
A computer study of point defects in the RDX crystal

Matthew Gravelle and Sylke Boyd

University of Minnesota-Morris

Defects in a crystalline energetic compound are incorporated during the crystal growth from solution [1]. It has been shown that they are crucial in the early stages of detonation [1-4]. Their energetically exposed position changes the local electronic structure, thus facilitating the initial bond breaking process. The initial energy release then propagates the reaction to the surrounding lattice. While extended defects such as dislocations may play a role [4], vacancies and vacancy clusters have been identified as possible candidates since they allow for significant motion during the passing of a compression wave. Therefore, the properties and incorporation mechanisms of these defects are interesting with regard to our ability to control their presence.

Model: We are presenting results concerning vacancies, vacancy pairs and orientational defects within the crystal lattice with respect to their energetic, geometric, and diffusion properties, respectively. Based on a recently developed computer model of RDX [5], a 216-molecule periodic model serves as the matrix for these defects. The crystal symmetry is Pbca, which corresponds to an orthorhombic cell containing 8 molecules. The model therefore includes 3(3(3 elementary cells. The molecular dynamics (MD) simulations use an Andersen/Berendsen thermo- and barostat allowing response of the box dimensions to the required pressure settings. All of our MD simulations have been performed at a pressure of 1 atm. Typical time steps lie between 0.5 and 0.8 fs, while typical MD sampling runs have durations between 0.5 and 2.0 ns. Geometry optimizations are performed using a simulated annealing technique in order to adjust the box dimensions for the ground state geometry, followed by a conjugate gradient process at constant box dimensions.

The intramolecular forces are modeled using a force field reminiscent of a traditional molecular mechanics force field. The intermolecular forces are separated into Van der Waals and electrostatic interactions. The potential parameters for both parts have recently been refined or newly fitted in order to stabilize the ( modification of the RDX crystal. The force field yields very good agreement for the ground state crystal symmetry with 0-K lattice parameters of 12.901 Å, 11.167 Å, and 10.705 Å, which is within less than 4% of the experimental values. The binding energy of 27.2 kcal/mol is very close to the sublimation energy of RDX of 31.1 kcal/mol; the model gives a bulk modulus of 18.0 GPa. In molecular dynamics simulations performed at constant pressure and temperature, the correct crystal symmetry is stable without constraints, and the expansion coefficient is in excellent agreement with experiment. The model disintegrates at a temperature of 650 K.

Vacancy: The formation energy of the isolated vacancy has been determined to be 51.2 kcal/mol in our force field. This is in very good accord with other theoretical results [kukl99]. The relaxation of the lattice surrounding the vacancy is minimal and consists mainly of an adjustment of the nitro groups. Constant-temperature MD yields interesting observations about the thermal stability of the vacancy’s position. The simulations were continued for up to 5 ns.  In cumulative projections of the vacancy's center in the three principal directions we can observe a temperature-related broadening of the location. The overall size of the vacancy increases with temperature from a radius of 5.6 Å at 300 K to 5.8 Å at 600 K.. The intermolecular forces are mainly of electrostatic and Van der Waals type. Diffusion is limited mainly by the bulk size of the molecules and geometric constraints. At temperatures close to the disintegration temperature of the model we observe a number of diffusion steps or attempted diffusion steps, possible mechanisms for which will be presented.

Divacancy: The diffusion of vacancies can lead to the formation of vacancy clusters, the simplest of which would be a divacancy. In order to study the influence of a vacancy in close vicinity to another vacancy we modeled systems in which deliberately two molecules have been removed. Two vacancies can be arranged in a variety of ways. We chose to vary the separation distance, selecting molecules from neighbor shells with increasing distance from the first vacancy. Eighteen vacancy pairs with separations between 4.1 Å and 14.5 Å have been created and subjected to an energy minimization. The binding energy of the two vacancies can then be derived as the energy difference between the formation energy of two isolated vacancies and the formation energy observed for a divacancy of a distinct separation distance. Such a binding energy arises from a combination of the lattice distortions around both of the vacancies. We observe the binding energy to be -21 kcal/mol for a distance of 4.5 Å between the centers of the vacancies, and the quickly converge toward zero for distances around 14 Å. We also attempted long constant-temperature and constant-pressure MD simulations in order to observe possible clustering behavior of the divacancy. Results on the dependence of the formation energy on separation, and on the diffusion behavior will be presented.

Orientational defects refer to misoriented or non-conforming molecules, hence breaking the local symmetry. In order to identify stable defects in this category, an ideal crystal is modified by rotating a single molecule in the order x, y and z axis, in increments of 45º. This results in 64 different initial structures which subsequently have been geometry optimized to the nearest minimum in potential energy. While most of the perturbed molecules simply flipped back into the ideal crystal position, we found four situations in which the system found a metastable position. The formation energies of the four orientational defects are between 36 and 60 kcal/mol. All these defects are characterized by misorientations of the average plane of the ring structure, and a change in conformation. The conformational change affects changes in the axial and equatorial positioning of the nitro groups, as well as the change from chair to twist conformation of the ring. The defects have been studied with respect to their stability under thermal conditions, based on constant-temperature molecular dynamics simulations.  Since we are interested in identifying these types of defects in long MD simulations, we had to seek a criterion to distinguish such perturbed molecules and identify their type. This criterion would not sufficiently be defined by the orientation of the molecule, since the orientations of “ideal” molecules will exhibit a distribution of increasing width with higher temperature. The defect ID of a molecule is defined upon three things: (i) the orientation of the normal ring axis; (ii) the angle of the nitro side groups with respect to the ring normal axis; and (iii) the effective ring volume, signifying chair or twist conformation. We follow the time-development of these three characteristics as well as their combination (the defect ID) over the run of long (>2 ns) constant-temperature MD runs. This provides us with information about the diffusion and healing behavior of this type of defects. This investigation is not quite concluded at time of abstract submission; however the results are expected to be available at the time of the conference. Preliminary results indicate that defects arising from perturbed conformation or orientation tend to heal fast when the model temperature is raised above 400 K.

In summary, a computer model of RDX has been used to identify a variety of point defects such as vacancies, divacancies and orientational defects. The formation energy, geometric properties and diffusion behavior have been studied. We have found evidence for vacancy diffusion in our MD simulations, and will present results on observed diffusion mechanisms. The divacancy has been investigated in terms of eighteen different possible arrangements of the two vacancies. The binding energy of the two vacancies in dependence on their distance is found to rapidly change from -21 kcal/mol at 4.5 Å to zero at 14 Å. Several metastable orientational defects have been identified, with formation energies between 36 kcal/mol and 60 kcal/mol. The orientational defects show rapid healing for temperatures above 400 K. We hope to gain insight into the incorporation mechanisms and stability in relation to thermodynamic conditions. The results of this study will be used in Monte Carlo growth simulations of the RDX crystal. 
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