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Classical and Quantum-Mechanical Studies of Crystalline FOX-7
(1,1-Diamino-2,2-dinitroethylene)

I. Introduction

Several studies performed in the past decade have indicate
increasing interest in the synthesis and characterization of highly
energetic materials with low sensitivitiés* Among them, the
new explosive 1,1-diamino-2,2-dinitroethylene (FOX-7; see
Figure 1) was reported recenthand was characterized as a
promising high energy density material with superior shock-
sensitivity properties. This compound is strongly dipolar and
decomposes only above 22Q.# The purpose of the present
study was to develop a theoretical model that can be used to
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First principles molecular orbital and plane-wave ab initio calculations have been used to investigate the
structural and vibrational properties of the highly efficient low sensitive explosive 1,1-diamino-2,2-
dinitroethylene (FOX-7) in both the gas and solid phases. The ab initio molecular orbital calculations performed
at second-order (MP2) and fourth-order (MP4) IMo—Plesset levels and using density-functional theory
(DFT) methods with B3LYP functional indicate that in the gas phase FOX-7 is the most stable conformer
relative to its cis-1,2 and trans-1,2 isomers. The calculated MP2 and DFT structures for the FOX-7 molecule
agree well with the experimental X-ray configuration but with twists of the nitro and amino groups much
larger than in the solid phase. The calculated fundamental vibrational frequencies at the DFT level generally
compare well with the MP2 results. The IR spectra were computed for the three isomers. The structural
properties of the FOX-7 crystal have been studied by a plane-wave DFT method. These calculations were
done with periodic boundary conditions in all three directions. The optimization of the crystal structure has
been done with full relaxation of the atomic positions and of the lattice parameters R2deisymmetry.

The predicted crystal structure is in good agreement with X-ray data. We have developed an intermolecular
potential to describe the structure of the FOX-7 crystal in the approximation of rigid molecules. This potential
is composed of pairwise exp-6 Buckingham terms and Coulombic interactions. Crystal-packing calculations
without symmetry constraints performed with the proposed potential accurately reproduce the main
crystallographic features and yield very good agreement with the estimated lattice energy. This intermolecular
potential was further tested in isotherm&obaric molecular dynamics simulations at atmospheric pressure
and in the temperature range of 4250 K. It is found that the increase of temperature does not significantly
change the orientations of the molecules inside the unit cell. The thermal expansion coefficients calculated
for the model indicate anisotropic behavior with the largest expansion alordgdtystallographic direction.

molecular arrangement inside the crystal is that of two-
OIolimensional wave-shaped layers (see Figure 1b), with extensive
intermolecular hydrogen bonding within the layers and with
simple van der Waals interactions between the layers. It has
been suggestédhat this molecular packing is essential for its
low sensitivity to impact and the absence of a melting point.
The type of molecular packing in crystalline FOX-7 is similar
to that observed in other relatively insensitive energetic materials
such as 1,3,5-triamino-2,4,5-trinitrobenzene (TAT&)d 5-ni-
tro-2,4,-dihydro-3H-1,2,4-triazol-3-ong{NTO) .8 The empirical

explore the fundamental behavior of this system and that can €Vidence suggests that hydrogen bonding, which often leads to
be used to develop a better understanding of the basicnighly ordered layering of molecular sheets in solids, can be
characteristics of energetic materials that determine shock@n important factor in determining the sensitivity of materials
sensitivity. to shocking.

The structure of crystalline FOX-7 was resolved by X-ray In contradistinction to the solid phase, the gas-phase properties
crystallography in two independent stud¥sThe crystal has of FOX-7 have not been investigated experimentally. A first
monoclinicP2;/n symmetry, withZ = 4 molecules per unit cell  theoretical attempt to characterize the properties of the FOX-7
(see Figure 1a). The molecular geometry is characterized bymolecule has been done by Politzer e? @hey used density-
extensivesr conjugation, with two intramolecular hydrogen functional theory (DFT) calculations (B3P86/6-BG**) to
bonds between the nitro-O and the amino-H atoms. The determine several important properties including theND,
and C-NH, bond dissociation energies and the heats of
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ba functional Becke3-LYP/ provides a similar description to that
™ computed at the MP2 level and with the experimental values.

Besides the energetic and geometrical parameters, another
set of useful data obtained from ab initio calculations are the
fundamental vibrational frequencies. These were calculated for
the three FOX-7 isomers using analytical second-order deriva-
tives at the optimized geometries. The theoretical frequencies
should be compared to gas-phase experimental results; however,
we are not aware of any experimental measurements of the
vibrational frequencies. We hope that the computed vibrational
frequencies will stimulate experimental investigations of the gas-
phase vibrational spectroscopy of this interesting molecule.

Ideally the equilibrium and dynamical properties of molecular
crystals would be obtained from first-principles molecular
dynamics simulations. Although such calculations represent the
state of the art, they are computationally extremely demanding.
The alternative to this approach is to develop reliable intermo-
lecular potentials to be used in classical molecular dynamics
(MD) or Monte Carlo (MC) simulations. We have successfully
developed such intermolecular potentials for a series of 30
nitramine crystald® ¢ including some of the most important
explosives such as hexahydro-1,3,5-trinitro-1,3,5-s-triazine (RDX),
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclo-octane (HMX), and 2,4,6,8,-
10-hexanitrohexaazaisowurtzitane (HNIW), and have analyzed
the transferability of such potentials to a set of 30 nitramine
crystald®d and 50 other nonnitramine compourid%.n the
present work, we report the development of an intermolecular

c potential to describe the structure of the FOX-7 crystal. This

axy—=> potential will allow direct theoretical investigations of the

Figure 1. (a) Perspective view of the FOX-7 crystal. The H and C response of FOX-7 crystals to different external stimuli such
atoms are represented by small and large open circles, respectivelyas heating or pressure, particularly for conditions that are close
and the N and O atoms are represented by circles with a filled patternto normal pressures and temperatures. In addition, the present
of dots and hatching, respectively. (b) The wave-shaped layered packingpotential model can be also used in the theoretical crystal
viewed along (100) direction. engineering field to design new crystals with different types of
molecular packing.

The methodology followed to develop this intermolecular
potential is similar to that we used previously for different
. " energetic crystal¥ The intermolecular interactions are assumed
_ In the present study, we extend the previous theoretical 1, pe describable by simple isotropic potentials such as the (6-
investigations by considering the effects of the qrystalllne field exp) Buckingham potentials with explicit consideration of the
on the geometric parameters of FOX-7. For this purpose, We glectrostatic interactions between the charges associated with
used first-principles calculations based on DFT and the pseudo-yarious atoms of different molecules. The Coulombic terms were
potential method to determine the structure and electronic getermined by fitting partial charges centered on each atom of
properties of the FOX-7 crystal. Periodic boundary conditions the FOX-7 molecule to a guantum mechanically derived
in all three directions were used for the present calculations. g|ectrostatic potential. The parametrization of the potential
The equilibrium structure of the crystal was obtained by full fynction was done such that the model reproduces in molecular

pathway corresponds to nitro-to-nitrite rearrangement with a
calculated energy barrier of 59.1 kcal/mol. This value is very
close to the experimental activation energy of 58 kcal/fhol.

relaxation of the unit cell parameters allowed by #h2/n packing (MP) calculations without symmetry constraints the
crystal symmetry as well as of the atomic positions inside the experimental structure of the crystal and its lattice energy. In
unit cell. all of these calculations, the molecules are assumed to be rigid

To compare the changes induced by the crystalline field upon and the structure is described by the center-of-mass positions
the gas-phase structures, we have also performed ab initioand the orientation parameters (the Euler angles or the set of
calculations on the isolated FOX-7 molecule (see Figure 2a). quaternions) for each of the molecules in the unit cell. The
Additionally, we have considered the stability and structural intermolecular potential determined in MP calculations was
properties of two related isomers, namely, trans-1,2 and cis- further tested in isothermaisobaric molecular dynamics
1,2 (see Figure 2 parts b and c). These studies have been doneimulations (NPT-MD) as a function of temperature over the
on the basis of first-principles molecular orbital calculations at range of 4.2-450 K at atmospheric pressure.
the MP2 and MP¥ levels using different types of basis sets. The organization of the paper is as follows: In section II,
For the purpose of comparison and as an alternative to thewe present the computational methods used in the present study.
computationally demanding MP2 method, we have also used In section Ill, we present the results of ab initio molecular orbital
DFT in the Kohr-Sham formulatiort3 We have previously  and total energy calculations, lattice energy minimization by
shown for two other highly energetic, relatively insensitive molecular packing calculations without symmetry constraints,
crystals, namely, NT8® and ANTA (3-amino-5-nitro-1,2,4- and the results of trajectories calculations in the constant
triazole)!® that the Becke’s three parameter hybrid metHod, temperature and pressure ensemble. Finally, we summarize the
in combination with the Lee, Yang, and Parr correlation main conclusions in section V.
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Figure 2. Schematic view of (a) the FOX-7 molecule and its (b) t@sand (c) 1,2eisisomers. The indices for various kinds of atoms are those

used consistently throughout this paper.

II. Computational Procedure

A. Ab Initio Molecular Orbital Calculations. Standard ab
initio molecular orbital calculations were carried out using the
Gaussian 98 suite of prograrfsThe geometries of FOX-7 and

its cis-1,2 and trans-1,2 isomers have been optimized using the

6-31G** (split-valence plus d-type and p-type polarization
functions) and 6-313G** (triple- {-valence functions plus dp
polarization and diffuse functions) basis s&tsThe point
symmetries found for the FOX-7, els2, and trand,2 mol-
ecules areC,, C;, and C;, respectively. In the last case, the
molecular symmetry was found to change fr@mat HF level
to C, at the MP2 and B3LYP levels. All geometry optimizations
met the default convergence criteria given by Gaussiatf 98.
Additionally, DFT calculations were done using B3LYP ex-
change-correlation functional. In this case, the geometry opti-
mizations were performed with 6-31G** and 6-3tG** bases.
The nature of all stationary points determined at the MP2
and DFT levels has been determined by calculations of the
vibrational frequencies. For all optimized geometries reported
in this work, all vibrational frequencies were found to be real
numbers, thus, verifying the structures as local minima. The

calculated frequencies and the corresponding intensities were

used to predict the IR spectra. The values of harmonic

vibrational frequencies determined at different levels have been

uniformly scaled by factors 0.8929 at HF/6-31G**, 0.9370 at
MP2/6-31G**, and 0.9613 at both B3LYP/6-31G** and B3LYP/
6-311++G**21 to take into account the over-estimation of
vibrational frequencies at these levels of theory. The vibrational

modes have been characterized both quantitatively in terms of

the potential energy distributiéhover symmetry coordinates
(which describes the percent contribution of the symmetry

coordinates to each of the 3N-6 vibrational mode displacement

vectors) and qualitatively by visual inspection of the eigenvec-
tors of the mass-weighted MP2/6-31G** Hessian matrix.
B. Total Energy Calculations. The investigations of FOX-7

crystals have been carried out using first-principles calculations
based on DFT and the pseudopotential approximation. This
approach can provide an accurate description for both the

isolated moleculéd as well as the geometric and energetic
properties of the corresponding molecular cryst&iin these

calculations, we have used the generalized gradient approxima:

tion (GGA) with Perdew-Wang 86 exchange correlation
functional?®27 In the pseudopotential approximation, only the

small Coulomb potential on the H atoms. The valence orbitals
were expanded in a basis of plane waves with kinetic energy
A%k2/2m < Eqy, Wherek is the wave vectom is the electronic
mass, ande.; is the chosen cutoff energy. This cutoff energy

is chosen to ensure the convergence with respect to the basis
set. This theoretical approach has significant advantages because
of the lack of bias introduced by the choice of basis functions
as well as the easy convergence to basis set completeness. The
Brillouin zone was sampled with a 2 2 x 1 mesh in the
Monkhorst-Pack schemé? leading to a single k point having

the coordinates (0.25, 0.25, 0).

The periodic nature of the crystals has been considered by
using periodic boundary conditions in all three directions. In
the optimization process, all independent degrees of freedom
allowed by the monoclini®®2;/n space group symmetry have
been optimized. Particularly, the lattice dimensianb, andc;
the lattice angles; as well as all of the atomic positions inside
the unit cell have been allowed to vary during the optimization
process. All calculations were carried out using the Vienna ab
initio simulation package (VASP} 33 This code searches
iteratively for solution of Koha-Sham equatiodd® via an
unconstrained band-by-band minimization of the norm of the
residual vector of each eigenstate and an optimized charge
density mixing.

C. Molecular Packing Calculations. A general procedure
for the development and testing of semiempirical intermolecular
potential energy functions for organic crystals is based on
molecular packing calculatior?$.The basic idea consists of
minimization of the lattice energy with respect to the structural
degrees of freedom of the crystal. For a crystal withigid
molecules per unit cell, these degrees of freedom are determined
by the positions and orientations of the molecules in the unit
cell as well as the dimensions and angles of the unit cell. In the
present study, we have done these calculations using the
algorithm proposed by Gibson and Schefadar efficient
minimization of the energy of a fully variable lattice composed
of rigid molecules and implemented in the program LMN.

The potential function used to describe the intermolecular
interactions in the FOX-7 crystal was constructed as a sum of
pairwise additive Buckingham (6-exp) (repulsion and dispersion)
terms plus Coulombic (C) potentials of the forms

valence electrons are represented explicitly, the valence-core

interaction being described by ultra-soft (Vanderbilt-type)
pseudopotentiad8 as provided by Kresse and Hafrf@These
pseudopotentials permit the use of lower plane-wave cutoff

energies than would be required with standard norm-conserving
pseudopotentials. A pseudopotential is also used to replace the

057N = Ay exp(=Byyr) — Cyylr° 1)
and
qaqﬂ
Vou(n) = Aerey 2)
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wherer is the interatomic distance between atomandg, g, Further details of the summation procedures of different energy
and ¢ are the electrostatic charges on the atoms,egrisl the terms over the lattice as well as of the adjustable parameter
dielectric permittivity constant of the vacuum. that determines the relative contribution of the direct and

The set of partial charges used in these calculations werereciprocal-space terms in Ewald sums are given in ref 35.
determined through fitting these to the quantum-mechanically D. Constant Pressure and Temperature Molecular Dy-
derived electrostatic interaction potential for an isolated molecule namics Calculations. A more comprehensive test of the
whose atoms are arranged in the experimental crystallographicproposed intermolecular potential for FOX-7 crystals was done
arrangement. These calculations have been done using thén a constant pressure and temperature (NPT) molecular
CHELPG procedure as implemented in the Gaussian 98 dynamics simulation, in which there are no geometric constraints
packagé? We have previously showhfor various molecular other than the assumption of rigid molecules. This method yields
crystals that the best agreement between predicted and experiaverage equilibrium properties of the lattice as functions of
mental values of crystallographic parameters and lattice energiesemperature and pressure.

is obtained when the set of partial charges is determined using Wwe have used the Nos¢loover barostat algorithif, as

methods that employ electron correlation effects such as MP2implemented in the program DL_POLY_2®to simulate the

perturbation theory? Consequently, in the present study, the FOX-7 crystal at various temperatures in the range of-450

set of atom-centered monopole charges have been determineg and at atmospheric pressure. The equations of motion for

from MP2/6-31G** calculations. both the translation of the rigid molecules and the simulation
The parameter8,s, B,s andCes in the Buckingham potential,  cell are integrated using the Verlet leapfrog schéim&he

eq 1, for H and C atomic pairs are those used in our previous molecular rotational motion is handled using Fincham'’s implicit

studies of nitramine crystal§a-d whereas those for the N and  quaternion algorithm?

O atoms have been adjusted such that the differences between The MD simulation cell consists of a box containing 48

the predicted and experimental geometries of the FOX-7 crystal crystallographic unit cells (a 4 4 x 3 box of unit cells). In

are minimized. the initial simulation corresponding to the lowest temperature,

Additionally we have ascertained that our potential reproduces the position and orientation of the molecules in the unit cell
the experimentally observed crystal symmetry by computing were taken to be identical to those for the experimental structure.
the symmetry operations that transform the molecules in the In all production runs of the NéseHoover NPT ensembles,
unit cell at the beginning and end of lattice-energy minimization. the system was integrated for 1x210* time steps (1 time step
The space group was considered to be conserved if the symmetry= 2 x 10715 s), of which 2x 10° steps were equilibration. In
operations, as defined in the International Tables of Crystal- the equilibration period, the velocities were scaled after every
lography3” between a given molecule and the remaining 5 steps, so that the internal temperature of the crystal mimicked
molecules in the unit cell remain unchanged and if the lattice the imposed external temperature. Then, average properties were
parameters fixed by the lattice symmetry have not been modified calculated over the next 1@htegration steps in the simulation.
significantly. If the space symmetry is not conserved as a result In subsequent runs, performed at successively higher temper-
of energy minimization, a new space group is deduced on the atures, the initial configurations of the molecular positions and
basis of the final symmetry relations. It has been shwimat velocities were taken from the previous simulation at the end
when the space group symmetry remains unchanged some obf the production run.

the symmetry transformations may be lost during energy The lattice sums were calculated subject to the use of
minimization but are regained before convergence is attained. minimum-image periodic boundary conditions in all three
In the particular case of FOX-7 crystals, with space gregg dimensiong! The interactions were determined between the
n, we found that the space group is conserved after lattice energysites (atoms) in the simulation box and the nearest-image sites
minimizations and that the anglesandy of the unit cellremain  ithin the cutoff distanceR.,= 10.5 A). In these calculations,
very close to 90 as required by the monoclinic space group the Coulombic long-range interaction were handled using
symmetry. Ewald’s method'!

In addition to the condition to reproduce the lattice geo-  The main quantities obtained from these simulations were
metrical parameters, we imposed the condition that the calcu-the average lattice dimensions and the corresponding volume
lated energy match the static lattice enetgfyof the crystal.  of the unit cell. Additional information about the structure of
The lattice energy)® for FOX-7 can be estimaté¥on the basis  the crystal has been obtained by calculating the center of mass
of the heat of sublimation using the relatiem\Hsus ~ U° + (COM) and the site'site radial distribution functions (RDFs).
2RT, we usedAHsup = —108.8 kJ/mol, determined by Politzer  These quantities have been determined from recordings done
et al.? using a density functional procedure. at every 10th step during the trajectory integration.

Using the potential terms in eqs 1 and 2, the lattice energy
has been evaluated as the sum of interactions between the atomg; Results and Discussion
in the central unit and all of the other atoms in the image cells.

For practical computational purposes, the lattice sums are A. Ab Initio Molecular Orbital Calculations. Al. Isomer
evaluated over cells within a sphere centered at the origin andGeometriesSchematic views of the FOX-7 molecule and its

of radius limited by a chosen cutoff distance. The nonbonded trans1,2 and cisl,2 isomers are shown in Figure 2. The
interactions were cut off at a distan@e® using a cubic feather  corresponding geometrical parameters of these isomers obtained
(spline), applied over the distand&® — Qr9, to ensure the by optimizations at the MP2 and B3LYP levels are given in
continuity of the function and its first derivative. The parameters Supplementary Tables #3S. The atom designation and

P andQ, which specify the start and the end of the cubic feather numbering used in these tables and in the present discussion
(see ref 35 for details), were set to 20.0 and 20.5, respectively.are those indicated in Figure 2. The values given in parentheses
The evaluation of the Coulombic sums over the infinite periodic in Tables 1S-3S represent the absolute percentage deviation
lattice has been done using the standard Ewald’s transformationof the geometrical parameters relative to the MP2/643&1*
techniqué® to improve the rate of convergence of these sums. results, considered as reference.



5014 J. Phys. Chem. A, Vol. 105, No. 20, 2001 Sorescu et al.

As indicated by the NC—C—N torsional angles given in ~ TABLE 1: Calculated Energies (hartrees), Energy
Tables 1S-3S, all three bonds around the carbon atoms are gg‘;gfggicri %/'izbgﬁfﬁxeéﬁefgé(;?zgﬁ'@ﬂ/%H?Sefﬁbe%tm
a_Imost coplanar with variations up to _abdtLtG" from the |d¢al Dipole Moment (D) for FOX-7 and Its trans-1,2' and cis-1,2
single plane. There are also small twists of Nffoups relative  |somers

to the C-C—N (nitro) plane with deviations as high as16°,

+6°, and+12° for respectively FOX-7 and its traris2 and compound _ calculation level energy AE ZPE dipole
cis-1,2 isomers. However, some major differences appear inthe FOX-7  HF/6-31G™  — —595.056 554 3 5212 8.90
degree of rotation out of plane of the amino group for the cis B3LYP/6-31G —298.3252416 5801 821
9! : 'p e group for B3LYP/6-311-G* —598.507 509 7 8.55
_1,2 isomer. In this case, |IIu§trated in Figure 1c, th_e amino group MP2/6-31G** —506.736 673 5 59.46 8.52
is rotated by up to 1(3relative to the G-C—N(amino) plane. MP2/6-311-G**  —597.027 847 9 8.33
This rotation away from the neighboring amino group allows MP4/6-311+G*  —597.1358155 8.33
formation of new hydrogen bonds that enhances the stability trans-1,2 HF/6-31G** —595.0359675 12.9 63.41 1.47
of this compound. FOX-7  B3LYP/6-31G**  —598.3168155 5.3 57.47 0.00
. S _ B3LYP/6-31HG** —598.5001609 4.6 0.00

By investigating the dependence of the geometrical param- MP2/6-31G** 5067304141 3.9 58.89 0.00
eters on the basis set, we observe that at the MP2 level the MP2/6-31H#G**  —597.0218830 3.7 0.00
bond lengths, the bond angles, and a majority of dihedral angles MP4/6-311-G*  —597.1289824 4.2 0.00
are practically independent of the basis set, with variations less cis-1,2  HF/6-31G** —595.0300551 16.6 63.53 6.54

than 1.0%. However, there is a larger effect on the twist of the FOX-7 B3LYP/6-3lG**** —598.2981853 16.9 57.83 6.13
nitro and amino groups relative to theXC—C—N plane in B3LYP/6-311+G** —598.4828650 15.4 6.67

2 . . . MP2/6-31G** —596.719 1570 11.0 59.00 6.54
the case of optimization with the diffuse basis set MP2/6- MP2/6-31H-G**  —597.0132516 9.2 6.81
311+G**, MP4/6-311-G*  —597.1224948 8.3 6.81

The geometrical parameters computed using B3LYP are  aaj computed values are for optimizations at the indicated level
generally very close to those obtained at the MP2 level. The except for the MP4/6-31G** calculations which have been done at
maximum deviations for the bond lengths are below 1.0% at the optimized MP2/6-31£G** structures.
the B3LYP/6-31#G** level (except for the C-C bond in
FOX-7, for which the deviation is 2.0%). For the bond angles, the transl,2 isomer, but the ©-H distances are longer than
the corresponding maximum differences are between 2 and 4%.for FOX-7, with values of 1.95 and 2.08 A, respectively,
The largest deviations are for the torsional angles of the nitro indicating weaker hydrogen bonds in the trans isomer. The cis
and amino groups, with differences of up to-1#8° for the 1,2 isomer has four hydrogen bonds but they are very weak,
three isomers. As a result of these variations, the calculatedwith O---H or N---H nonbonded distances ranging from 2.41
intramolecular hydrogen bonds vary as much as 13.6% at theto 2.79 A. Politzer et al.have shown that only on the basis of
B3LYP/6-31G** level and 9.8% at B3LYP/6-3#1G** level the stabilization energy determined by hydrogen bonding the
relative to the MP2/6-31£G** results in the case of the cis predicted relative stability should be €12 > FOX-7 > trans
1,2 isomer. However, for the FOX-7 and trans-1,2 molecules, 1,2. However, the results given in Table 1 indicate that hydrogen
the deviations of the intramolecular hydrogen bond lengths from bonding effects are less important than those due to electron
the MP2/6-31%G** results are much smaller, with values delocalization. Our results predict the order of stability as FOX-7
below 6.5% and 1.4%, respectively. > trans1,2 > cis-1,2.

A2. Isomer Energied-he absolute and relativAE) energies, The dipole moments for the three isomers calculated at the
together with zero-point vibrational energies at various levels HF, MP2, MP4, and B3LYP levels are given in Table 1. FOX-7
are given in Table 1 for the three isomers. The relative energiesis a strongly dipolar compound with a predicted dipole moment
reported here are calculated with respect to the energy of FOX-7between 8.2 and 8.5 D, which is in accord with the conclusion
as the reference. From these results, it follows that at all levels based on experiments that the molecule possesses a large*dipole.
of calculation the most stable isomer is FOX-7 followed by the The trans isomer ha§, symmetry and thus does not have a
trans1,2 and then cid,2 isomers. The trank,2 isomer is less dipole moment. An exception to this is obtained at the HF/6-
stable by values ranging between 3.7 and 4.2 kcal/mol at the31G** level, where the trans isomer is found to haQe
MP2 and MP4 levels, respectively. The DFT results are also symmetry. Also, we find large dipole moments, values between
very close to the MP4 values, ranging from 5.3 kcal/mol at the 6.1 and 6.8 D, for the cis isomer.

B3LYP/6-31G** and 4.6 kcal/mol at the B3LYP/6-3+1G** A3. Isomer FrequencieZhe ab initio calculated fundamental
levels. These predictions are similar to the values reported vibrational frequencies of the FOX-7 isomers are given in Table
previously by Politzer et #l.on the basis of B3P86/6-31G** 2. The frequencies in Table 2 have been scaled by the empirical

calculations. There is a much larger spread in the energies forfactors given in section Il to correct for the over-estimation at
the cis1,2 isomer, with values ranging from 8.3 kcal/mol at these levels of theory. To the best of our knowledge, there are
the MP4/6-31%G** level to 16.9 kcal/mol at the B3LYP/6-  no experimental values of the fundamental frequencies available

31G** level. for either the gas or solid phases of FOX-7. We will consider
The energetic relationships seen between the three FOX-7the frequencies determined at the MP2/6-31G** level as
isomers have been previously interprétad a result of push reference. We present in Figure 3 the simulated IR spectra

pull electron delocalization in competition with hydrogen- calculated at the MP2/6-31G** level for all three isomers.
bonding stabilization. It has been shown that electronic delo- In the case of the FOX-7 isomer, approximate assignments

calization is greatest in FOX-7 followed by the trah& isomer, of the fundamental modes are given in the second column of
whereas in the cig,2 isomer, it is less important because of Table 2. These assignments are based on visual inspection of
rotations of amino and nitro groups. Our MP2/6-313** the MP2/6-31G** eigenvectors and calculation of the potential

optimization results indicate that FOX-7 has two pairs of strong energy distribution (PED) over symmetry coordinates. The PED
hydrogen bonds with short-©H interatomic distances of about in Table 2 shows that most of the vibrational modes in FOX-7
1.89 A (see Figure 2). There are four such hydrogen bonds inare quite delocalized, each involving several symmetry coor-
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TABLE 2: Harmonic Vibrational Frequencies (cm~1) Calculated at the MP2/6-31G** Level for FOX-7 (I) and Its cis-1,2 (ll)
and trans-1,2 (lll) isomers

mode assignmeht | Il I

21 NO, torsion 58.1 (B) 36.0 53.7 (&
47. 1(36)+ 44.8(35)+ 5.8(34)

V2 skeletal def 108.1 (A) 75.2 100.8 gA
34.8(17)+ 29.7(18)+ 22.5(14)+ 11.2(15)

V3 NH, wag 130.8 (A) 96.1 112.0 (4
59. 4(14)+ 16.9(16)+ 12.2(18)+ 7.1(17)

V4 skeletal def. 154.5 (B) 199.4 259.2 (A
29. 6(31)+ 25.6(32)+ 20.8(35)+ 20.3(36)

Vs C—NO; def 276.0 (A) 221.6 301.5 4
42. 6(15)+ 20. 0(9)+ 17.0(17)+ 8.1(12)

Ve C—NO—C—NH 310.5 (B) 224.2 323.7 (A
35. 6(33)+ 26 9(26)+ 11.8(34)+ 5.8(32)

vy C— 387.0 (B) 297.0 398.2 (A
46. 3(25)+ 21 2(30)+ 12.5(29)+ 10.6(34)

vg NH-as-wag 395.4 (A) 336.5 419.3 (A
87.4(15)+ 7.3(10)

vy NH-s-wag 437.4 (B) 358.8 433.2 (A
88.8(33)

V10 skeletal breathe 459.3 (A) 380.8 452.3)JA
38.1(15)+ 34.5(13)+ 12.3(12)+ 5.0(5)

V11 skeletal def 480.9 (B) 460.5 468.04A
19.8(35)+ 19. 0(29)+ 17.0(31)+ 14.7(32)+ 7.7(33)+ 7.1(36)+ 5.7(33)

V12 H—N-—C—C torsional 490.7 (A) 478.9 475.4 (A
92.0(15)

V13 NH, def. 592.9 (A) 578.4 533.8 (&
88. 3(16)+ 5.6(10)

V14 NH, rock 618.3 (A) 646.1 593.5 (4
79.0(16)+ 8.3(11)

V15 NS—CZ—NG op def. 624.7 (B) 691.1 601.0 9\
38.6(32)+ 29.4(34)+ 10.0(36)+ 7.8(35)+ 7.8(33)+ 5.5(31)

Vie N3—Hi12,Ns—H14 wag 689.6 (B) 715.8 696.5 %
87. O(34)+ 5.0(33)

V17 C—NO;def. 726.0 (B) 745.1 701.3
53. 5(36)+ 22.8(31)+ 16.4 32)

21 C—NO; def+N—C—C—N 738.2 (A) 770.2 709.3 (&
61. 1(18)+ 22.8(17)+ 9. 7(14)

219 C—NO; bend 794.2 (B) 850.4 7311 (A
36. 5(30)+ 20.7(26)+ 11.0(25)+ 7.0(36)+ 6.9(29)+ 6.3(34)

V20 C—NOy-bend 861.9 (A) 881.3 850.6 ¢h
42. 2(12)+ 20.6(13)+ 13.2(5)

Va1 N—H bend 1104.4 (A) 981.1 953.0 (A
54.6(11)+ 24.0(10)+ 14.3(2)

V22 NH, bend 1126.6 (B) 1171.9 1069.5§A
43.4(27)+ 42. 6(28)

V23 skeletal det-NH, r 1178.1 (B) 1265.5 1246.6 (A
29.6(27)+ 22. 9(28)+ 16.0(26)+ 10.0(22)+ 8.1(25)

Vo4 N—C str+ NH bend 1250.7 (A) 1295.1 1310.44A
40.2(10)+ 33.8(11)

V25 skeletal def. 1378.2 (B) 1366.3 1339.5A
33.3(22)+ 16. 7(29)+ 14.7(24)+ 9.3(23)+ 7.3(27)+ 6.3(28)

V26 C—NO; sym 1422.7 (A) 1396.7 1372.2¢A
32. 4(5)+ 21. 0(7)+ 19.9(13)+ 11.8(6)+ 5.0(12)

Va7 NH, bend 1537.5 (B) 1430.6 1435.54A
49, 4(28)+ 18 7(25)+ 9.4(26)+ 9.4(19)

Vag H14—N4—Cy—N3—H;1 bend+ C—C str. 1587.7 (A) 1645.4 1587.4 ¢A
76 4(10)+ 6 8(l)+ 5.5(15)

V29 NH, ben 1676.9 (B) 1690.4 1603.0 A
48. 3(27)+ 17. O(28)+ 9.5(19)+ 7.9(33)+ 6.7(25)+ 6.3(34)

V30 NH, bend+C—C str 1713.6 (A) 1781.0 1708.16A
72.4(11)+ 6.3(1)+ 5.2(16)

V31 asym. N-O str. +skelet.def 1751.8 (B) 1789.6 1768.50A
22.9(23)+ 21.5(24)+ 15.0(30)+ 14.5(29)+ 9.3(26)+ 6.8(28)

V32 sym. NO strtskelet.def 1770.1 (A) 1833.6 1776.04A
22.8(6)+ 20.3(7)+ 19.8(13)+ 17.9(12)+ 7.7(9)

V33 N4—H sym str-Nz—H sym 3599.4 (B) 3573.2 3627.0 (A
75 1(21)+ 23.9(20)

V34 Ns—H sym str-N3z—H sym 3608.8 (A) 3604.3 3632.2 (A
75.4(4)+ 23.4(3)

V35 N4—H asym sti-N3—H asym 3775.6 (A) 3666.5 3773.14A
73.6(3)+ 24.6(4)

V36 Ns—H asym sti+Nz—H asym 3776.3 (B) 3740.7 3774.2 A

73.3(20)+ 25.0(21)

aThe assignment is based on the values determined for FOX-7. The legend of abbreviations used in text is as follevaefatefation; str
= strectching; assyrn asymmetric; symm= symmetric. The vibrational modes are further characterized in terms of the potential energy distribution
(in percent.) The numbers in parentheses refer to the symmetry coordinates defined below. Symmetry coordinates contributing less than five percent
are omitted. Symmetry coordinate definitions ¢, andw denote bond stretches, angle bends, and torsions, respectively) are as follows: S
V(Cl—CZ), 52 = ‘V(Cl_N:; + Cl_N4), S3 = V(N3—H11 + N4_H14), 54 = V(Ng—le + N4_H13), Sg, = V(CZ—N5 + CZ_NG), Se = ‘V(N5_O7 +
Ne—0Qo), S = ¥(Ns—Og + Ng—O10), Ss = a(N3—C1—C; + N4—C1—Cy), S = a(Ns—C,—Cy + Ne—C>—Cy), Sio = a(H11—N3—C; + H14—Ns—Cy),
Si1 = o(H12—N3—Ci1 + Hiz3—N4—Cy), Si2 = a(O7—Ns—Cz + Og—Ng—Cy), Si3 = a(Og—Ns—Cz + O10—Ns—Cy), S1s = w(N3—C1—Co—Ns +
N4—C1—C5—Ne), Si5s = w(H11—N3—C1—C; + H1s—N4—C1—Cy), Sis = w(H12—N3—C1—C; + H13—N4s—C1—Cy), S;7 = w(O7—Ns—C;—Cy + Og—
Ne—C2—C1), S18 = w(Og—N5—C;—C1 + O10—~Ns—C2—Cy), S19 = ¥(C1—Nz — C1—Na), S0 = ¥(N3—H11 — Ny—H12), S0 = ¥(N3—H12 — Na—H1a),
S22 = ¥(Co—Ns — C3—Ne), S3 = ¥(Ns—O7 — Ng—Oq), S2a = ¥(N5s—0Og — Ng—O10), S5 = a(N3—C1—C; — N4—C1—Cy), S6 = a(Ns—Co—Cy —
Ne—C2—C1), Sp7 = a(H11—N3—Cy — H14—N4—C1), S8 = a(H12—N3—C1 — H13—N4—Cy1), S9 = a(O7—Ns5—Cz — Og—Ns—C2), Sz0 = a(Og—Ns—
Cz — 010~ N6—C2), Sz1 = w(C1—C>—N5—Ne), Sz2 = w(N3—C1—Co—Ns — Ny—C1—C2—Np), Sz3 = w(H11—N3—C1—C; — H1s—Ns—C1—Cy), Ssa =
w(H12—N3—C1—Cz — H13—N4—C1—C;), Szs = w(O7—Ns5—C2—C1 — Og—Ng—C2—C1), Szs = w(Og—Ns—C2—C1 — O10—Ng—C2—Cy).
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Figure 3. Infrared spectra of (a) the FOX-7, (b) 1¢&, and (c) 1,2-
trans FOX-7 molecules calculated at the MP2/6-31G** level.

dinates. Exceptions include the-¥ stretching modesvgs—

v36) and five N—H deformation modess, vg, v12, v13, andviy),
which are dominated by motions along a single symmetry
coordinate.

B. Ab Initio Total Energy Calculations. B1. Geometric and
Electronic Properties of FOX-7 CrystalWe have also inves-
tigated the bulk structure of crystalline FOX-7 by carrying out
ab initio total energy calculations. The relaxation of the unit

cell was done with respect to the independent lattice parameter

allowed byP2:/n space group symmetry, namely, the crystal
dimensions, b, andc and the angl@ of the unit cell, whereas
the other two angles were kept at 90.0he results of these
calculations are given in Table 3. We have also included for
comparison in Table 3 the experimental X-ray crystal data
obtained by Bemm et &l(Exp1) and Gilardi (Exp2).

There exist some small differences in the two sets of
experimental lattice parameters, EX@ind Exp2 in Table 3,
with a maximum deviation of 1.2% for lattice dimensibnOur
results are closer to the values reported by Gifafelkp2) and

Sorescu et al.

P2:/n symmetry constraints and found that the final optimized
structure does not change significantly from the above values.

The calculated geometry of FOX-7 is compared with the
experimental data, Expland ExpZ in Table 3. The experi-
mental intramolecular geometrical parameters are also well
reproduced by the computations with maximum deviations of
2.5% for bond lengths and 2.1% for bond angles. In particular,
it is found that the predicted molecular configuration of the C
and N atoms is essentially planar, except for the nitro-N atoms,
particularly N(5), which are out of the plane. Indeed, as
illustrated by the data in Table 3, the magnitude of torsional
anglesr(C;—C,—Ns—0g) andt(C;—C,—Ns—0Oy) indicate much
larger out-of-plane rotations for thesMitro group than is the
case for the rotations of thesMitro group, as described by the
anglesr(C;—C,—Ng—0Og) andz(C;—Cy,—Ng—01). This asym-
metry of the two nitro groups is in contrast with the results
obtained for the isolated molecule where the two groups are
equivalent and have equal out-of-plane rotations. Additionally,
relative to the calculated gas-phase structure t€®ond is
elongated in the crystalline phase by about 0.04 A, because of
the strong intermolecular interactions.

When the predicted and experimental bond distances in Table
3 are compared, it can be seen that the largest deviations appear
for the N—H bonds as well as for the\H---O hydrogen bonds.
For N—H bonds our calculations indicate values around £.01
1.02 A, whereas the experimental values vary from 0.83 to 0.88
A. Similarly, the predicted N-H+--O interatomic distances range
between 1.88 and 2.46 A, which are smaller than the experi-
mental values that vary from 2.18 to 2.54 A. The main reason
for such differences is the uncertainty in the H-atom positions
obtained using X-ray diffraction, which determines the centers
of charge for H atoms and not the positions of the nuclei.
Additionally, we observe in agreement with the experiment that
every H atom in the amino group is involved in two hydrogen
bonds: one shorter (stronger) than the other. The shortest
hydrogen bonds, indicated with an asterisk in Table 3, are
intramolecular, whereas the other bonds are intermolecular. This
extensive intramolecular and intermolecular hydrogen bonding
network was found to be responsible for the limited amount of
thermal motion of the individual atoms as well as for the low
sensitivity to friction and impact of the FOX-7 crystal.

We have calculated the self-consistent band structure for the
optimized structure of the FOX-7 crystal. The result is shown
in Figure 4, and the corresponding total densities of states are

Sgiven in Figure 5. In Figures 4 and 5, the energy of the highest

occupied crystalline orbital has been set to zero. As can be seen,
FOX-7 is an electrical insulator with a band gap at Ehpoint
of 2.2 eV.

A better understanding of the character of these bands can
be obtained by projecting the calculated charge density on the
atom-centered orbitals. These representations, called the pro-
jected density of states (PDOS), are given in Figure 5 for
individual atoms @, C,, N3, N5, O;, Og, Hy1, and H» in the
FOX-7 molecule. The individual s and p bands corresponding
to the various atoms can be identified clearly in the total DOS

consequently we discuss our results relative to them. The spectrum except in the regions betweei8(—6) eV and (-2,

analysis of the calculated results indicates that the agreement-1) eV where there is a mixing of states, consistent with the
with the experimental values is good. For the cutoff distance molecular character of the crystal. A comparison of the results
of 600 eV the errors relative to the experimental values for cell in Figure 5a-e shows that the top of the valence band is
dimensions are small with values of 0.55%, 2.08% &a0d04% represented by the O(2p)a(2p), and G(2p) levels. The bottom
for a, b, and c, respectively. There is similar very good of the conduction band or the lowest unoccupied crystalline
agreement for the lattice ang® with a difference of only orbitals between 1.5 and 2 eV are formed by contributions from
0.18%. We have also investigated the effects of removal of the both O(2p) and N2p) of the nitro groups.
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TABLE 3: Comparison of the Crystallographic and Molecular Geometrical Parameters for FOX-7 in the Crystal Phase as
Obtained from Plane-Wave ab Initio Calculations with the Corresponding Experimental Data

cutoff energy a b c o y volume
(eVv) A A A (degrees) (degrees) (degrees) (A3
495.0 6.9863 (0.67)  6.8334 (2.95) 11.3654 (0.21) 90.0 90.915 (0.33) 90.0 542.522 (3.86)
600.0 6.9783 (0.55) 6.7758 (2.08) 11.3358)(04) 90.0 90.796 (0.18) 90.0 535.952 (2.60)
ExpL2 6.9410 6.5600 11.3150 90.0 90.555 90.0 515.888
Exp2® 6.9397 6.6374 11.3406 90.0 90.611 90.0 522.328
calcd Expl Exp2 calcd Expl Exp2
Bond Distances (A) Bond Angles (degree)
r(Ci—Cy) 1.4649 (1.3) 1.4558 (0.7) 1.4460 O(N3—C1—Ny) 118.22 (0.1) 118.42 (0.1) 118.27
r(Ci—Na) 1.3364 (1.0) 1.3254 (0.2) 1.3233  A(Nz—C,—Cy) 120.70 (0.2) 120.72 (0.2) 120.42
r(Ci—Ny) 1.3308 (1.6) 1.3191 (0.7) 1.3097 O(Ns—C1—Cy) 121.04 (0.5) 120.82 (0.4) 121.25
r(Ca—Ns) 1.4231 (0.3) 1.4269 (0.6) 1.4188  H(Ns—C,—Ng) 116.68 (0.6) 116.32 (0.3) 115.94
r(C2—Ne) 1.4098 (0.7) 1.3983(0.1) 1.3997 0(Ns—C,—Cy) 119.85 (0.3) 119.74 (0.4) 120.27
r(Ns—0y) 1.2622 (2.5) 1.2424 (0.9) 1.2314  H(Ng—Cy—Cy) 123.46 (0.2) 123.89 (0.1) 123.75
r(Ns—0g) 1.2707 (1.9) 1.2489 (0.2) 1.2467 0(07;—Ns—0Os) 120.62 (0.0) 121.04 (0.3) 120.65
r(Ne—0o) 1.2621 (2.5) 1.2424 (0.9) 1.2314 0(07—Ns—C) 120.55 (0.4) 120.33 (0.5) 120.99
r(Ne—0O10) 1.2640 (2.3) 1.2416 (0.4) 1.2364 0(0g—Ns—Cy) 118.81 (0.4) 118.60 (0.2) 118.32
r(Ns—Hji1) 1.0239 (19.5) 0.8821 (3.0) 0.8565 0(0g—Ng—O10) 120.69 (0.3) 120.87 (0.1) 120.96
r(Ns—Hjip) 1.0186 (18.0) 0.8710 (0.9) 0.8631 0(0g—Ng—Cy) 120.72 (0.2) 120.13(0.2) 120.39
r(Ns—Hig) 1.0185 (11.6) 0.8403 (7.9) 0.9125 0(010—Ns—Cy) 119.02 (0.1) 118.92 (0.3) 118.58
r(Ns—His) 1.0221 (24.1) 0.8379 (1.7) 0.8235 0(H11—N3—Ha2) 118.28 (2.1) 118.18 (2.0) 115.87
0(H11—N3—Cy) 119.68 (1.6) 119.63 (1.6) 121.63
0(H12—N3—Cy) 121.50 (0.6) 121.67 (0.5) 122.27
O(H15—Ns—H14) 119.33(0.2) 118.15(1.2) 119.54
0(H13—Ns—Cy) 120.36 (0.1) 120.97 (0.4) 120.43
0(H14—N4—Cy) 120.24 (0.2) 120.89 (0.7) 120.00
Dihedral Angles (degree) Hydrogen-Bonding Distances (A)
7(N4—C1—C,—Ns) 177.82 172.91 172.82 N4H14...09 2.02 2.18 2.19
T(N3—C;—C,—Npg) 173.85 177.79 177.57 N4H14...08 2.46 2.50 2.54
7(N4—C1—C,—Ns) —4.86 —4.68 —4.76 N4-H13...010* 1.88 1.97 1.96
7(C1—C2—Ng—0) —169.86 —171.00 —170.80 N4-H13...07 2.20 2.29 2.32
7(C1—C,—Ng—010) 6.78 5.80 6.34 N3H11...07 2.00 2.17 2.18
7(C1—Co—Ns—0Oy) —145.89 —143.57 —144.33 N3-H11...09 2.29 2.46 2.49
7(C1—C,—N5—0s) 32.41 34.29 33.95 N3H12...08* 1.92 2.03 1.98
7(Ns—C,—Ng—0Oy) 11.40 11.40 11.44 N3H12...010 2.25 2.36 2.32
7(Ns—C2—Ng—0O10) —148.80 —148.00 —148.20
7(Ne—C2—Ns—0y) 32.90 34.14 33.52
7(Ng—C2—Ng—0Os) —148.80 —148.00 —148.20
T(CZ_C]__N4_H]_3) —2.23 —0.56 —1.23
7(Co—C1—Ns—H14) 179.21 179.50 —179.84
7(Co—C1—N3—Huy) —179.12 178.34 177.78
‘E(CZ_C]_—N3_H12) —-9.41 —10.08 —7.83
7(H11—Nz—C1—Ny) -1.72 0.69 0.12
‘L’(H14—N4_C1—N3) —1.82 —2.85 —2.21
7(H12—Nz—C1—Ny) 173.19 172.27 174.51
7(H13—N4s—C;—N3) 174.51 177.08 176.41

aExpl, data from ref 52 Exp2, data from ref 6¢ The values in parentheses correspond to percentage differences relative to Exp2Vidiees.
intramolecular hydrogen bonds are indicated with an asterisk.

C. Molecular Packing Calculations. The intermolecular angles are very close to the experimental values, with maximum
potential parameters used to describe the physical properties ofdeviation for thes angle being 0.43% and 0.47% relative to
the FOX-7 crystal together with the corresponding set of the Bemni and Gilardf results. There is essentially no change
electrostatic charges assigned to the atoms are presented in Tabie the values of the anglesandy, which remain close to 90
4. The results of the molecular packing calculations obtained consistent with the space group symmetry. Moreover, there are
using the potential parameters given in Table 1 are summarizedonly small translations of the molecules in the asymmetric unit
in Table 5. cell, whereas the variations of the Euler angles that describe

For all of the cases in Table 4, the symmetry space group the molecular orientation in the unit cell have changes of less
was maintained as we verified by the existent symmetry relations than 3.5%.
of the P2;/n space group between tlZe— 1 molecules in the We also list in Table 5 the total lattice energies for the
unit cell and the corresponding central molecule wath= 1. minimized configurations decomposed into nonbonded and

The changes in lattice parameters and molecular orientationselectrostatic contributions. The contributions of these two types
after energy minimization relative to the experimental struc- of energies to the total lattice energy are in the ratio of 0.42:
ture$-® are also given in parentheses in Table 5 where they are 0.58. For the minimized lattices, the total energies ldre=
denoted as LMIN1 and LMIN2, respectively. Relative to the —115.707 kJ/mol for the LMIN1 model and = —114.739
structure found by Bemfrthe maximum deviations of the lattice  kJ/mol for the LMIN2 model. In both cases, the predicted lattice
dimensions is 1.83%. Similarly, by considering as reference the energies are in good agreement with the value-©13.81 kJ/
parameters found by Gilar8lipur predictions indicate variations  mol, determined from the heat of sublimation found by Politzer
of less than 1.61%. Also, in both cases, the predicted unit cell et al®
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TABLE 4: Force Field Parameters for Crystalline FOX-7

atont charge [e])

C 0.838 068

C, —0.542 662

N3 —0.952 801

N2 —0.926 461

Ns 0.754 325

Ne 0.710 244

Oy —0.358 760

Og -0.471171

Oy —0.355 147

O1o —0.490 010

Hi1 0.434 253

Hio 0.464 860

His 0.476 296

His 0.418 966

pair Ag Bag Cop

(a—p) (kd/mol} Ay (kJ/(mol A8))
H-H 9213.51 3.74 136.3800
c-C 369 726.33 3.60 2439.3459
N—N 568 859.00 3.78 1378.4000
0-0 273 92.00 3.59 836.0300

a For mixed interactions the following combination rules have been

used: Al/g = /\/AauAﬂﬂ, B&ﬂ = (B(m + Bﬁﬁ)/z, and Q/; = /\/CuuCﬂﬂ.

contributions to the interactions are indirectly represented in
the present analytic form.

D. NPT Molecular Dynamics Calculations.A more realistic
prediction of the structural lattice parameters can be obtained
by considering the molecular motion as a function of temper-
ature and pressure. For this purpose, we have determined the
structural crystal parameters at atmospheric pressure and in the
temperature range of 4250 K. These results are summarized
in Table 6.

As can be seen by comparing the data in Tables 5 and 6, the
lattice dimensions obtained a = 4.2 K are in very close
agreement with those determined in the molecular packing
calculations without symmetry constraints. This is expected
because the thermal effects at 4.2 K should be minimal and the
thermal averages at this temperature should be close to the
values corresponding to the potential energy minimum. At 273
K, the average lattice dimensions of these crystals agree
satisfactorily with the experimental values measured at 278 K,
the corresponding differences for thee b, and c lattice
dimensions being 1.0% (1.4%), 2.7% (2.8%), and 0.7% (0.8%),
respectively. Moreover, in both low and ambient temperature
simulations, the unit cell anglesandy remain approximately
equal to 90, whereas th@g angle vary slightly from 90.18at
4.2 K to 89.578 over the temperature range of 4.250 K.

In Figure 6, we indicate the temperature dependence of the
COM RDFs. It is evident from these results that increasing the
temperature from 4.2 to 400 K does not produce any significant
displacements of the molecular COM. Indeed, the RDFs at these
temperatures correspond to well ordered structures with cor-
relation at long distances. The positions of the major peaks do

continuous lines in panels-e represent the s and p bands, respectively. not change significantly, and the main temperature effect is the
These results suggest that the proposed model potential is arproadenmg of the peaks with partial overlapping of some of

effective pair potential able to reproduce both the crystal-
lographic parameters of a FOX-7 crystal as well as its lattice

Further insight into the crystallographic structure can be

energy. For this reason, such a potential can be used to provideobtained by analyzing the sitsite RDFs for the intermolecular
an accurate description of the equilibrium properties of a FOX-7 hydrogen bonds N-His-*O7 and Ns—Hz2:++O10. These RDFs
crystal at least in the region of low temperatures. Given the were calculated as averages over all molecules in the MD box
fitting procedure we used to develop this potential, many-body but limited by the cutoff distance used in the potential
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TABLE 5: Lattice Parameters and Energies from Crystal Packing Calculations without Symmetry Constraints (LMIN1 and
LMIN2) Obtained Using the Molecular Structures Determined in Ref 5 (EXP1) and Ref 6 (EXP2), Respectivety

lattice energy

lattice parametefs

NB ES a b c o p y
EXP1 —113.8¢ 6.93967 6.6374 11.3406 90.000 90.611 90.000
EXP2 —113.81 6.941 6.569 11.315 90.000 90.550 90.000
LMIN1 —47.992 —67.715 6.8527 6.6523 11.5219 90.018 90.120 90.023
(=1.27) (1.27) (1.83) (0.02) <0.47) (0.03)
LMIN2 —48.075 —66.664 6.8281 6.6494 11.5080 90.021 90.224 90.012
(—1.61) (0.18) (1.48) (0.02) <0.43) (0.01)
AD AW¥ AG®
Axe Ay Az (degre€) (degree) (degree)
LMIN1 —0.197 0.017 —0.002 2.115 1.935 3.187
LMIN2 —0.185 0.026 —0.004 2.590 1.778 3.552

aThe percentage change in lattice and molecular parameters after energy minimization is determined as a function of the respective experimental

geometries and is given in parentheseNonbonded (NB) and electrostatic (ES) lattice energies per molecule in kJ/baitice dimensions, b,
andc in angstroms and angles 3, andy in degrees? Lattice energy estimated using the theoretical heat of sublimationl68.784 kJ/mol as
provided by P. Politzer (ref 9%.Change in fractional coordinates of molecular centrdihange in Euler angles of molecular centroids.

TABLE 6: Lattice Parameters Obtained in NPT-MD Calculations for FOX-7 as a Function of Temperature?

lattice dimensions

T a b c o y volume
(K) A A A (degrees) (degrees) (degrees) (A3
4.2 6.8532 6.65451 11.5241 90.000 90.118 90.000 525.5625
25.0 6.8571 6.66345 11.5382 90.001 90.107 90.013 527.1875
50.0 6.8614 6.67857 11.5481 89.999 90.089 90.013 529.1875
75.0 6.8679 6.69561 11.5510 90.020 90.065 90.048 531.1666
100.0 6.8754 6.71135 11.5543 90.003 90.026 90.042 533.1458
125.0 6.8822 6.72965 11.5564 89.989 90.001 90.037 535.2291
150.0 6.8903 6.74492 11.5639 89.995 89.965 90.047 537.4375
175.0 6.8952 6.76514 11.5727 90.003 89.954 89.985 539.8333
200.0 6.9030 6.78033 11.5802 89.966 89.910 90.018 542.0000
220.0 6.9071 6.79629 11.5881 90.080 89.993 89.986 543.9791
250.0 6.9164 6.82263 11.5911 90.020 89.856 89.942 546.9583
273.0 6.9242 6.83572 11.6054 90.037 89.919 90.091 549.2916
300.0 6.9304 6.86496 11.6082 89.996 89.790 89.981 552.2708
325.0 6.9384 6.88374 11.6215 90.023 89.726 90.010 555.0625
350.0 6.9505 6.90081 11.6303 90.027 89.737 90.044 557.8125
375.0 6.9570 6.92543 11.6463 89.906 89.676 90.037 561.1041
400.0 6.9660 6.95408 11.6481 89.965 89.644 89.970 564.2500
425.0 6.9806 7.01608 11.6669 90.044 89.576 90.067 571.3750
450.0 6.9947 7.04177 11.6762 89.962 89.576 90.042 575.0833
% 45.7x 1078 129.6x 1076 29.2x 10°° 204.8x 107
aThe calculated thermal expansion coefficientsdt 273 K are also indicated. The units for the linear and volume expansion coefficients are
KL
16 In Figure 8, we present the variation of the lattice dimensions
14 | and unit cell volume with temperature. The corresponding linear
and volume expansion coefficients determined from these
29 a0k f dependencies at 273 K are indicated in Table 6. It can be seen
EE 10 that there is an anisotropic thermal expansion of the crystal,
g g  T=300K with the largest occurring along theaxis. This behavior can
W8 T=200 K be understood by analyzing the crystallographic structure of
) 81 B FOX-7, as illustrated in Figure 1b. Indeed, the molecular packing
41 12100k for FOX-7 crystals presents extensive hydrogen bonding within
) | the wave-shaped layers positioned in the aOc planes, whereas
T=42K the interactions between planes are of the weaker van der
01 : . Waalstype. Consequently it is expected that thermal expansion
o} 2 4 [§] 8 10

Distance (A)

Figure 6. Radial distribution functions (RDF) for molecular center-
of-mass to center-of-mass (COMCOM) sites as functions of temper-
ature at atmospheric pressure.

effects are more significant along a direction perpendicular on
the hydrogen bonding planesge.j along theb axis, whereas

the expansions along the other two axes are smaller and have
similar values.

IV. Concluding Remarks

calculation. The results are shown in Figure 7. It can be seen
that increasing the temperature does not dramatically alter the Ab initio molecular orbital calculations were performed to
individuality of the main peaks, indicating the lack of rotational predict the structures, the fundamental vibrational frequencies,
disorder. and the relative stabilities of three FOX-7 isomers.
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Figure 7. Radial distribution functions (RDF) for (a) &NHyy++Or Temperature (K)

and (b) N—Hz2+-Oyo sites as functions of temperature at atmospheric Figure 8. Temperature variation of the lattice dimensions (a) and unit

pressure. cell volume (b) as function s of temperature from NPT-MD simulations
using the rigid-body approximation.

It was found that FOX-7 is the most stable of the three
isomers, followed by the 1;2ans and 1,Zis isomers. Elec- between the theoretical and experimentatructures and their
tronic delocalization and intramolecular hydrogen bonding have corresponding energiés.
been identified as stabilizing factors, the first one being the most A prime test of the proposed potential was done in symmetry
important in determining the order of stability of the isomers. unconstrained molecular packing calculations. It was shown that
Analysis of the geometrical parameters for the FOX-7 molecule the space group symmetry is maintained throughout energy
indicate that there is relatively good agreement with solid-phase minimization and that the crystallographic parameters are
results, except for the twist angles of the N&hd NH, groups, reproduced within 1.48%. Also, there is a very good agreement
which are much larger in the gas phase than in the crystalline between the predicted lattice energy1(14.73 kJ/mol) and
phase. previous theoretical evaluations-{13.81 kJ/mol}.

We have also shown that reliable geometrical parameters for The temperature dependencies of the physical parameters of
the FOX-7 crystal can be obtained by using plane-wave total the FOX-7 crystal have been investigated by performing
energy calculations based on DFT theory and the pseudopo-isothermat-isobaric molecular dynamics simulations at zero
tential method. In particular, in good agreement with experi- pressure over the temperature range of—420 K. The
mental findings8 the calculations predict that in the solid phase calculated results show that at 273 K the proposed potential
the molecular configuration of the C and amino N atoms is model reproduces the experimental unit cell dimensions within
essentially planar, whereas the nitro-N atoms, particulagly N 2.8%. Additionally, we found that there is little translational
are out of plane. The calculations provide a better characteriza-and rotational disorder of the molecules during thermal trajec-
tion of both the intramolecular and intermolecular hydrogen tories.
bonding parameters than that based on X-ray data. The linear and volume thermal expansion coefficients of the

We have also investigated the band structure along different crystal were determined from the averages of lattice dimensions
Brillouin directions for the FOX-7 crystal and have determined extracted from trajectory calculations. The results obtained
a value of 2.2 eV for the band gap at theoint. This value is indicate that the largest expansion of the crystal takes place along
expected to represent a lower limit of the real band gap of the the b axis, corresponding to a direction perpendicular on
crystal. molecular planes.

We have developed an intermolecular potential for the FOX-7  This study provides a more comprehensive understanding of
crystal on the basis of exp-6 Buckingham potentials and the structural, spectroscopic, and energetic characteristics of the
Coulombic interactions. Electrostatic charges were determined FOX-7 molecule in its gaseous and crystalline phases. Further-
from fits to ab initio electrostatic potentials calculated at the more, this work provides the basis for studies of pressure effects
MP2/6-31G** |level. The values of the N and O intermolecular on the lattice dynamics and atomic-level modeling of reactions
potential parameters were optimized to minimize the difference in condensed phases. A further development that is needed is
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the development of a general intramolecular and intermolecular
potential that describes the crystalline phase of FOX-7 that will
allow the analysis of more subtle effects such as those due to
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