Atomistic simulations of liquid crystals and the design of new liquid crystalline materials for the 21st century

Background: Summary of Grant Impact and Dissemination of Results

The grant was awarded in 2004 to carry out state-of-the-art atomistic simulations of liquid crystals. The grant funded a studentship, which was awarded to Jorge Peláez from Madrid,
 and computers to carry out the proposed research. As we show below (in the Key Advances section), the work has been very successful and has led to 4 publications in International Journals,
 with a further 1 in current preparation and a further 2 that will be written from the results in the student’s thesis.
 I believe the work carried out is ahead of anything in this field anywhere else in the world and is certainly internationally leading. The papers are high quality and we expect our Physical Review Letter on atomistic simulations of a biaxial liquid crystal (published in December 2006) to have a major impact in the field. 

The work has been disseminated at a series of national and international conferences during the grant period and the quality of the science has been recognised by a large number of invitations for the PI to speak. During the course of the grant, the PI has been able to give a series of talks about the project work or including the project work. Overall, these consist of 2 contributed talks, 10 invited talks and 1 plenary talk during the grant period. The talks include several prestigious invitations: a plenary talk at the BLCS annual meeting (Exeter 2005), an invitation to give the Tutorial Lecture on Liquid Crystal Computer Simulation at the 21st International Liquid Crystal Conference in Colorado (2006), an invited talk at the Royal Society UK/India Scientific Network Meeting,
 and an invited talk at the Max Planck for Polymer research in Mainz (as part of MMSD 2005). Moreover, since the end of the grant, MRW has given a contributed talk on the grant research at the BLCS meeting 2007, an invited talk at SIMBIOMA/MOLSIMU 2007 (Konstanz 2007), and will give an invited talk in Slovenia at the EPF 2007 (July) and a plenary talk in Mexico (Sept. 2007). In addition the student himself was able to present his results in poster form at BLCS conferences in 2004, 2005 and 2006, at Thermodynamics 2005 (Portugal 2005), at the 6th Liquid Matter Conference (Utrecht, 2006) and the 21st International Liquid Crystal Conference (Colorado, 2006). We therefore feel that dissemination of results has been excellent. The impact of some of the science on the grant, as reflected above, was instrumental in the recent award of a Readership to the PI.

As ever, web information, is becoming increasingly important as a means of dissemination. This is particularly true for none specialists and the wider public. Accordingly, we have developed the group web site at www.dur.ac.uk/mark.wilson to publish a summary of the group’s research results. Some information from this grant already appears here and all recently completed grants have summaries available here. As some ACS journals (and one or two others) will not publish results, which have been published previously on the web, we will update the web site to include the full results as soon as the remaining papers (listed in footnote 3) are accepted.

The student funded on the grant has submitted his Ph.D. thesis and the viva will be on April 18th 2007. The thesis itself is an excellent quality piece of research. Students in this area are highly sought after in European economies. The student himself has received offers of postdoctoral positions but prefers to move to industry. He has had two job offers from IT companies; but will not decide on which company to join until after the thesis viva.

Follow on funding from EPSRC has been obtained in two areas. The first involves simulation of the cubatic liquid crystal phase – a new phase of matter (3 year PDRA collaborative grant
); and atomistic simulations of chromonic liquid crystals (2 year PDRA collaborative grant
) as part of a joint proposal for the Physical Organic Chemistry initiative. In addition we are using some of the experience gained in the parallel tempering area (see below) in a new EPSRC project in the area of solid state NMR (EPSRC Adventure grant
). The additional experience gained in atomistic simulation within the group is now being exploited in other areas where the group has close industrial ties. A fully funded studentship from Infineum has been awarded. This project involves atomistic simulation applied to diesel additives in a model diesel fluid. Here many of the setup and simulation analysis programs/scripts developed as part of this grant are being used in a completely new project. Here there has been a nice transfer of some of the skills gained from this grant to the new project, made possible by the overlap of students working in the group.

There is considerable “follow on” research to be carried out after this grant. To this end the dual 4 machines purchased on the grant will be used extensively by a new DTA project student working in this area over the next few years. Here, the codes written to calculate material properties will be employed to study a series of mesogens. Moreover, we intend to apply for additional EPSRC support to help fund further work on biaxial nematics. Here, we have several new ideas related to the latest experimental progress in this field and, EPSRC willing, this area is sure to yield some extremely exciting results.

Overall, the contribution of the grant in producing a well-trained Ph.D. student, internationally leading research and an effective transfer of techniques to a related industrial follow on project, provides strong benefits to society and excellent value for money, in terms of an EPSRC funding of £73k.

Project Plan Review

For the most part, the project workplan followed the one suggested in the original proposal (see the Key Advances section below). However, one area where changes in the workplan were made involved parallel tempering. Here we were partly helped by an overlapping grant and a PDRA who was able to aid the student in doing some initial tests. Initial results showed that for single molecules and small systems, parallel tempering (and related potential softening methods) could be immensely effective. However, we had hoped that it might be possible to use such methods to bridge across a liquid crystal transition and hence greatly improve the very slow equilibration times inherent in this type of simulation work. This proved not to be possible. The changes in the density of states of a reasonably large fluid system proved to be too large to allow this to be achieved. At a similar time, (end of 2004) two very important back-to-back papers were published in Physical Review Letters, announcing the discovery of the first low molecular weight biaxial liquid crystals, based on bent core molecules (together with doubts raised by a follow up article/comment in the journal Nature). The potential new discovery was extremely important in terms of liquid crystal science. Low molecular weight biaxial liquid crystals had been sought unsuccessfully for over 20 years, and the new materials had the possibility of being revolutionary in terms of fast switching in electrooptic devices. Consequently, we changed the workplan
 to allow the original objective 2 (involving parallel tempering) to be replaced by a new objective to use the atomistic techniques, which were already being developed in this proposal, to study molecular ordering in biaxial liquid crystals.   

Summary of Grant Expenditure

Grant expenditure was carried out as expected and planned in the original grant application with no transfer between the categories. The staff funding on the grant consisted of a studentship, filled by Jorge Pelaez (see above). Jorge was paid at the standard EPSRC rate, which rose during the course of the grant. Hence we are asking EPSRC for the extra expenditure needed in this category. University tuition fees (Exceptional Items) increased during the period of the studentship and unfortunately, as EPSRC do not pay these increases, the extra expenditure in this category had to be met from outside the grant. Travel funds paid for part of the costs associated with some of the conferences attended by the student and the PI (see above). The student also benefited by attending the BLCS winter workshop on liquid crystals.
 The equipment costs covered the purchase of 4 high-powered computers for simulation and a network switch as originally planned. In the original application I had planned to buy 4 dual processor 2200+ AMD Athlon machines. However, at the time of the grant purchase, 4 Intel xeon machines provided a much better performance than the Athlons for a similar price to that planned in the original grant. 

Key Advances and Supporting Methodology

Objective one: atomistic simulations of liquid crystals

Molecular dynamics simulations of liquid crystalline phases were successfully carried out at a fully atomistic level using state-of-the-art calculations. Here, the student and PI were initially able to collaborate with one of the authors of the density functional theory program CASTEP, (Dr. Stewart Clark, Physics, Durham) to develop reliable intramolecular force field potentials for mesogenic fragment molecules.
 Together with intermolecular potentials, obtained via fitting of data for small molecules to known thermodynamic and density data, these potentials were used to simulate the liquid crystal mixture, E7, and the biaxial nematic liquid crystal ODP-PH-C7.

Based on earlier work, it was originally envisaged that the time scale associated with growth of a liquid crystal phase would be around 10 ns.
 However, the use of accurate all-atom models (as in this work) led to the initially surprising result that the time evolution of dynamical processes was around an order of magnitude slower than found in previous united atom models: i.e. simulations which were 10x longer than those originally planned were needed. Despite this set-back we were able to carry out the first calculations to show the formation of a liquid crystal (from an isotropic liquid) within an all-atom framework. The length of calculations required however meant that computer resources needed were far larger than we envisaged in the original application. Fortunately, we were aided by a substantial SRIF investment in new computer hardware at the University of Durham. With the new machine purchased through SRIF II we were able to access the 100 ns regime by the use of multi-processor runs (with 16 or 32 opteron processors), an extremely significant result2a,d and a world first for liquid crystals. 
With the stability of liquid crystal phases guaranteed through growth runs, this gave us confidence to be able to use shorter runs from a pseudo nematic starting point once we knew that order parameters from the two approaches could be matched up. The pseudo-nematic starting points allowed us to be able to carry out runs for a series of temperatures so that the other objectives below could be achieved.
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Growth of orientational order in a liquid crystal mixture, E7.2d The figure shows the growth of the uniaxial order parameter, S2, over a period of over 100 ns starting from the left hand snapshot (isotropic liquid) and ending in the right hand snapshot (nematic liquid crystal). The timescales associated with such calculations are over one order of magnitude longer than originally thought. Prior to this grant, growth of a liquid crystal from an isotropic fluid had never been achieved for all-atom models.

Objective 2: structure of a discovered newly biaxial nematic phase

The most high profile part of our results has concerned simulation of a biaxial nematic phase, published in PRL:2a results which the PI has already presented in a series of high profile invited talks (see above). As discussed previously, this whole area has been immensely controversial for a period of over 20 years and the new discovery of the ODP-Ph-C7 material (in 2004) was greeted with great excitement in the liquid crystal community, together with some scepticism. We were able to carry out simulations of the bulk nematic phase of ODP-Ph-C7. The results do show that the phase is indeed biaxial, although the biaxial order parameter which characterises the phase is fairly small (approximately 0.2). Here the biaxial ordering is promoted by the bent core nature of the molecule in combination with the molecular charge distribution. This leads to quadrupolar stacking of the molecular core. What we were not expecting however was the remarkable behaviour of ODP-Ph-C7 in forming well-defined ferroelectric domains. This was not expected in the original experimental work for this molecule but is seen clearly in the simulation. One of the nice features of this type of simulation is that it is possible to adjust the molecular potential and look at the influence of different molecular interactions on the bulk behaviour. In the simulations it was seen that turning off the partial charges for the system destabilizes the ferroelectric domains and the system converts to a uniaxial phase. If charges are turned back on, the ferroelectric domains are recovered and the biaxial order parameter recovers to its original value (see figure below). Recent experimental work by the Goodby group in York seems to verify the formation of domains (albeit on much larger length scales than we are able to look at in the simulation). 
[image: image1.png]


[image: image2.png]


[image: image3.png]



The figure above shows a sequence of snapshots from the simulation of the biaxial liquid crystal ODP-PH-C7. Here we start from a uniaxial phase formed when charges in the system have been removed and instantaneously turn charges on. Here the snapshots show the development of ferroelectric domains at 5 ns, 12.5 ns and 25 ns into the simulation run. Pure blue and red colours represent arrangements where the dipole core is pointing at 180 degrees to each other.


We have also been able to simulate the controversial deuterium NMR experiment, which was used initially to “prove” biaxiality, involving the doping of the liquid crystal with a deuterium labelled small molecule probe. The work is currently in preparation for publication.3a Here we show three important conclusions: a) the NMR probe is faithfully sampling the environment of the system (a fact of some experimental controversy in itself), b) that the probe is ordered by the bent cores, c) that the biaxial order parameter of the probe is very similar to that of the liquid crystal itself.
Objective 3: rotational viscosities 

We have successfully managed to calculate rotational viscosities in quite good agreement with experimental data from two separate equilibrium molecular dynamics techniques for the liquid crystal mixture E7.
 Here, the methods employed use either the director angular velocity correlation function or the mean squared displacement of the director (see figure below). Both seem to give comparable results with similar error bars and we can definitely conclude that these are excellent ways to obtain one of the key bulk material properties for a nematic liquid crystal.
 One nice result from this work, is that once the system comes to equilibrium, runs of less than 10 ns (probably only 5 ns) are needed to provide good enough statistics to produce reliable data for the rotational viscosity. The programs we have written to calculate (1 are available from the PI. The results from this work are in preparation for publication. 
The calculations represent the first time that it has been possible to extract reliable nematic material properties for a mixture directly from a simulation-based approach and, the first really successful long time-scale simulation of a multi-component liquid crystal mixture. This is important work, as the rotational viscosity is one of the key bulk properties of a liquid crystal. Both the on-time and off-time of displays depend on this quantity (currently  $20 billion dollar industry in terms of world wide sales per year), and low values are needed for new applications of liquid crystals such as adaptive optics and emerging technologies such as the (bistable) ZBD. So it is extremely valuable to have a reliable computational method of obtaining this bulk property.
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The figure (left) shows the mean squared displacement of the nematic director calculated for the nematic liquid crystal mixture E7. This was the first multi-component liquid crystal mixture to be simulated. The lines show separate temperatures ranging from 280 K (bottom line) to 330 K (top line). The rotational viscosity is inversely proportional to the long-time slopes of the lines.
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The director angular velocity correlation function for the liquid crystal mixture, E7 at 280 K. The rotational viscosity can be extracted from the integral of this function. At first sight, the results look amazingly promising, suggesting that the function decays within appromiately 1 ps, which is extremely short in terms of simulation time. However, in reality the signal shown only emerges from noise when the results are averaged over many independent time origins over a period of several ns. In practice a similar time scale is required to obtain good statistics of the director mean squared displacement shown in the figure above.
Objective 4: flexoelectric coefficients
We had originally intended to carry out flexoelectric work in the later part of the grant workplan. However, the start of the grant overlapped with some work by a previous student at the end of his Ph.D., which provided some initial data for the mesogens PCH5 to test our ideas for calculating flexoelectric coefficients.  Accordingly, we were able to carry out some calculations for PCH5, leading to the first publication of calculated flexoelectrics to come directly from atomistic simulation.2c The grant student, Jorge, has been able to use this method to calculate flexoelectric coefficients for E7 and this work was presented at a special meeting on flexoelectrity at Oxford  (Sept. 2006) and should be published as part of the material properties of E7 (footnote 3). 
The results for flexoelectric coefficients are not as good as for rotational viscosity (objective 3) and have much larger error bars. However, very encouragingly, they are the same order of magnitude as the experimentally determined results and quite close to some of the existing experimental measurements (e.g. within 30%). At this present time, we do not know if the main problem arises from the experiment, or our calculation, or both. In the most recent work (presented by experimental colleagues from Oxford at the March 2007 BLCS meeting in Sheffield), excellent results were achieved in an experiment to measure the sum of coefficients, e1+e3 but approximately 50% error bars were specified for an experiment to measure the difference e1-e3. Hence, this area remains highly controversial. What we know already however is that we can improve our error bars by scaling to larger system sizes; and we hope to be able to do this with future calculations. 

As witnessed by the special meeting on flexoelectricity described above (which was extremely well attended by industrialists and academics alike), flexoelectricty is a hot research topic at the minute and we hope to be able to pursue this further.

� Jorge Pelaez was an excellent student to recruit. He did his Masters studies at the Complutense in Madrid and already had knowledge of both computer simulation and liquid crystals from having worked with Prof. Carlos Vega as part of his undergraduate Masters project work. 


�a)  Atomistic Simulations of a Thermotropic Biaxial Liquid Crystal. Pelaez J. and Wilson M. R., Phys. Rev. Lett., 2006, 97, 267801. This is the first atomistic study of a biaxial liquid crystal and the first simulation study to show the growth of a liquid crystal phase from a fully isotropic liquid for an all-atom model.


b) Progress in computer simulations of liquid crystals. Wilson M. R., Int. Rev. Phys. Chem., 2005, 24, 421-455. This includes a summary of the progress made here in developing calculations of material properties for liquid crystals from atomistic studies.


c) Calculation of Flexoelectric Coefficients for a Nematic Liquid Crystal by Atomistic Simulation. Cheung D. L., Clark S. J. and Wilson M. R., J. Chem. Phys., 2004, 121, 9131-9139.


d) Molecular Orientational and Dipolar Correlation in the Liquid Crystal Mixture E7: A Molecular Dynamics Simulation Study at a Fully Atomistic Level. Phys. Chem. Chem. Phys., 2007, DOI:10.1039/B614422E  (paper has been accepted for publication, is currently at proof stage and should come out very shortly).


� The three papers mentioned here are a) Atomistic simulations of a NMR probe molecule in a biaxial liquid crystal.  b) Calculation of materials properties for the liquid crystal mixture, E7. c) Force field parameters for the atomistic simulation of liquid crystal molecules.  


� MRW was the simulator/theoretician funded as part of a joint experimental/theory Royal Society UK/India network on Liquid crystals with unconventional structures and properties.


� � HYPERLINK "http://gow.epsrc.ac.uk/ViewGrant.aspx?GrantRef=EP/D500400/1" �EP/D500400/1� Theory and simulation of the cubatic liquid crystalline phase (P). A collaborative grant with Dr Andrew Masters (University of Manchester).


� � HYPERLINK "http://gow.epsrc.ac.uk/ViewGrant.aspx?GrantRef=EP/E019412/1" �EP/E019412/1� Self-assembly of chromonic liquid crystals: a combined experimental and theoretical approach (P). A collaborative grant with the University of Manchester and the University of Cardiff. 


� � HYPERLINK "http://gow.epsrc.ac.uk/ViewGrant.aspx?GrantRef=EP/D055237/1" �EP/D055237/1� Adventures in Chemistry at Durham University (C). A collaborative grant with other researchers in Durham.


� See EPSRC final report form for wording of the new objectives.


� This annual training workshop is now sponsored by EPSRC, though was not sponsored at the time.


� This work forms a separate thesis chapter, and is one of the areas that will form a separate future publication (see footnote 3). These data are likely to be very useful to future simulators.


� Just prior to the grant, this had been the timescale associated with the first calculations to see this, which came from my group. However, as a result of the work in this grant we know that this relatively short time was simply down to the use of an united atom model, in which the dynamical evolution of the system is far faster than reality (i.e. higher diffusion rate, quicker reorientational motion). A consequence of this is that the measurement of properties such as the rotational viscosity, which depend on dynamics in the system, cannot reasonably be achieved within the framework of an united atom model.


� In the original workplan, we had planned to also try a non-equilibrium method for calculating the rotational viscosity, which involves reorientation of the director under the application of a field. Here, the field can couple to a part of the molecule (such as the rigid core) and hence cause molecular reorientation. However, at an early conference we had contact with researchers from Japan who had implemented this method but had achieved very poor results. Having looked at the data, we felt that the method was inherently unreliable and difficult to achieve reproducible results. Hence, we stuck to the two equilibrium methods of obtaining rotational viscosities described in the text above.


� The only problem we have with these techniques is that we are unable to test for system size effects beyond 256 molecules, which was the largest sized system we have been able to study atomistically. However, we were able to use the same technique on a much simpler (coarse-grained) single site model of Gay-Berne molecules. Although, we cannot obviously compare with experimental data for Gay-Berne molecules, we can compare consistency of the method for different system sizes. This gives us confidence in the success of the method.  
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