of molecules, molecular interactions and materials.


� Grant GR/R60164/01 A new parallel program for Monte Carlo simulation of small molecules, liquid crystals, polymers and dendrimers.


� friedel.dur.ac.uk/~dch0mrw/webpages and click on Grants.


� Cook M. J., Wilson M. R.. Development of an all-atom force field for the simulation of liquid crystal molecules in condensed phases (LCFF)., Molec. Cryst. Liq. Cryst., 2001, 357, 149-165.


� Cheung D. L., Clark S. J., Wilson M. R.. Parametrization and validation of a force field for liquid-crystal forming molecules. Phys. Rev. E, 2002, 65, art. no. 051709, 1-10.


� This procedure ensures that fitted torsional energy profiles exactly match the underlying ab intio ones. Although time-consuming, the procedure produces force fields considerably closer to ab intio ones, than most of the other ones being currently used for materials simulation.


� The latter is still (realistically) out of range for atomistic work, because several thousand molecules are required to avoid large system size effects.


� Cheung D. L., Clark S. J, Wilson M. R.. Calculation of the rotational viscosity of a nematic liquid crystal. Chem. Phys. Lett., 2002, 356, 140-146.


� Zakharov A. V., Komolkin R. Y., Maliniak A., Phys. Rev. E., 2000, 59, 6802. Zakharov A. V., Maliniak A., Eur. Phys., J. E 4, 2001, 435. Kuwajima S., Manabe A., Chem. Phys. Lett., 2000, 332, 105.  


� Such calculations (> 300,000 atoms and several ns) require more computer time than is currently available to researchers in the UK.  


� Cook M. J., Wilson M. R.. Simulation studies of dipole correlation in the isotropic liquid phase. Liq. Cryst., 2000, 27, 1573-1583. Cook M. J., Wilson M. R.. A molecular dynamics simulation study of dipole correlation in the isotropic phase of the mesogens me5NF and GGP5Cl., Molec. Cryst. Liq. Cryst.,2001, 357, 127-147.


� Cook M. J., Wilson M. R.. The first thousand molecule simulation of a mesogen at the fully atomistic level. Molec. Cryst. Liq. Cryst., 2001, 363, 181-193. 


� Ilnytskyi J, Wilson M. R.. A domain decomposition molecular dynamics program for the simulation of flexible molecules with an arbitrary topology of Lennard-Jones and/or Gay-Berne sites. Comput. Phys. Comm., 2001, 134, 23-32. Ilnytskyi J. M., Wilson M. R.. A domain decomposition molecular dynamics program for the simulation of flexible molecules of spherically-symmetrical and nonspherical sites. II. Extension to NVT and NPT ensembles. Comput. Phys. Comm., 2002, 148, 43-58. Ilnytskyi J, Wilson M. R.. Molecular models in computer simulation of liquid crystals. J. Molec. Liq., 2001, 92, 21-28. 





� Further details are available on the web-site given above.


� The enantiomer that “wants” to induce a helical twist in the same direction as the twisted phase has a lower free energy.


� Cook M. J., Wilson M. R. Calculation of helical twisting power for liquid crystal chiral dopants. J. Chem. Phys., 2000, 112, 1560-1564.


� Wilson M. R., Earl D. Calculating the helical twisting power of chiral dopants. J. Mat. Chem., 2001, 11, 2672-2677.


� Earl D. J.; Ilnytskyi J.; Wilson M. R. Computer simulations of soft repulsive spherocylinders. Molec. Phys., 2001, 99, 1719-1726.


� This is a significant problem for the chiral dopant industry. Many synthetic approaches require several months of time, leading in many cases to chiral dopants that have low helical twisting powers. The ability to quickly screen out those molecules, which are unlikely to have large HTPs is particularly valuable.


� .Solymosi M., Low R. J., Grayson M., Neal M. P., Wilson M. R., Earl D. J. Scaled chiral indices for ferroelectric liquid crystals. Ferroelectrics, 2002, 277, 483-490.


� This is particularly true when internal hydrogen bonding is present.
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