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MONTE CARLO CALCULATIONS OF THE 
PHYSICAL PROPERTIES OF RDX, p-HMX, AND TATB 

Thomas D. Sewell 

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 8754.5 

Atomistic Monte Carlo simulations in the NpT ensemble are used to calculate the physical properties of 
crystalline RDX, ~M~VIX, and TATB. Among the issues being considered are the effectsof various 
treatments of the intermolecular potential, inclusion of intramolecular flexibility, and simulation size 
dependence of the results. Calculations of the density, lattice energy, and lattice parameters are made over a 
wide range of pressures; thereby allowing for predictions of the buk and linear coefficients of isothermal 
expansion of the crystals. Comparison with experiment is made where possible. 

INTRODUCTION 
High explosives play an important role in both 

nuclear and conventional weapons systems, and we 
must develop a thorough understanding and truly 
predictive capability of the physics of these 
complicated materials. As one component in such a 
capability, it is necessary to have a knowledge of the 
equilibrium and non-equilibrium thermophysical 
properties of the explosive for time and distance 
scales relevant to the controlling hydrodynamic 
processes. Given the difficulty of conducting 
experiments which interrogate the wide range of 
conditions which can arise, there is a need for reliable 
theoretical and computational tools to allow for 
predictions of material properties under a diverse set 
of conditions of pressure, temperature, and strain rate. 

The work described here is aimed towards 
developing a suite of tools and methods for predicting 
the equilibrium thermophysical properties of high- 
explosive crystals for temperatures and pressures that 
range from near-ambient to the extremes which occur 
in various accident and detonation scenarios. Among 
the quantities of interest are crystal packing, density 
and buWlinear coefficients of isothermal and isobaric 
expansion, specific heats, and mechanical properties 
based on the anisotropic elastic coefficient matrix. To 
date, we have performed calculations for benzene, 
RDX, p-HMX, and TATB. 

THEORETICAL METHODS 

Our approach is statistical mechanical, employing 
the numerical technique of classical Monte Carlo, 
whereby the thermophysical properties follow from 
the interaction potential. Specifically, in isothermal- 
isobaric Monte Carlo (l), the macroscopic property 

A(N,p, T )  of a system of N molecules at temperature T 
and scalar pressurep is obtained as an average of the 
microscopic function of configuration A(4;F7, the 
average taken over the states of a Markov chain in the 
3N+ 1 dimensional configuration space of the system, 

in which the transition matrix between successive 
states is based on the potential energies Ud4m) and 
uN(q,,,+I) of these states in such a way as to assure 
detail balance and the equality of A(N,p, T) with the 
actual ensemble average in the isothermal-isobaric 
ensemble, 

i dVAe-@‘Q( N ,  V, T) 

dVe-”’Q( N , V, T) 
( = Y 

0 

where V denotes volume, j?= I/KT, and 

Q ( N ,  V, 2‘) = jdqe - w ” ( q )  . (3) 

In practice, the averages are evaluated using a 
Metropolis algorithm in which trial moves are 
accepted or rejected according to P=min[exp(-A), 11, 
where, for present state m-I and “trial” state m, 

A=a{[u((r , ) -U(q.- , ) ]+p(vm -GI)} 
(4) 
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In the case of rigid molecules, three kinds of trial 
moves are performed: translations of the molecular 
centers of mass, rotations of the molecules about their 
centers of mass, and changes in the size and shape of 
the simulation cell. The displacements are made in 
fractional Coordinates. If intramolecular flexibility is 
allowed, then an additional set of moves 
corresponding to displacements of the internal 
coordinates is also performed. Maximum 
displacements were adjusted to yield roughly a 50% 
acceptance probability for a given kind of move. The 
battery of analyses described by Hald (2) was used to 
assess whether a particular realization was under 
statistical control. 

The bulk was simulated by periodic replication in 
three dimensions of a primary Simulation cell 
containing N molecules. The replication was 
extended far enough into space to allow for all 
nonbonded interactions between molecules having 
centers of mass separated by more than 20A. 

The intermolecular potentials are of the form 

(5) 

where A and B are molecules, and i and j denote 
particular atoms. The repulsion and dispersion terms 
are written as 

respectively. The electrostatic contribution .Velec to 
the intermolecular energy is described using an atom 
centered multipole expansion (ACME). In most 
cases, only the I=U term was retained, i.e., 

(7) 

in which case potential-derived charges (PDQs) were 
used. However, in some instances higher order terms 
were included to investigate the sensitivity of the 
results to details of the electrostatics. The maximum 
order of expansion used was octupole-octupole, i.e., 
I= 3. 

Intramolecular interactions are currently limited to 
rigid torsional motions of exocyclic nitro (NO2) and 
amino (MY2) groups, and are of the form, 

u,,, =u(T)=uo[ l  - COS’TI (8) 

where z is the relevant dihedral angle. 
The nonbonded parameters A, By, and Cy were 

taken from Williams (3). Potential-derived atomic 
charges were obtained using the CHELPG method 
within the Gaussian 92 (4) suite of programs at the 
Hartree-Fock level using the 6-31g* basis set. 
Rotational barriers for exocyclic nitro and amino 
groups were computed using the same level of theory. 
Higher-order atom-centered multipoles were obtained 
using the Hirshfeld approach (5), as implemented by 
Ritchie and co-workers (6). 

RESULTS AND DISCUSSION 
RDX 

The stable form of RDX at room temperature and 
pressure crystallizes in the orthorhombic space group 
Pbca, with Z=8 molecules per unit cell (7). The 
measured lattice lengths are a=13.182& b=l1.574A, 
and c=10.709A, whence p-1.806 g/cm3. Using our 
potential parameters (PDQs), and a primary 
simulation cell containing eight perfectly rigid 
molecules (with the measured unit cell as the initial 
geometry), the calculated density at T2298K and 
~ 1 . 0 0  bar is p=1.740(1) g/cm’. Thus, our 
calculated density is 3.6% too low. 

Olinger et d. (8) reported an x-ray difkiction 
determination of the lattice parameters of RDX as a 
function of pressure (0.0 kbar 5 p 5 39.5 kbar)¶ at a 
fKed temperatre of T-293 K. (Their measurements 
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FIGURE 1. The lattice lengths for RDX are shown as a function 
of pressure, for a fuced temperature of P298 K. Filled symbols: 
calculated results; open symbols: experiment. 

actually extended up to ~ - 9 1 . 9  kbax, but forp>40.0 
kbar the results corresponded to a high-pressure 
polymorph denoted as RDX(III).) In Fig. 1 we 
compare our calculated values for the lattice lengths 
to those measured by Olinger et ai., where it can be 
seen that the agreement is quite good. The largest 
discrepancy occurs for the length of a, but the 
magnitude of the error is only 1.5% at p-0.0 kbar 
and 2.3% at ~ 3 9 . 5  kbar. Perhaps more interesting 



is the fact that the derivatives of the curves are in at 
least as good agreement with experiment as are the 
absolute magnitudes. As was observed 
experimentally, the crystal remains orthorhombic 
over the entire pressure range studied the mean 
values for the lattice angles a, p, and y never 
deviated from 90 degrees by more than 0.1 degree. 

As would be expected from the results shown in 
Fig. 1, the bulk compression of RDX is also very 
well described. A comparison (not shown) of the 
ratios of the unit cell volumes at pressure p to those 
at p=O for the calculated and experimental data 
indicates a maximum error of 0.7%. 

HMX 
HMX exists in four differentpolymorphic forms. 

The stable structure at ambient temperature is known 
as j3-HMX. It crystallizes in the monoclinic space 
group P2,/c, with Z=2 molecules per unit cell. The 
lattice parameters are a=6.54~!, b=l I.05& c=8.70& 
and P=124.3 deg, yielding a density of p=1.894 
g/cm (9). In this case, using PDQs and a primary 
simulation cell containing only two perfectly rigid 
molecules (and again using the measured unit cell as 
the initial geometry for our simulation), the 
calculated density at T=2981( and ~ 1 . 0 0  bar is 
p=1.791(2) g/cm . Thus, our calculated “baseline” 
density for PKMX is 5.4% too low. 

Olinger et al. (8) performedan x-ray diffhction 
determination of the lattice parameters of p-HMX as a 
h c t i o n  of pressure (0.0 kbar I p I 74.7 kbar), at a 
fixed temperatre of M 9 3  K. We have performed 
calculations for P-HMX over the same domain of 
pressures. In general, the results are in good 
agreement with experiment, although not to the same 
degree of accuracy as was the case for RDX. The 
average percent errors compared to experiment for the 
lattice lengths a, b, and c are 0.7%, 3.8%, and 1.0%, 
respectively. The general trends (not shown) with 
increasing pressure are: (1) decreasing errors for a 
(2.0% + 0.0%); (2) increasing errors for b (1.2% + 
5.3%); and (3) decreasing errors for c (2.7% + - 
0.4%). 

The results for the lattice angle p and the bulk 
compression of p-HMx are presented in Figs. 2 and 
3, respectively. In Fig. 2 one can see that the 
calculated values of p are in good agreement with 
experiment, both in magnitude (they never differ by 
more than one de ee) and in general shape. The 

agreement. By definition, the calculated and 
measured results are identical at p=O kbar. At a 

comparison of V/ F* m Fig 3 also shows fairly good 

pressure of 74.7 kbar, the calculated value of V/u“ is 
in error by only -1.8% (i.e., slightly too 
compressible). 
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FIGURE 2. The value of the lattice angle p is shown as a 
function of pressure for O-HMX, for a fuced temperature of 
T=298 K. Filled symbols: calculated results; open symbols: 
experiment. 
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FIGURE 3. The bulk compression of P-HMX as a function of 
pressure is shown. V / f  is the ratio of the unit cell volume at 
pressure p to that at@. Filled symbols: calculated results; open 
symbols: experiment. 

A limited assessment of possible finite-size effects 
was performed for the caseH0.3  kbar. Specifically, 
simulations were performed using N=2 molecules 
(the Unit cell), N=4 molecules (three cases, each 
corresponding to a doubling of the unit cell along one 
of the lattice directions), and N=16 molecules 
(doubling the unit cell along each of the three lattice 
directions). Extrapolation of various calculated 
quantities plotted versus I/N to the y intercept 
indicated only minor size effects, e.g., a 0.38% 
change in the density in passing fiom N=2 to 
N”‘oo”, 

TATB 
TATB crystallizes in the triclinic space group PI, 

with Z=2 molecules per unit cell. The lattice 
parameters are a=9.010& b=9.028& c=6.8 12& 
a=108.59 deg, fW1.82 deg, and ~ 1 1 9 . 9 7  deg, 



whence p=1.937 g/cm3 (IO). Our computed density 
for the same conditions, using PDQs and a single 
unit cell of perfectly rigid molecules, is p=l.827(3) 
g/cm3, a 5.7% error. 

In Fig. 4 we present the densities which result 
from several calculations for TATB as a function of 
temperature at a constant pressure of p=l .O bar. The 
issues of interest are: the effectsof varying levels of 
treatment of the electrostatic potential (PDQ versus 
ACME% through order 4; the size dependence of the 
simulation on the results (N=2 versus N=8); and the 
effect of including exocyclic intramolecular torsions. 
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FIGURE 4. Calculated values of the density are plotted as a 
function of temperature for TATB, for a constant pressure of 
~ 1 . 0  bar. The objective is to illustrate the effects of several 
different computational protocol issues. PDQ denotes CHELPG 
potential-derived charges. ACME denotes atom-centered 
multipole expansions; I is the order of the expansion. N is the 
number of molecules in the primary simulation box. “Torsions” 
indicates simulations for which exocyclic torsions were included. 

Very briefly, one can see that, for the limited cases 
studied, there does not seem to be a strong 
dependence of the results on the simulation size. The 
choice of PDQs versus ACMES leads to a shift in 
magnitude of the density (ACMES yielding the lower 
density) but has little if any effect on the derivative of 
the curve (essentially the bulk coefficient of 
volumetric expansion). However, inclusion of 
exocyclic torsional degrees of freedom does affectthe 
result and, as might be expected, this effectbecomes 
more pronounced at elevated temperatures. 

Finally, in Fig. 5 we show a comparison of the 
calculated and measured lattice lengths of TATB as a 
function of pressure, for a futed temperature of P 2 9 8  
K, using PDQs and two perfectlyrigid molecules. 
Only the results for a and c are shown; those for b are 
qualitatively similar to those for a. The results for a 
are in a level of agreement with the experiments of 
Olinger et al. (1 1) comparable to what was observed 
for RDX and p-HMX. However, the results for c are 
in less satisfactory agreement, with the computed 
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FIGURE5 As in Fig. 1 but for TATB. Only results for lattice 
lengths a and c are shown. 

results crossing over the measured values. Also, the 
results for the lattice angles (not shown) are not under 
good statistical control - they vary significantly over 
the course of a given realization. The origins of this 
are not as yet understood, and constitute an area of 
ongoing research. 
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1 H Four kinds of moves 
J I  * center-of-mass translations 

*rotations about the center of mass 
* rotations of exocyclic torsions 
* changes in size/shape of simulation cell 
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made in fractional 
crystallographic coordinates 
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otherwise 
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Initial crystal structure 
'space group 
* unit cell parameters 
* asymetric unit 

M Potential-energy functions 
* functional forms 

- intermolecular + intramolecular contributions 
r-. suitable parameterizations 
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Usually a simple mathematical form 
* e.g., V = AembR + CRr6 + qoqoRrl 
*isotropic terms used in most cases 

I 3  

M Usually calibrated at near-ambient T 
and P (or for T=O K) 
Many parameter sets developed on the 
basis of biological molecules 
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m Importance of intramolecular flexibilitv J 





hydrostatic compression, 0 ,< P 5 39.5 
kbar, reported by Olinger, Roof, and 

M Olinger et al. also reported lattice 
parameters for y-RDX, 47.6 5 P S 91.9 
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Good agreement with experiment 
u Questions about N-dependence must 

await further calculations 
MI Especially important to study the effect 

Apparent "problems" with standard 
of intramolecular flexibility 

Biosym forcefields 



m Crystal structure reported by Cady and 
Larson (1965) 
r- triclinic, 2-2, space group P1 

m Lattice ’parameters under hydrostatic 
J 

compression, 0 S P ,< 70 kbar, reported 
by Olinger and Cady (1976) 





Consider effects of: 
r- simulation size, shape 
* treatment of electrostatics 

- simple point charges 
- atom-centered multipoles 

* Intramolecular flexibility 
- perfectly rigid molecules 
- molecules with exocyclic torsions 
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Fit of the Electrostatic Potential 
I Range (Hartrees) 

-0.0600 <E< c ,  -a,g0159 -0,00159 <E< 0,00159 0,00159<E c0,OS 

Model RMS RRMS RMS RRMS RMS RRMS 
PDQa 0,70853-3 0,91963-1 0.1559E-3 0,1117E+2 0,14723-2 0,8588E-1 

ME Ob 0,4305E-2 0,42883+0 0,56783-3 0.31133+2 0.60063-2 0S633E+0 

ME 1 0,15283-2 0,19333+0 0.43133-3 0,32953+2 0,2275E-2 0,2746E+0 

ME2 0,3059E I) 3 9,77663 -4 0,1049E+1 0,117’73-2 fl.4807E-1 

ME 3 0,11573-3 0,1185E-1 0.29513-4 O04O32E+0 0,7754E-3 0,2967E-1 
a. CHELPG potential-derived charges obtained using Gaussian 92, 
b. Atom-centered multipole expansions carried out to c order I 66 9 9  
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Lattice Coqstants as a Function of Temperature 

T (K) N I Tors a b C a P Y 
5 2 0  g o j  9,17 9.18 6.21 90.0 89.9 129.1 

100 2 0 89.4 90.5 120.1 
-Ab300 8 0 89.6 90.1 120.0 

5 2 3  no 9.24 9 3  6.27 96.7 85.6 119.3 
100 2 3 VO 9,25 9,19 6.33 97.5 81.2 119.3 

-9300 2 3 no 9.28 9.22 a 3 9  91.3 86.5 119.2 
100 2 2 no 9.25 9.20 84.8 119.4 

5 2 0 yes 9,17 9,17 89.4 120.0 
-9300 8 0 yes 9.20 9.20 89.3 120.0 
r - ~  Expt 9.01 9.03 91.8 120.0 
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Size dependence of the results 
'how small can we go? (Does the answer 

depend on what we wish to compute?) 
* usefulness of more sophisticated 

treatments of the intermolecular potential 
* importance of intramolecular flexibility 



m Work to improve simulations for TATB 
m More calculations for RDX and P-HMX 

* intramolecular flexibilitv J 

* parameterization of Thompson et al. 
r- size dependence for p-HMX 

m Perform calculations for a- and 6-HMX 
m Compute more interesting quantities, 

ego,  elastic constants and moduli 
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