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Electronic excitations in shocked nitromethane
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The nature of electronic excitations in crystalline solid nitromethane under conditions of shock loading and
static compression are examined. Density-functional theory calculations are used to determine the crystal
bandgap under hydrostatic stress, uniaxial strain, and shear strain. Bandgap lowering under uniaxial strain due
to molecular defects and vacancies is considefAddinitio molecular-dynamics simulations are done of all
possible nearest-neighbor collisions at a shock front, and of crystal shearing along a sterically hindered slip
plane. In all cases, the bandgap is not lowered enough to produce a significant population of excited states in
the crystal. The nearly free rotation of the nitromethane methyl group and localized nature of the highest
occupied molecular orbital and lowest unoccupied molecular orbital states play a role in this result. Dynamical
effects have a more significant effect on the bandgap than static effects, but relative molecule velocities in
excess of 6 km/s are required to produce a significant thermal population of excited states.

[. INTRODUCTION This requires a fast mechanism of energy transfer from the
shock wave to the molecular degrees of freedom. A mecha-
The last two decades have produced significant new innism for energy transfer from the shock directly into molecu-
sights into the basic science of high explosives. Experimentir electronic degrees of freedom is appealing because elec-
and theory have suggested that the sensitivity of high exp|0tronic excitation to an unstable energy surface can result in
sives to initiation by mechanical perturbations or shocks is dapid dissociation of a molecule. A similar mechanism has
strong function of solid-state properties including crystalPeen found to be a cause of rapid migration of interstitials in
structure, defects, and dislocationg.Behind a shock front crystalline silicon subjected to radiation. .
lies a region that is far from equilibrium, where solid-state Manaaet al, have doneab initio complete active space

properties may determine the rates and mechanisms througf!-consistent field studies of molecular nitromethane

Any complete microscopic description of the initiation of lar orbital(HOMO) and lowest unoccupied molecular orbital
high explosives will elucidate the mechanisms of energy(LUMO) states can be made to cross by bending the nitro
transfer into the individual molecules from a shock whve. group out of the CNOO plane by approximately 50 degrees.
No such theory currently exists in a widely agreed upon'his is the lowest energy HOMO-LUMO crossing point.
form. This molecular geometry is similar to the tripléxcited

One possible energy transfer mechanism involves shoclétate geometry, which lies 0.6 eV below in energy. These
wave-induced electronic excitations of the molecules. In€sults suggest that nonradiative transitions from the excited
1971, Williams suggested that excited states play a role igtate to a vibrationally hot ground state may be possible.
the initiation and propagation of detonation waves in In this work we examine mechanisms of electronic exci-
explosives’. A similarity between shock decomposition prod- tations by a shqck wave in solid mtromethane.. Nltromethane
ucts to those of photochemical processes was later pointdd one of the simplest model energetic materials, and is an
out by Dreminet al® A correlation has been reported be- @nalog of commonly used energetic materials such as TATB
tween the impact sensitivity of a homologous series of ex{1,3,5-triamino-2,4,6-trinitrobenzenend TNT (2,4,6 trini-
plosives and the energies of their optically forbidden elecirotoluene. Here, we study the effect of the various condi-
tronic transitions across the bandda@ilman has proposed tions found in a shock or detonation wave on the bandgap of
metallization at the shock front resulting from bending of the solid.
covalent bond4® Such metallization has been found to occur
under _static pressure condit?ons in the covalently l_aonded Il. COMPUTATIONAL DETAILS
crystalline semiconductors Si and Ge. These materials un-
dergo a phase transition to a metallic phase at pressures com- Density-functional theory calculations were performed
parable to those found in detonating energetic mateffals. using the PW91(Ref. 15 and PBE(Ref. 16 generalized-
Finally, Kuklja et al, have proposed bandgap lowering andgradient approximations(GGA’s) of Perdew. These
electronic excitations around crystal defects under compresxchange-correlation functionals produced nearly identical
sion as a mechanism for detonation initiatin. results in comparison cases. Calculations utilized Troullier-

Chemistry is thought to begin to occur on a 10 or 100 psMartins  pseudopotentidis and Vanderbilt ultrasoft
time scale behind a shock front in some energetic materialspseudopotential® Plane waves with kinetic energy cutoffs
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of 25 and 40 Ry were used with the Vanderbilt and Troullier-
Martins pseudopotentials, respectively. Results obtained us-
ing the two sets of pseudopotentials are in good agreement.
All calculations were converged with respeciktpoint spac-

ing in the Brillouin zone. In many cases, a singlpoint was
sufficient due to the minimal amount of dispersion across the
single-particle bands. Stresses reported here were calculated
using an analytic approach based on plane-wave basis
functions®®

Nitromethane is in the liquid state at room temperature
and pressure, but most practical energetic materials are in a
solid state under these conditions. We have chosen to study
the crystalline form of nitromethane in analogy with other
energetic materials. The primitive cell of nitromethane at
zero pressure contains four molecules. Figure 1 contains
three projections onto the lattice planes, and the left side of
Fig. 2 contains a perspective view. The atomic positions
have been relaxed within the experimental lattice parameters.
The space group is P22, with orthorhombic lattice vectors
a=5.1832A,b=6.2357 A, ancc=8.5181 A afT=4.2K.%°
Adjacent molecules along the axis have alternating nitro
and methyl groups which gives the unit cell a neutral overall
dipole moment. Rotation of the methyl group has a very low
barrier of about 118 K! It is therefore essentially a free
rotor at higher temperatures. The molecular lattice is similar
to a face-centered structure, with each molecule having 12
nearest-neighbor molecules. The atomic positions and bond
lengths of the relaxed structure at the experimental lattice
size were found to be within 3% of the experimentally de-
termined positions and bond lengths Tt 4.2 K.2° Unless
otherwise noted, all atoms in the unit cell were relaxed in the
calculations presented here.

The calculated bandgap for the crystal at zero pressure is
3.28 eV. The HOMO-LUMO gap for a single molecule is
3.75 eV. This is similar to the 3.8 eV HOMO-LUMO gap for
a single molecule calculated using multiconfiguration self-
consistent fieldMCSCB techniques by Manaa and Fri&d.
Electron-impact spectroscopy techniques have been used to
measure this transition for molecular nitrometh&h&he in-
tensity was observed to have an onset at 3.1 eV and a maxi-
mum intensity at 3.8 eV. We find that the relatively weak
intermolecular interactions in the solid phase cause the band-
gap to differ from the isolated molecule HOMO-LUMO en- 5
ergy difference only slightly. Figure 1c

The error associated with the bandgaps presented here is o , )
roughly estimated to be around 0.5 eV. Bandgaps calculated FIG. 1. (Color Three projections of nltromethanfe unit cell at
for unit cells relaxed within the local-density approximation Z€ro pressure and zero temperature (@nthe zy p_Iane,(b) the zx
(LDA) for exchange and correlation energy were all within plane; (c) th.e Xy plane. Hydrogen atoms are white, carbons atoms
0.3 eV of the GGA values presented here. While bandgap%re gray, nitrogen atoms are biue, and oxygen atoms are red.
calculated within the LDA are typically a factor of 2 less
than experimental valué$,we believe the gaps presented total density. Indeed the calculated HOMO-LUMO gap for a
here to be more accurate for the following reason. One of theingle molecule is almost identical to the experimental value.
assumptions associated with density-functional théDT)  We expect to observe a similar behavior for the crystal band-
guasiparticle energies is that removal or addition of a particl@ap. The nitromethane solid bandgap has been calculated
to a state leaves the total density uncharfféethe HOMO  within density-functional theory using a bandgap correction
and LUMO states of a nitromethane molecule are both localbased on the above idé4The difference between the cor-
ized to the atoms in the nitro group, which results in a rela+ected and uncorrected bandgaps was found to be only 0.2
tively minor change in the total density when an electron iseV.2> Manaa and Fried also report good agreement between
transferred from the HOMO to the LUMO. Therefore, the DFT and complete active space self-consistent field methods
other occupied states do not require significant adjustmenter molecular nittomethane excited state enerdfes.
since the Kohn-Sham Hamiltonian is a functional only of the  If, upon compression or molecular distortion, the molecu-
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FIG. 2. (Color) Comparison of the unit cell at
zero (left) and 180 GPdright) hydrostatic pres-
sure. (Comparison is approximately to
scale) The orientation of the molecules is
roughly the same at the two pressures, except for
a significant rotation of the methyl group.

lar orbitals rearrange such that the HOMO state density is no In the pressure range explored, the crystal structure main-
longer similar to the LUMO state density, we would expecttained the P2,2, symmetry. No bond bending was ob-
to see an artificial lowering in the bandgap analogous to thaserved, but the 180 GPa molecules have bond lengths short-
seen in semiconductor systems. However, we also expect tlemed by 7-15%. A phase transition of the methyl group
dielectric screening to increase as the system density irrotation angle was observed to occur between the 10 and 30
creases. This will reduce the significance of nonlocal manyGPa calculations. Such a transformation has been observed
body effects neglected in the exchange-correlation energgxperimentally at 3.5 GPA. It is possible that the zero-
approximation used here. These effects lead us to expect opressure orientation of the hydrogens is only metastable in
calculated bandgaps to be equal to or less than the true baniihe 10 GPa calculation. There is also experimental evidence
gaps. for a structural phase transition at 7 GPa at higher
This has been demonstrated in more accurate quasipartemperature$’ but a spontaneous phase transition was not
cle calculations on solid xen8hwithin the GW approxima-  observed in the calculations. The P2, structure is at least
tion of Hybertson and Loui&” LDA bandgaps were shown metastable in this pressure range at zero temperature. Corte-
to underestimate the experimental and GW approximatioruisseet al, have speculated that the phase transition at 7
bandgaps at all densities up to metallization. FurthermoreGPa is associated with an increase in the number of mol-
the difference between the LDA bandgap and the GW an@cules in the unit cell. A unit cell of eight molecules with the
experimental bandgaps diminished as the density increased.axis doubled and relaxed at 30 GPa was also found to be at
This effect was attributed to the increase of dielectric screenleast metastable.
ing at higher densities. Figures 2 and 3 contain the unit-cell configurations and
As another preliminary check on the theoretical approxi-band structures at 2 and 180 GPa. The bands at low pressure
mations employed, the molecular vibrational frequenciesare relatively flat compared to high pressure where disper-
were computed by calculating the molecular Hessian andion plays a role. As the pressure increases, band dispersion
then diagonalizing the dynamical matrix. All vibrational fre- first appears in the midvalence range, leaving the HOMO
quencies were found to be within 5% of experimental valuestate relatively flat. This result is most likely associated with
with the exception of the very high-frequency CH symmetricthe extended nature of the states in this range. These states
stretch modes. These frequencies were up to 9% higher thare delocalized over the whole molecule, while the HOMO
experimental values. Tuckermaet al, also found good state is localized on the nitro group. Intermolecular interac-
agreement between experimental and calculated nitions should have a greater effect on orbitals that extend over
tromethane vibrational spectra using techniques similar tehe entire molecule, since they have larger overlaps than lo-
ours®’ calized orbitals.
The bandgap change as a function of pressure is given in
Fig. 4. The HOMO-LUMO gap of a single molecule in the
Ill. STATIC CONDITIONS geometry of the 180 GPa calculation was found to be 3.96
eV using MCSCF techniqué$. This indicates that con-
densed phase effects are important in producing the band gap
In regions sufficiently far behind the shock front for the reduction as a function of pressure. The detonation pressure
stress tensor to be equilibrated, a condition of hydrostati@and temperature of nitromethane has been experimentally de-
compression exists. Starting at the experimental atmospheric _ . °
preSFs)ure lattice size, the ugnit cell Waz compressed up to a TABLE I_. Nitromethane lattice constants, inngstroms, calcu-
hydrostatic pressure of 180 GPa with 6 intermediate pressu#gted at various pressures.
points. At each pressure, the lattice vectors and atoms in the
unit cell were relaxed according to the forces. Table | con-
tains the calculated lattice vectors at the pressures considered
here. There is a lack of experimental lattice constant data at 5.183 4.496 4.174 3.998 3.878 3.802 3.725 3.674
these higher pressures, but we expect the agreement betwggn 6.235 5.772 5.199 4.925 4.745 4.615 4.522 4.448
experiment and DFT to improve as the pressure increases the g518 8211 7.476 7.090 6.852 6.621 6.496 6.353
strength of the intermolecular interactions.

A. Hydrostatic compression

Hydrostatic pressuréGPg
10 30 60 90 120 150 180
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termined to be about 13 GPa and 2000 K, respectiveynd  densities associated with detonation, most of these materials
there is not a significant change in the bandgap in the vicinityalso showed some bandgap lowering, but not enough to pro-
of this pressure. Even compressing the crystal to a pressutice a significant population of excited states at tempera-
an order of magnitude higher than that observed in develtures associated with detonation.

oped detonation waves results in a bandgap lowering to

around 2 eV, which is not sufficiently low to provide a sig-

nificant thermal conduction band population at the observed B. Uniaxial compression

temperatures. Before the crystal relaxes to a state of hydrostatic stress, a

These results are qualitatively comparable to those Ofiate of uniaxial strain exists immediately after the shock

other theoretical studies. Hartree-Fock calculations havegnt passes. This uniaxial strain state may last for picosec-
been performed by Younk and Kunz on ROKexahydro-  4nds or much longer, depending on the timescale for plastic

1,3,5-trinitro-s-trizing, lithium ai'zdgg (LiN;), sodium azide  geformation. The relaxation from this strain state may in-
(NaN;), and lead azide Rh3),."""“ Upon compression to qlye shearing along crystal slip planes or shear wave propa-
gation.

0.2 The unit cell at zero pressure was uniaxially strained
along each of the three lattice vectors and the molecules
within the cell were relaxed at each strain state. Uniaxial
strain destroys thé&2,2,2; symmetry in cases of extreme
strain. Figure 5 shows the relaxed unit cell upon strain of 0.3
along thec axis. There is no significant distortion of the
molecular bond angles, although the molecules have reori-
ented. The molecules are reoriented so that the nitro groups
are closer to being in thab plane than they are in the un-
strained state. Figure 6 shows the stress in the direction of
compression for each of the three compression axes.

Figure 7 shows the bandgap change as a function of com-
pression along each of the three lattice axes. There does not
appear to be any significant orientational dependence as a
function of the strain axis. With the uniaxial strains associ-
— T ated with d_etonation ar_ound 0.2, th(_e band_gaps are Iovyered to
0 20 40 60 80 100 120 140 160 180 3 eV. As in hydros‘_[atlp_ compression, this Io_wenng is not

Hydrostatic Pressure (GPa) e_nough to allow a significant thermal population of conduc-
tion electrons.

FIG. 4. Nitromethane bandgap change as a function of hydro- If we move closer to the shock front, the molecules have
static pressure. Bandgaps are plotted relative to the zero-pressuisufficient time to reorient to relax under the uniaxial strain.
state. Shock compression without relaxation can be modeled by

Bandgap Change (eV)

-1.2
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FIG. 7. Nitromethane bandgap change as a function of uniaxial
strain. Bandgaps are plotted relative to the unstrained state.

along the other directions does not bring close contact atoms
on neighboring molecules directly towards each other. We
expect this transient effect to be very short lived because the
energy barrier for methyl rotation is only 170 K at atmo-
spheric pressure. The methyl groups will quickly rotate to
simply translating the molecules toward each other in theavoid such a close contact between two atoms. This effect
direction of uniaxial compression. This simplistic approachwill be addressed in more detail in the section on dynamical
is intended to capture some of the dynamics of the compressffects. It is interesting to note that tlaeaxis is a nearest-
sion in a static calculation. neighbor direction while thé axis is not, yet the bandgap
Figure 8 shows the bandgap change as a function of conbehavior as a function of compression is nearly identical for
pression without relaxation along each of the three latticehese two axes. This is likely due in part to the localization of
axes. The data indicate an orientational dependence, with thRe HOMO and LUMO states to the nitro group.
largest bandgap lowering occurring for compression along A similar increased gap lowering for compression of mol-
the ¢ axis. Compression along this axis brings the nitroecules without relaxation was observed by Kuklja, Stefanov-
groups closer to methyl groups of neighboring molecules. Inch, and Kunz® Without allowing the structure geometry to

particular, it brings a hydrogen on one molecule directly to-relax, RDX molecules were placed in a configuration resem-
ward an oxygen on a neighboring molecule. Compression

FIG. 5. (Colon Nitromethane unit cell relaxed under a uniaxial
strain of 0.35(3.0 A) along thec-axis direction.

0
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Uniaxial Strain _ . o
FIG. 8. Nitromethane bandgap change as a function of uniaxial

FIG. 6. Nitromethane uniaxial stress in the direction of uniaxial strain without unit cell relaxation. Bandgaps are plotted relative to
compression. the unstrained state.
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FIG. 9. Nitromethane bandgap change as a function of unit cell
shear. Bandgaps are plotted relative to the unstrained state. The [001]
angle between tha andc lattice vectorgy) was varied. In one data
set, thec lattice vector length was fixed at all angles. In the other [010]
set, the length was varied to keep a constant density at each angle.

Figure 10

bling an edge dislocation. The bandgaps for the compressed
and uncompressed structures were considerably lower than FIG. 10. (Colon Nitromethane unit-cell molecules with a
those for other model defect structures where molecules hatipped molecule defect. There is an infinite row of molecules along
been simply removed from the perfect crystal lattice. Thethe[001] axis oriented in approximately the same fashion.
removal of molecules from the relaxed lattice can be accom-
plished without creating close intermolecular contacts. Howpressuré> We consider, as a simple defect, a flipped mol-
ever, we have observed here that relaxation of the lattice igcule in the unit cell, as shown in Fig. 10. The motivation for
very important to obtain a reliable bandgap for any otherthis defect is to increase the interactions between HOMO and
molecular configuration. A comparison of Figs. 7 and 8 demLUMO states of the flipped molecule and HOMO and
onstrates this. LUMO states of a neighboring molecule by bringing them
closer together. In this defect configuration, the periodic
C. Shear boundary conditions create an infinite row of molecules

. . . ... along thec axis direction with neighboring nitro groups.
Strong positive correlations between the impact sensitiv- g 9 9 group

ity and population of vacancies and defects in high explosive -
suggest that vacancies and defects play a key role in high 0.5
explosive initiation. A state of shear strain may exist around
defects or along slip planes as a result of the uniaxial com- 0
pression that occurs at the shock front.

A static state of shear strain was modeled by varying the
angle between tha andc lattice vectoryy). This was done
in two fashions: while keeping the lattice vector lengths
fixed, and while adjusting thevector length to keep the cell
volume constan{constant densijy A third state of shear
was considered where the lattice vector was increased
while thec lattice vector was decreased such that the density
remained constant. The results of these calculations are simi-
lar to those presented here.

Figure 9 shows the bandgap change as a functionfof
the variable and fixed density cases. Very little gap lowering
results from the shearing in both cases. As in the hydrostatic -3 I T T
compression and uniaxial compression, the molecules rear- 0 0.1 0.2 0.3 0.4
range themselves but exhibit little geometric distortion. Uniaxial Strain

Adiabatic Compression
with Defect

—8— a axis

Bandgap Change (eV)

—6— b axis

oo L
L I

—m— caxis

FIG. 11. Nitromethane bandgap change for a unit cell with a
molecular defect as a function of uniaxial strain. Bandgaps are plot-

It has been suggested that defects in molecular crystatgd relative to the unstrained state, which has a bandgap about 0.5
are sites where increased gap lowering can occur undeV lower that the perfect crystal in its unstrained state.

D. Molecular defect
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0% These results are notably different from the results of
Kuklja, Stefanovich, and Kunz who have done Hartree-Fock
-0.1- —o— vacancy calculations on RDX crystals with various configurations of
molecular vacancie¥ Bandgaps calculated with a form of
%-0-2— —t— ho vacancy perturbation theory correction decreased around 2 eV upon
> compression of the crystal to 80% of the unstrained volume.
g'0-3“ We may speculate that, in addition to comparing different
g 04 materials, the different behavior may be due to the fact that
O Y relaxation of the molecular positions and geometries was al-
g lowed in the work here, in addition to the use of a different
-8"0'5_ theoretical approach to the bandgaps.
8 0.6 We can qualitatively summarize the results of all of the
@ - static calculations presented here with two points. The band-
0.7 gap is not lowered enough to create significant thermal popu-
lations of excited states under static conditions with strain
0.8 : : | | states comparable to or greater than those of detongtion.
0 0.1 0.2 0.3 0.4 0.5 Also, upon compression and relaxation, the molecules find a

way to rearrange to maintain molecular geometries close to
their zero-pressure values. These two points suggest that if

significant bandgap lowering is to occur, molecular bond dis-
FIG. 12. Nitromethane bandgap change for a unit cell with andto?tion is requiregd P 9

without a molecular vacancy as a function of volume strain. Band-
gaps are plotted relative to the unstrained states for each system.

Volume Strain

IV. DYNAMICAL EFFECTS
This structure was compressed uniaxially and relaxed, o o _ S
with bandgap change results in Fig. 11. The molecular ge- ©Our results indicate significant bond distortion in ni-
ometries upon compression are within 2—3 % percent of th&omethane requires the inclusion of dynamical effects. The
zero-pressure values, with little or no bond distortion. Thelowest energy HOMO-LUMO crossing point found by
bandgap for the unstrained unit cell is about 3.0 eV which idManaa and Fried occurs when the nitro group is flipped up
0.5 eV lower than that of the perfect crystal. The bandgapPut of the CNOO plane. The energy required in this bending
decreases more quickly with uniaxial strain than it does formode for the HOMO-LUMO gap to be significantly lowered
the perfect crystal, particularly at high strains. However, thdS about 3 eV. With detonation temperatures around 2000 K
bandgap still does not lower enough to produce a significarif? Nitromethane, only nonequilibrium processes can be ex-

population of molecular excited states under conditions ofected to contribute such a large energy to a single bending
detonation. mode on the molecule. The shock front is a region out of

equilibrium where it may be possible for specific vibrational
modes of the system to have transiently large populations. At
2000 K the total vibrational energy contained in a single
Another type of lattice defect is a missing molecule. Wemolecule in the solid is about 3.5 eV. Therefore it is at least
have simulated such a defect by removing a single moleculeonceivable that if energy on this scale is contained in a few
from a 16 molecule supercell. Periodic copies of the vacancynolecular modes, significant gap lowering could occur via
are separated by abio@ A in the unstrained configuration. this mechanism. We will see that large changes in the perfect
Relaxation of the vacancy in the unstrained lattice re-crystal bandgap are more likely to occur via dynamical ef-
sulted in almost no distortion from the unperturbed lattice.fects than static effects.
The bandgap for the relaxed vacancy in the unstrained super-
cell was lowered about 0.4 eV from the perfect crystal band-
gap. This result is on the scale of the energy difference be-
tween the perfect crystal bandgap and the HOMO-LUMO Once the molecules are uniaxially compressed by the
gap of an isolated molecule, which is due entirely to inter-shock, they rearrange to their relaxed geometries. It is pos-
molecular interactions. sible that dynamical bond bending occurs during this rear-
The supercell was strained to 80 and 60% of the untangement process. We modeled this process for a rapid
strained volume by straining all three lattice vectors the samshock compression along tleexis by doing constant energy
amount. The relaxed structures showed some molecular reb initio molecular dynamics starting with a unit cell with
orientation around the vacancy. However, all moleculegshe molecules translated toward each other. The unit cell was
showed little displacement from their perfect crystal loca-also strained 0.2 along theaxis to reproduce the uniaxial
tions. strain associated with a roughly 13 GPa detonation wave. A
Figure 12 is a comparison of the bandgaps for the systerth fs time step was used with a Verlet algorithm for integra-
with and without the molecular vacancy as a function oftion of the equations of motion through about 270 fs. The
volume strain. The vacancy provides room for molecules tanternal temperature of the molecules was initiallyTat 0,
reorient to avoid bandgap-lowering close contacts. For thisvith no vibrational energy. The bandgap started at 0.6 eV
reason we might expect the bandgap to decrease less quickiglow the unstrained crystal bandgap and immediately in-
with strain than for systems without a molecular vacancy. creased. It did not dip below this value for the remainder of

E. Molecular vacancy

A. Dynamical effects at the shock front
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The maximum observed changes in the HOMO-LUMO
gaps as a function of collision velocity are given in Fig. 13.
This gap minimum was obtained near the peak of the colli-
sion in all cases. Figure 13 indicates that the bandgap can be
significantly affected at higher collision velocities, but it is
still too large for a significant thermal population of excited
states to exist.

Little bond bending or stretching was observed in the 2
km/s collision, although some vibrational energy was depos-
ited into the molecular modes. The 5 and 6 km/s collisions
showed large amounts of energy being transferred into the

—=— [001] direction

S L, e
o kB 3 ¢ 2
] |

—a— [100] direction CN stretching and methyl rotation degrees of freedom. CN
stretching vibrational amplitudes were around 15% after
—o— [221] direction these collisions. The 6 km/s collision along tfE00] axis

Maximum Bandgap Change (eV)

was also done using a GGA spin-polarized exchange-

| : : | | correlation _functioqaﬂ.ﬁ Results obtained were iden_tical to

1 2 3 4 5 6 th(—lz non-spin-polarized exchange-correlation functional re-

i . sults.

Collision Velocity (km/sec) A molecular collision of 10 km/s along the direction
FIG. 13. Maximum bandgap change attained during intermoWas also considered. This collision resulted in immediate

lecular collisions along nearest-neighbor directions in the crystalrupture of the CN bond. The formation of new species low-

Bandgaps are plotted relative to the unstrained crystal bandgap. ered the bandgap 1.4 eV. At the larger collision energies,

, . L ) ) . energy sufficient for bond breaking may be directly chan-

the simulation, which is consistent with the minimal bond g|eq into bond-breaking modes. This eliminates the need for

distortion observed during the rearrangement. a fast excited state decomposition mechanism.
The solid phase molecules exist in a face-centered cubic

lattice, with 12 nearest-neighbor molecules. Two neighbors
are in the[001] and[001] lattice directions, two are along

'
w

o

B. Crystal shearing along a slip plane

the [100] and[100] directions, and the remaining eight are F_or shock pressures greater than a_few GPa, plastic defor-

— — P — T —— mation mechanisms can play a role in the energy transfer
along the [221], [221], [221], [221], [221], [221],  from the shock to molecular degrees of freedom. When a
[221], and[221] directions. The latter eight nearest neigh- system is placed under uniaxial strain, it can plastically de-
bors lie along four directions in the crystal which can beform along slip planes to achieve a hydrostatic stress state.
shown identical using the four group operations of theThe presence of crystal defects can facilitate this strain re-
P2,2,2, symmetry. The periodicity of molecular orienta- |axation mechanism. Dickt al, have suggested that local-
tions along these directions is four. It is two along [B81]  ized slip along sterically hindered slip planes in the crystal
lattice direction, and one along th&00Q] lattice direction. causes molecular bond distorti¢h.

By accounting for these symmetries and periodicities, we  Dick has proposed that detonation in nitromethane is most
have doneab initio molecular-dynamics simulations of the easily initiated when shocked along directions which require
molecular collisions associated with shock wave propagatios|ip along sterically hindered slip planes to relieve the
along all nearest-neighbor directions in the crystal. This wasiniaxial stres$® As an exemplary sterically hindered slip
realized by colliding molecules along the three uniquesystem, we have considered slip along the2 plane in the
nearest-neighbor directions. Collisions along [80] and  591) direction, which can be active for relief of uniaxial
[221] lattice directions were accomplished using an eightgi ain along th001] direction. Figure 14 shows a view

molecule supercell with the length of tlaeaxis doubled. éiown this slip plane. Th§201] direction is into the page,

Detonation shock waves in nitromethane propagat d shearing i lished b ing the t d bott
around 6 km/s, with average atom(particle velocities of and shearing 1S accomplished by moving the top and bottom
planes directly into and out of the page.

roughly 2 km/seé* The molecular collision velocities at the Ab initi lecular d ics of slio al 202 pl
shock front depend on the width of the front. This width can_ Initio molecular dynamics of slip along plane

be as large as hundreds of molecules in crystals with defect§ the [201] direction were done with an eight molecule
and vacancies, or as short as a few molecules in perfedtpercell with thea lattice vector doubled for proper bound-
crystals. We expect the larger molecular collision velocities?’y conditions. Thec axis was strained 0.2 and molecules
to be about 2 km/s, which roughly corresponds to the particléelaxed. The molecules on opposite sides of (t@2) plane
velocity. However, molecular collision velocities near the Were given velocities of 0.03 A/fs in opposite directions
shock velocity are not inconceivable in special cases. along the[ 201] axis. This velocity, which is near the shock

Collisions along all three directions were calculated forvelocity, is probably larger than might actually occur during
collision velocities between 2 and 6 knilsetween 0.02 and slip, but it should accentuate dynamical effects and molecu-
0.06 A/f9. A 1 fs time step was used for the 2 km/s calcu- lar distortion that occurs during slip. The periodicity of the
lations and 0.5 fs was used for the higher collision velocitiessimulation resulted in single-molecule planes traveling in al-
All simulations were run for around 100 fs. The internal ternately opposite directions. The simulation was run for 160
temperature of the molecules was initially B0, with no  fs with a time step of 1 fs. The molecules were initially at
vibrational energy. T=0, with no vibrational energy.
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The coherent motion of the molecules was dispersed afteshock has good coupling into this mode. It may, however, be
about 50 fs after making close to half of a lattice translationpossible for molecular decomposition to occur before such

in the [201] direction. After this point the system appeared €xtreme energies are possessed in any single molecular de-
to be transforming to a liquid state. After 140 fs, moleculargree of freedom. For example, an energy of 3 eV in the CN
CN bonds began to break. A HOMO-LUMO gap droppedstretching mode will result in dissociation of the methyl and
1.6 eV at its lowest in the time observed. This gap loweringnitro groups?

is of similar magnitude to the lowering for the nearest- Some speculation may be made about the role of elec-
neighbor molecular collisions of the same 6 km/s velocity.tronic excited states in the detonation of other high explo-
The HOMO-LUMO gaps appeared to gradually decrease agives like TATB and TNT. These molecules are larger than
the energy from translational motion of the molecules waglitromethane and may have fundamentally different elec-
transferred into the molecular vibrational modes. Some bon#onic structures. If the HOMO and LUMO states are local-
bending was observed, but no significant bending of the nitrdzed on the nitro groups, as in nitromethane, then we would
group out of its plane was observed. Bond bending durindiot expect significant bandgap lowering to occur under com-
the shearing process seems to have been largely avoid@gession or around defects. Larger molecules may, however,
through the rotation of the methyl group. Stresses that mighe more susceptible to bond bending during shearing pro-
have resulted in bond bending in more rigid molecules weréesses due to the lack of a single freely rotating methyl group
relaxed by rotation of the CN bond axis. This particular mo-Which adjusts to relieve molecular stress. One might gener-
lecular mode was observed to be the recipient of a significarlly expect the slip planes of crystals of larger molecules to
amount of the shearing energy. be more sterically hindered than nitromethane, which could
increase the likelyhood of bond bending. However, larger
molecules have more bonds to relax applied stresses, which
might lower the chances of any single bond being exces-

The work of Manaa and Fried suggests extreme moleculagively str_essed. In light of these observations, it is not clear
distortions are required to close the HOMO-LUMO gap inhow to rigorously extrapolate thg _nitromethane results to
nitromethane. However, our results indicate the intermolecul2rger molecules. However, the similarly weak intermolecu-
lar interactions in nitromethane are probably too weak tdar interactions in these materials under normal conditions
allow for such significant covalent bond distortion within the Sheds some degree of doubt on the likelihood of significant
molecules under static conditions. bandgap lowering under shock loading.

If bandgap closure does occur, it is most likely to be the
result of dynamical effects that may occur around crystal
defects or during shearing of the molecular crystal. The
HOMO-LUMO gap decreases observed at high velocities in  We have observed in this work that under the conditions
the dynamical simulations were much more significant tharof hydrostatic stress, uniaxial strain, and shear strain associ-
the bandgap decreases for the perfect crystal under realistided with shock loading in a detonation wave, the bandgap of
static conditions. These dynamical bandgap changes wemystalline nitromethane and nitromethane with molecular
comparable in magnitude to the molecular defect bandgagefects and vacancies does not decrease enough for a signifi-
changes for large values of uniaxial strain. Perhaps dynamiant thermal population of molecular excited states. Under
cal effects which involve high velocity collisions between these conditions, the molecules rearrange such that no sig-
the nitro groups of defect molecules are one of the moshificant molecular geometric distortion occurs. This is facili-
likely sources of electronic excitations. tated by the nearly free rotation of the molecule along the

The work of Manaa and Fried suggests roughly 3 eV musCN bond axis, which adjusts to minimize stress on the mol-
be channeled into the CNOO bending mode for the HOMO-ecule. The localization of the HOMO and LUMO states on
LUMO gap to significantly decrease. With temperatures asthe nitro group also plays a role in this result. We also expect
sociated with detonation in the 0.2 eV range, this can onllittle geometric distortion and bandgap lowering to occur
occur in regions far from equilibrium where energy from thearound larger defects and vacancies for these reasons.

V. DISCUSSION

VI. SUMMARY
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We have also modeled the molecular collisions at shoclexcitation in these materials certainly deserves careful inves-
fronts and during the shearing of the crystal. It was deteriigation.
mined that if significant bandgap lowering occurs, it is most
likely to occur via dynamical effects. However, molecular
collision velocities in excess of 6 km/s appear to be required ACKNOWLEDGMENTS
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