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In this work, we investigate mechanisms of chemical reactions that sustain an unsupported detona-
tion. The chemical model of an energetic crystal used in this study consists of heteronuclear diatomic
molecules that, at ambient pressure, dissociate endothermically. Subsequent association of the products
to form homonuclear diatomic molecules provides the energy release that sustains the detonation. A
many-body interaction is used to simulate changes in the electronic bonding as a function of local atomic
environment. The consequence of the many-body interaction in this model is that the intramolecular
bond is weakened with increasing density. The mechanism of the reaction for this model was extracted
by investigating the details of the molecular properties in the reaction zone with two-dimensional molec-
ular dynamics. The mechanism for the initiation of the reaction in this model is pressure-induced atomi-
zation. There was no evidence of excitation of vibrational modes to dissociative states. This particular
result is directly attributable to the functional form and choice of parameters for this model, but might

also have more general applicability.

PACS number(s): 47.40.—x, 47.70.Fw, 82.60.Hc, 03.40.Kf

I. INTRODUCTION

Are the reactions that occur behind the shock front in
a detonation due to rapid heating of molecules to dissoci-
ation after shock wave passage, or are the bonds mechan-
ically broken after shock compression? Or do reactions
result from a combination of both processes? What are
the consequences for the properties of the detonation
wave of each of these mechanisms? The mechanism of
detonation remains unknown, despite numerous investi-
gations over the past century [1]. The major obstacle in
determining reaction mechanisms from experiment lies in
the short time and spatial scales over which detonation
occurs, and is complicated by the extreme pressure and
energy releases accompanying the detonation.

Recent advances in spectroscopic methods are begin-
ning to allow the direct measurements of molecular
changes in a system that is shocked, toward the goal of
determining the atomistic processes involved in the de-
tonation [2]. Others are investigating energy transfer
rates [3] and mechanisms [4] in energetic materials and
possible relationships to the initiation of the detonation.
These studies are providing critical pieces to a multifacet-
ed chemical problem that is not completely understood.
These measurements of molecular changes of explosives,
however, have not been made under the extreme condi-
tions associated with detonation. Direct measurement of
chemical reactions occurring during this destructive and
rapid event remains a formidable hurdle that has not
been overcome.

As the development of diagnostic tools to measure
these ultrafast events has progressed, computational
resources and theoretical methods to model atomistic
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processes involved in the detonation have advanced as
well. Early reactive models used in molecular dynamics
simulations described molecular crystals consisting of di-
atomics in metastable bound states that, when shocked,
dissociated exothermically to form the more stable mona-
tomic products [5,6]. A more recent study [7], in which
molecular dynamics simulations of the detonation were
compared to hydrodynamic predictions, used an isomeri-
zation of the reactant as the energy release reaction that
drives the detonation. Although these models predicted
reasonable pressure and temperature rises when com-
pared to observed data from actual detonations, the
chemistry that drives the detonation in these models is
qualitatively unrealistic. A next step toward a more real-
istic description of the chemical processes occurring in a
detonation would be one in which the energy release is
due to endothermic dissociation of the reactants followed
by exothermic association of the fragments to form more
stable products. One must proceed in this process slowly,
that is, introducing a minimum of additional complexity
in the reaction mechanisms so as not to mask incremental
information which might result.

Brenner and co-workers [8,9] in attempts to describe
more realistically exothermic chemical reactions occur-
ring in a shock wave, developed a series of models based
on gas phase reactivity schemes. The models describe a
heteronuclear diatomic molecular crystal that requires
energy to break the molecular bonds in the low-pressure
crystal, but releases substantial energy upon formation of
homonuclear products. Two-dimensional molecular dy-
namics simulations using their first model [8] (denoted
model O hereafter) appeared to sustain shock waves that
were driven by exothermic reactions. However, the mac-
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roscopic property profiles (pressure, density, and temper-
ature) of the detonating system were flat topped and split
[8]; this behavior has not been observed in experiment.
The results of a second study [9] using a similar model
(the only difference being in the molecular size parame-
ter) showed macroscopic shock profiles that agreed well
with the simplest model of detonation [1], in which reac-
tion takes place immediately behind the shock front. We
will denote this model hereafter as model I. Features of
these models will be discussed below.

The studies described in this paper and our accom-
panying paper [10] were partially prompted after our at-
tempts to reproduce simulation results (published in Ref.
[9]) using model I failed. Additionally, model I (as well
as model 0) had features in the potential energy surface
that seemed undesirable to us, as described below. We
made changes to model I by removing these undesired
features (the revised model denoted as model II hereafter)
and then performed two-dimensional molecular dynamics
simulations of the detonation of this model energetic
crystal initially at low temperature and low pressure.
The equation of state and Hugoniot curve for this model
were also obtained from two-dimensional molecular dy-
namics simulations at appropriate temperatures and pres-
sures. These were used to make hydrodynamic predic-
tions of detonation pressures, densities, and velocities.
The hydrodynamic predictions were in good agreement
with the results of our simulations of the detonation, indi-
cating that our model and the method of molecular dy-
namics are consistent with the conservation laws of the
process of detonation.

The focus of the study reported here is to examine the
microscopic details of the detonation process and extract
information concerning the mechanism of the detonation.
We will first provide a detailed analysis of the interaction
potentials for models O, I, and IT and show that the reac-
tion mechanisms of these systems when subjected to
shock are strongly dependent on the functional form of
the models. Then, wusing the results from two-
dimensional molecular dynamics simulations reported in
our accompanying paper [10], we will dissect the reaction
zone, and follow the changes in molecular properties
throughout this region. This will reveal the mechanism
of detonation for this model.

II. MODELS

A. Models 0 and I

Models 0 and I, used by Brenner and co-workers [8,9],
are two-dimensional crystals of diatomic molecules ar-
ranged in a herringbone lattice. The interaction potential
that is used to describe these crystals is

N N o
V=2 3 felrp)lVrry) =B,V ((r) 1+ Vigw(r;)}
ioj>i
(1)

the sums being over the N atoms comprising the model.
The functional forms and parameters for the terms in Eq.
(1) are given in Table I. The expression in Eq. (1) is based

on ideas proposed and developed by Abell [11] and Ter-
soff [12]. The leftmost terms within the summations in
Eq. (1) make up the intramolecular interaction potential
of diatomic molecules, and the second term within the
sums, V 4w, is an intermolecular interaction term. The
function f(r;) smoothly attenuates the molecular bond-
ing interaction to zero at 3.0 A. The bond-order function
B;;, which ranges in value from zero to 1 depending on
the local atomic environment, introduces many-body
effects by modifying the attractive term of the molecular
bonding portion of Eq. (1), ¥ 4(r;). For an isolated dia-
tomic, the value of B;; is 1, and V ,(r;;) will have a max-
imum contribution to Eq. (1) for the ij pair at the
specified internuclear distance. If the diatomic is closely
surrounded by many other atoms, as in the high-density
region of a shock-compressed crystal, the value of B;; de-
creases, depending on the number and location of the
nearest neighbors surrounding the ij pair. This decrease
in B;; will correspondingly decrease the attractive in-
teraction for the ij pair. This rubric is intended to mimic
modifications of the bonding character upon increased
density. As is made clear by the notation for the parame-
ters given in Table I, this form of the potential is capable
of describing diatomic molecules formed by atoms of
types A-B, A-A, and B-B as well as intermolecular in-
teractions between these various atom types. The curves
in Fig. 1(a) illustrate the effect of the B;; term on the in-
tramolecular term for an 4-B pair. The 11 curves in this
figure correspond to the A4-B intramolecular interaction
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FIG. 1. Intramolecular interaction potentials of model O for
different B;; values [Eq. (1)] as functions of internuclear distance
for (a) A-B interactions and (b) 4-A4 interactions. Magnitude
of the B; values are denoted in the legend.
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TABLE I. Parameters and functional forms used for the potential energy expressions in Egs. (1) and (2).
Model 0* Model 1
Parameter Ref. [8] Ref. [9] Model II Functional Form
DA4 (eV) 5.0 5.0 5.0 D, __
D2 (eV) 5.0 5.0 2.0 Ve(r)=—<_gexp[—aV2S (r—r.)]
D, 4z V) 2.0 2.0 1.0 SD
r A (5) 1.0 1.2 1.2 Valr)= S—el exp[—aV'2/S (r —r,)]
rBB (A) 1.0 1.2 1.5 B
rA® (R) 1.0 1.2 1.35 B;=1(B;+B,)
S 1.8 1.8 1.8 -
a(A™h 2.7 2.7 2.7 By=1+G 3 fo(ri)exp{m(ry—ry)]
G 5.0 5.0 75 e
o —1
m(A) 225 2.25 3.5
n 0.5 0.5 0.5 b, r<2.0
e (V) 0.005 0.005 0.005 Selry)={3{1+cos(m[r—2])}, 2.0=5r<3.0
o (A) 2.988 2.988 2.988 0, 3.0<r
mass 4 (amu) 14.0 14.0 15.0
massp (amu) 14.0 14.0 46.0 0, r<1.75
Py (V) 0.4727 0.4727 0.4854 5 <
P VA ) ~0.6996 ~0.6996 ~0.7184 pi = OB Pt rP], 1755 <291
P, VA 3) 0.3364 0.3364 0.3455 wlle ] _le 5 o1<r <73
Py (VA ) —0.0520 —0.0520 —0.053 44 , , » 29l=r<i.
c; (eVA ) 925.463 1
o VA 138743.7872 0, 7.32=r
R° 5548241.6326
cs (VA ) 0, r<l.7s
Po+r[P +r(P,+rP;)], 1.75<r<2.91
12 6
Viow= |4 | | L, 291<r<7.31
5 .
S ci(r—17.32)", 7.315r<7.32
i=3
0, 7.32<r

®There is a typographical error in Table I of this reference for the B;; definition [D. W. Brenner (private communiciation)]. It

is corrected in Ref. [9].

with B;; values ranging from O to 1. This figure shows
that the ij attraction is decreased by over one-half for
B ;=0.7 and the molecular interaction appears to be
completely repulsive for B <0.1. Also, the positions of
the potential energy mlnlma increase with decreasing B;;.
The behavior of this function with decreasing B;; indi-
cates that, as the local atomic environment becomes in-
creasingly dense around an ij pair, the i and j atoms will
be “forced apart” by the increased repulsion that can be
attributed to this functional form.

Figure 1(b) shows the effect of the B,j term on the in-
tramolecular term for an A-A (or B-B) pair. (The
masses and homonuclear interactions of 4 and B atoms
are the same in model 0.) As in Fig. 1(a), the intramolec-
ular attraction is decreased by over one-half for B =0.7
and becomes completely repulsive for B i <0.1. Howev-
er, due to the differences in well depths for the in-
tramolecular potential for 4-A4 (or B-B) pairs and 4-B
pairs, the attractive interactions for 4-A pairs are con-
siderably greater than for A-B pairs for most values of
B;..
jBrenner and co-workers found that model O produced

a ““flat-topped, split shock wave structure” of the de-
tonating crystal that is due to a “high-pressure, dissocia-
tive phase transition unintentionally introduced through
our initial parametrizations” [9]. In our preliminary
studies using model 0, we were able to reproduce each
feature of the potential energy surface that was reported
[8], including sound speed, equilibrium nearest-neighbor
distance, barrier to collinear reaction of 4 + A-B, and
shock wave velocities. We also reproduced the flat-
topped split shock wave structures alluded to in footnote
13 of Ref. [9].

Brenner and co-workers subsequently published results
from simulations using model I in which the ‘“high-
pressure, dissociative phase transition” does not occur,
and the detonation profiles show a single shock front that
is followed by a reacting flow and rarefaction wave [9].

" The results using model I were those that we could not

reproduce.

Model 1 as reported in Ref. [9] is the same as model O
with one difference; that is, the value of r, In model O, 7,
had a value of 1.0 A; r, in model I is 1. 2 A. Thus the
changes in mtramolecular interaction potential with B
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for model I are similar to those of model 0, shown in Fig.
1, with the equilibrium distances shifted by 0.2 A for
each curve.

Using the parameters of model I, we have performed
molecular dynamics simulations in an attempt to repro-
duce results of Ref. [9]. However, we once again saw the
flat-topped, split shock wave structure that was seen in
model 0. Figure 2 is a snapshot of the detonating system
at 15 ps resulting from our simulations using model 1.
This snapshot shows that four distinct regions exist: the
undisturbed crystal, a compressed crystal in which the
molecules are reoriented, but do not react; the ‘“high-
pressure, dissociative phase transition” [9] in which
molecular identity is lost, and the rarefaction region, con-
sisting of vibrationally excited homonuclear products.
The velocities of the two leading discontinuities are 8.1
and 6.8 km/s, respectively, whereas Ref. [9] reported the
velocity of the single shock front as 9.3 km/s.

We do not know the source of the discrepancies be-
tween our calculations and those of Ref. [9]. Several de-
tails about the calculations, particularly regarding the in-
itial conditions, were not given in Ref. [9], including the
equilibrium molecular orientation, lattice constants, tem-
perature of the undisturbed crystal, and number of atoms
in the system. We therefore had to attempt to reproduce
the simulations reported in Ref. [9] with an incomplete
set of information. We determined the equilibrium low-
pressure (1 atm) low-temperature (20 K) crystal structure
for models O and I using NPT Metropolis Monte Carlo
sampling as described in our accompanying paper [10].
The low-temperature, ambient pressure lattice parame-
ters of the crystal defined by model I in the x and y direc-
tions are @ =4.16 A and b =6.25 A, respectively. The
center-of-bond (COB) fractionals for the two molecules (1
and 2) in the unit cell are at (0.25,0.25) and (0.75,0.75), re-
spectively. The equilibrium A4-B bond length is 1.199 45
A, and the molecular orientation of molecules 1 and 2 is
30.51° and —30.51°, respectively, relative to the crystal
x axis. The details of the molecular dynamics simulations
are given in Sec. III D of our accompanying paper [10].

Upon finding these discrepancies in our calculations
when compared to those published in Ref. [9], we at-
tempted to understand the source of the “dissociative
phase transition” which seemed to cause the problem of
the flat-topped shock structure. We began our analyses
by examining the three-body molecular interaction term
that includes B;; for model I. We generated contour
plots, shown in Fig. 3, of the collinear reactions

(I) A+A-B—-A-A+B, AE=—-3.0eV,
(II) A+B-A—->A-B+ A, AE=0.0¢eV,
(II) A+A-A—A-A+A, AE=0.0¢eV.

Note that, because the masses and bond energies of 4-A4
and B-B are the same for model I, reactions (I)—(III) have
the same potential energy features as the following col-
linear reactions:

(IV) B+B-4 ,
(V) B+ A4-B,
(VI) B+B-B,

AE=—-3.0eV,
AE=0.0eV,
AE=0.0eV .

As stated above, we were able to reproduce the contour
plot and barrier to reaction (I) for model 0, given in Ref.
[8]. Figure 3(a), the contour of reaction (I) for model I, is
similar in feature to the contour of model O given in Ref.
[8]; we calculate a barrier to reaction upon collinear ap-
proach as 0.10 eV, whereas the value reported in Ref. [9]
is 0.08 eV (this may not be significant).

However, as is evident in Figs. 3(b) and 3(c), the tri-
mers ABA and A A A exist upon linear approach. (Due
to the features of the potential, this indicates that the tri-
mers BAB and BBB also exist.) We characterized these
species through normal mode analyses, after finding the
equilibrium structures of these trimers using the
Newton-Raphson energy minimization method [13]. The
geometries and vibrational frequencies of these species
are given in Table II. Also, we characterized the struc-
tures corresponding to the saddle points apparent in
these figures. We were able to reproduce the features of
the A-A4 and A4-B diatomic molecules that were reported
in Ref. [9], as well as the crystalline binding energy of
0.04 eV per molecule and nearest-neighbor distances of
3.3 A. We were unable to locate any nonlinear trimers
AAA or AB A or any of the trimers 4 AB or BB A4 using
Eq. (1) for either of models O or I. Higher-order multi-
mers were not found.

The relative energy features of the potential energy
surface for model I are illustrated in Fig. 4. These
schematics show relative energies of the trimers and the
saddle points leading to their formation and/or decompo-
sition. The shallow minima of the trimers relative to the
saddle points leading to dissociation suggest that the tri-
mers would be short-lived in a high-energy environment
such as that which exists behind the shock front. Addi-
tionally, the trimer minima will be affected by the densi-

FIG. 2. Snapshot of chemically sustained shock waves at 15 ps initiated by a four-layer flier plate with an impact velocity
of 6 km/s. The model used in this simulation is model I (Ref. [9]). The two gypes of atoms are depicted by filled and empty circles.
Dimensions of the portion of the crystal shown in this snapshot are 387 X50 A".
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ty, since trimer existence is due to the intramolecular in-
teraction term in Eq. (1). The effect on the trimer mini-
ma due to the changes in density as the shock front trav-
els through the region will affect the lifetime of the trimer

R(A-A)

R(B-A)

R(A-A)

1.0 15 20 25 30
R(A-A)

FIG. 3. Potential energy contours (in eV) for the following
collinear three-body reactions using model I: (a)
A+ A-B—> A-A+B; (b) A+BA— A-B + 4; (c)
A+A-A— A-A+ A. Units for the internuclear distances
along both axes are A.

intermediate. The ability of Eq. (1) to form trimers leads
us to suspect this as the cause of the region in the de-
tonating system that Brenner et al. call the “dissociative
phase transition” [9]. We think it might be more ap-
propriate to label that region an associative phase transi-
tion, where trimer formation occurs, leading to subse-
quent decomposition to the more stable homonuclear dia-
tomic species. In any case, changing the value of the pa-
rameter 7, from 1.0 to 1.2 A did not remove the source of
the ““flat-topped, split shock wave structure” [9] which
we think is due to this ability to form trimers.

B. Model I

The ability of trimer formation using models 0 and I
indicated to us that saturation of the molecular bond was
not correctly accounted for in Eq. (1) with those sets of
parameters. It seems appropriate to us that not only
should the attractive portion of the potential be modified
according to the local atomic environment, but that the
repulsive wall should be affected as well, to take into ac-
count saturation of the bonds. We have therefore
modified Eq. (1) to

N N _ _
V=33 {fc("ij)[(Z_Bij)VR(rij)_BijVA(rij)]+V%)w}
i j>i
)

where the term IZ has the same description as in Eq. (1).
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FIG. 4. Schematic of the potential energy for three-body col-
linear reactions (I)—(III) for model 1.
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TABLE II. Geometric parameters and harmonic vibrational frequencies of critical points on the po-
tential energy surfaces for models 0, I, and II.

Internuclear Harmonic
Species distances (A) frequencies (cm™!) Energy (eV)
Model 0
A-B R (A-B)=1.00000 1064 —2.0
A-A (B-B) R(A-A4)=1.00000 1682 —5.0
A-A-A (B-B-B) R(A-A4)=1.24082 200,296,739 —3.940 69
A-B-A (B-A-B) R(A-B)=1.23822 150,184,466 —1.581 14
A+ A-B—> A-A+B R(A-A4)=2.15000 217i,982 —1.894 57
R(A4-B)=1.01298
A+B-A-—>A-B-A4 R(A-B)=1.37625 158,171,570 —1.578 84
R(B-A4)=1.14901
A+ A-A—A-A-A R(A-A)=1.35566 225,280,866 —3.937 64
R(A-A)=1.16141
Model 1
A-B A-B)=1.20000 1064 —2.0
A-A (B-B) R(A-A4)=1.20000 1683 —5.0
A-A-A (B-B-B) R(A-4)=1.38609 195,690,863 —4.42361
A-B-A (B-A-B) R(A-B)=1.38554 122,439,545 —1.770 19
A+ A-B— A-A+B R(A-A4)=2.28375 257i,974 —1.902 25
R(A-B)=1.21310
A+B-A—>A-B-A4 R(A-B)=1.87013 230i,847 —1.64694
R(B-A4)=1.24572
A+ A-A— A-A-A R(A4-4)=1.87013 365i,1339 —4.117 34
R(A-4)=1.24572
Model II
A-B R(A-B)=1.35000 727 —1.0
A-A R(A-A4)=1.2000 1626 —5.0
B-B R (B-B)=1.5000 587 —2.0
A+B-A—- A-B+ A R(A-B)=1.649 67 300,275 —0.57237
B+ A-B—>B-A+B R(A-B)=1.649 67 171i,157 —0.57237
A-B+B— A+B-B R(A-B)=1.68460 367i,365 —0.82174
R(B-B)=1.79843
B+B-B—~B-B+B R(B-B)=1.799 67 242,222 —1.14474
A+A-A—A-A+ A R(A-A4)=1.499 69 670i,631 —2.861 86

The parameters and functional forms for the terms in Eq.
(2) are given in Table I. We found two discontinuities in
the weak long-range van der Waals interaction for mod-
els 0 and I; one at » =2.91 A and the other at r =7. 32 A.
We have corrected the discontinuity at » =2.91 A by
determining the cubic spline coefficients using the re-
quirements that at r =1.75 A the energy and energy first
derivatives must equal 0.0, and at » =2.91 A the energy
and energy first derivatives must equal those produced by
the Lennard-Jones potential function. We also added a
quintic spline to the Lennard-Jones potential in the re-
gion of 7.31-7.32 A, to allow a continuous cutoff of the
intermolecular interaction. The quintic spline coefficients
were determined in the same manner as the cubic spline
coefficients described above; however, energy second
derivatives were required to match at the functional in-
terfaces at 7.31 and 7.32 A. We have only pr0v1ded four
significant figures for the spline coefficients used in Eq.
(2); we suggest that machine accuracy of these coefficients
be determined by the interested modeler.

We have also changed the model parameters to allow
different exothermic reactions, and set the masses of par-

ticles 4 and B to 15 and 46 amu, respectively, in order to
introduce mass effects. Also, the molecular sizes of the
A-B A-A, and B-B diatomics were set to 1.35, 1.2, and
1.5 A, respectively. The reactions that this model de-
scribes are

(VII) A-B+A—-A+B-4, AE=0.0eV,
(VIII) B-4A+A—>B+A-A, AE=—40¢eV,
(IX) A-B+B—~A+B-B, AE=—1.0¢V,
(X) B-A+B—B+ A-B, AE=0.0¢eV,

(XI) A-A+A—A+A-4A, AE=0.0eV,
(XII) B-B+B—->B+B-B, AE=0.0¢eV .

Geometric parameters and vibrational frequencies of the
stable species for these reactions are given in Table II.
We also show contour plots of the collinear reactions us-
ing Eq. (2), assuming only three atoms, in Fig. 5. We did
not find trimer or other multimer formation using Eq. (2).
For the collinear approach of 4 to A-B, there is no bar-
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FIG. 5. Potential energy con-
tours (in eV) for the following
collinear three-body reactions

using model II: (a)
A+ A-B—A-A+B; (b)
] A+B-A— A-B+ A; (c)
““““ A+B-B— A-B+B; (
B+ A-B—>B-A+B,; (e)
A+ A-A— A-B+ A; )

B +B-B—B-B+B. Units for
the internuclear distances along
both axes are A.
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rier to approach. The transition state structures and vi-
brational frequencies for the collinear reactions are also
given in Table II.

We have given considerable attention to describing the
features of the potential energy surface for model II as-
suming only three atoms, primarily because such atten-
tion was given in the previous studies for models O and I
[8,9] and we wished to provide direct comparison. How-
ever, in the high-density region behind the shock wave,
the potential energy interactions (specifically the in-
tramolecular interactions) will be affected by many more
atoms than three. Therefore, as we did for model 0, we
show the effect of the intramolecular interaction with
different values of B;; in Fig. 6, which correspend to
varying degrees of density of atoms surrounding an ij
pair.

These curves differ from those of model O (Fig. 1) in

that the well depths are decreased by one-half for
B;;=0.8 rather than B;=0.7. Additionally, the repul-
sive interactions for these B;; values are much greater
than those for model 0, and the positions of the minima
are at larger distances with decreasing B;; than those for
model 0. This model is analogous to models O_and I in
that the atoms are forced apart with decreasing B;.

The two-dimensional crystal modeled by Eq. (2) also
has an equilibrium configuration consistent with a her-
ringbone arrangement. We determined the 1 atm, 20 K
orientation of the crystal using the NPT Monte Carlo cal-
culations (described in Ref. [10]). The low-temperature,
ambient pressure lattice parameters of the crystal in the x
and y directions, respectively, are a =4.34 A and
b=6.27 A. The COB fractionals for the two molecules
(1 and 2) in the unit cell are at (0.25,0.25) and (0.75,0.75),
respectively. The A4-B equilibrium bond length is 1.349
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FIG. 6. Intramolecular interaction potentials of model II for
different B;; values [Eq. (2)] as functions of internuclear distance
for (a) A-B interactions, (b) 4-4 interactions, and (c) B-B in-
teractions. Magnitude of the B;; values is denoted in the legend.

13;, and the molecular orientation of molecules 1 and 2 is
29.0° and —29.0°, respectively, relative to the crystal x
axis.

NPT Metropolis Monte Carlo calculations of equilibri-
um crystal structure as a function of pressure at 20 K
were performed to determine the sound speeds of the
different models. Results of the density as a function of
pressure for models I and II are shown in Table III.
These results for P ranging from 0.0 to 0.015 eV/A? were
fitted to a cubic polynomial, and the slope of the P-V
curve was extracted, which is directly proportional to the
square of the sound speed of the crystal [1]. The sound
speeds for models I and II are 2.0 and 1.2 km/s, respec-
tively.

III. DETAILS OF THE CALCULATIONS

Details of the molecular dynamics simulations are
given in the accompanying paper on the comparison of
molecular dynamics simulations to hydrodynamic predic-
tions [10]. The results that are analyzed in this paper are
from the simulation in which shock is initiated by a plate
of A-A molecules striking the simulation cell with an im-
pact velocity of 12 km/s.

Because our interest is to examine the mechanistic de-
tails involved in the reactions initiating the detonation,
we will focus our analysis on a region we call the reaction
zone. The reaction zone here is defined as the region be-
tween the shock front and the point at which the number
of reacted A-B molecules equals or exceeds the number
of unreacted A4-B molecules. It is difficult to determine
whether a molecule has reacted or not within this zone in
an unambiguous manner, due to the effect on Eq. (2) of
the higher density of this region. As shown earlier, there
exists a density of nuclei [reflected by the B;; term of Eq.
(2)] that eliminates any attraction between the A4-B pair,
even though the atoms are within the 3.0 A cutoff for the
intramolecular term. However, we know unambiguously
that some sort of molecular interaction exists if the 4-B
internuclear distance is less than 3.0 A according to Eq.
(2). Therefore, for simplicity, we have used the following
simple geometric test to determine reactivity. We have

TABLE III. Lattice parameters, density, and molecular geometries versus pressure for models I and II.

Model 1 Model II

Pressyrze (g) (13> (p)02 (rJ-j> (9;,-) (g) <€>> (p)o2 <ri> (6;;)
(eV/A") (A) (A) (amu/A”) (A) (deg) (A) (A) (amu/A") (A) (deg)
0.0 4.16 6.25 2.1538 1.200 30.3 4.34 6.27 4.4833 1.349 29.1
0.00005 4.17 6.23 2.1556 1.199 29.7 4.33 6.28 4.4865 1.349 29.3
0.0001 4.16 6.24 2.1573 1.199 30.0 4.33 6.27 4.4937 1.349 29.1
0.0005 4.32 6.25 4.5185 1.349 29.1
0.001 4.16 6.18 2.1782 1.199 29.2 4.31 6.22 4.5508 1.349 29.0
0.002 5 4.24 6.19 4.6484 1.349 29.8
0.005 4.10 6.03 2.2651 1.199 28.7

0.01 4.04 5.94 2.3336 1.198 28.9

0.0125 4.13 5.94 4.9731 1.347 29.0
0.015 4.11 5.90 5.0311 1.346 29.0
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defined that the original A -B pair has undergone reaction
(is dissociated, or is bound to an atom that is not its origi-
nal molecular partner) if the distance between the atomic
centers exceeds 3.0 A. Figure 8(d) of our accompanying
paper [10] shows the number of unreacted A4-B molecules
and dissociated A4-B molecules at 7.8 ps in the simula-
tion. The point at which the number of dissociated 4-B
molecules exceeds the number of unreacted A4-B mole-
cules falls slightly behind the shock fronts in the density,
pressure, and temperature profiles. As shown in the ac-
companying paper [10], the width of the reaction zone is
approximately constant throughout the simulations of
unsupported detonations and is, on average, 14 A wide.

We will examine the translational, rotational, and vi-
brational kinetic energy distributions of all unreacted
A-B molecules within the reaction zone. Before the
kinetic energy components for each molecule are calcu-
lated, the local mass flow velocity is removed as described
in our accompanying paper [10]. Additionally, we will
calculate the distributions of 4—B bond lengths and
orientation angles of the A-B molecules relative to the
crystal x axis in this region. We will also calculate the
distributions of the intramolecular interaction potential
and the B;; term for the unreacted 4-B molecules. The
calculation of the translational energy of the unreacted
A-B molecule is straightforward:

2
c.m.

M’ (3)
where M is the total mass of the 4-B molecule and P,
is the center-of-mass momentum of the molecule. As an
approximation, we assume that the rotational energy is
the kinetic energy due to motion of the atoms in the mol-
ecule that are perpendicular to the molecular bond
B
[KE( rotation) :% 2 m; vt(perpendlcular) ’ )
i=A4

Where vj(perpendicular) d€notes the velocity components per-
pendicular to the molecular bond (center-of-mass velocity
removed). The vibrational kinetic energy is the kinetic
energy due to motion of the atoms in the molecule along
the molecular bond

[KE(translation)]=

B
[KE(vibration)]=1 3
i=4A

2
mivi(parallel) ’ (5)

where v; () denotes the velocity components parallel
to the molecular bond (center-of-mass velocity removed).

Although these calculations of the internal energy dis-
tributions are based on a simple idea, especially in light of
the fact that the molecules might not even be bound in
this zone due to the high-density effects on the interac-
tion potential, it represents adequately energy flow into
the directional components of the system.

IV. RESULTS

Each of the calculations that simulated unsupported
detonations discussed in our accompanying paper (flier
plate impact velocities =4.7 km/s) provides the same
temperature, density, and pressure profiles as well as the
same microscopic behavior in the reaction zone once the

detonation wave reaches the steady-state velocity [10].
Therefore we are presenting the results of only one simu-
lation, the simulation with plate impact velocity of 12
km/s.

We have examined in detail the various properties
within the reaction zone in order to detect any variations
occurring there. The reaction zone is partitioned into
seven reg1ons, labeled 0—6. Each region has a 2.17 A
width in the crystal x direction (3 the size of the unit cell
in the x direction), and because the shock profile is uni-
form in the y direction the length in the y direction is the
entire crystal length. Region 0 is the area directly behind
the shock front to 2.17 A behind the shock front; region
1 begins at the end of region 0, and ends at 4.34 A behind
the shock front; region 2 ends 6.51 A behind the shock
front; and so on, concluding with region 6, which ranges
from 13.02 to 15.19 A behind the shock front. Distribu-
tions of properties of the system were calculated at every
100th integration step throughout the 12 km/s trajectory;
cumulative distributions of these properties were com-
piled, normalized, and analyzed. The normalization is
such that the integral of the property over the indepen-
dent variable is 1. Within the statistical uncertainty re-
sulting from this limited sampling, none of the properties
changed in time after the first 0.25 ps following flier plate
impact. In order to obtain better statistical sampling, we
therefore report cumulative normalized distributions and
corresponding time averages for all times later than 0.5
ps after flier plate impact. We have calculated energy
and orientational distributions of the unreacted 4-B mol-
ecules that are in each region. Additionally, we have cal-
culated the distributions of the intramolecular interac-
tions and corresponding B;; terms for the unreacted 4-B
pairs in these regions. Averages obtained from the nor-
malized distributions of these properties for each of the
seven regions within the reaction zone are shown in Table
Iv.

Figures 7-9 show the cumulative translational, rota-
tional, and vibrational kinetic energy distributions, re-
spectively, of the unreacted A4-B pairs in the seven zones
throughout the 12 km/s simulation. It is evident that the
translational modes of the 4-B molecules in the region
directly behind the shock front (region 0) are substantial-
ly excited as the shock wave passes through it but the
internal modes are excited to only one-quarter of the
value of the translational excitation. The average transla-
tional energy of molecules within region 1 is less than
half that of region O, while the average energy of the
internal modes has doubled, indicating that substantial
energy transfer among molecular modes has occurred by
the time the molecules have moved from region O to re-
glon 1. Since the average residence time of the molecules
in each 2 17 A region in the reaction zone is only
3.3X 107" s (assuming local mass flow velocity of 6.6
km/s, the speed of the detonation wave in this simulation
[10]) energy transfer among molecular modes is rapid.
Beyond region 1, the regional averages reach plateau
values, consistent with equipartitioning of energy among
translational and internal modes. It is evident that sub-
stantial vibrational excitation does not occur due to
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TABLE IV. Averages of properties of unreacted 4-B molecules in reaction zone throughout 12 km/s simulation of unsupported

detonation.
( E(trans)) (E(rot)) (E(vib)) (V) (ry) (6,
Region V) V) (eV) (€V) (B;) (A) (deg)
0 1.1745 0.1336 0.1512 —0.3302 0.6767 1.4462 40.3
1 0.5027 0.2492 0.2821 0.0245 0.3070 1.8209 51.4
2 0.4077 0.2601 0.2472 0.0564 0.1622 2.0568 49.4
3 0.4334 0.2368 0.2387 0.0572 0.1553 2.0920 46.9
4 0.4578 0.2347 0.2420 0.0470 0.1425 2.1322 45.1
5 0.4608 0.2298 0.2289 0.0430 0.1411 2.1540 45.1
6 0.4805 0.2235 0.2208 0.0387 0.1413 2.1625 46.0

shock impact. Therefore the mechanism of vibrational
excitation to dissociation of A-B molecules from shock
impact (thermal decomposition) is not consistent with
this model.

Figures 10 and 11 show the distributions of molecular
bonding energies for atom pairs and the B;; terms within
the seven regions. Figures 12 and 13 show the distribu-
tions of the internuclear A4-B distances and rotational
orientations within the seven regions. The distribution of
the B;; values in region O is spread across the range of
values, reflecting high density behind the shock front, but
has a broad maximum at 0.9. The average B;; value for
region O is 0.7. Figure 6 shows that the maximum A-B
intramolecular attraction correspondmg to this B value
is —0.3 eV when R 3 =1.6 A. The correspondmg distri-
bution for internuclear distances of the A4-B molecules
within region O (Fig. 12), however, is a narrow distribu-
tion centered at 1.35 A;_A—B molecules with this inter-
nuclear distance and a B;; value of 0.7 (or less) experience
no attraction and different degrees of repulsion, depend-
ing on the actual B,] value. This is reflected in the in-
tramolecular potential energy distribution for the A-B
pairs shown in Fig. 10. The distribution has a peak at
V;;=0 eV for region 0, but also has a shoulder extending
from ¥V =0 to —1. The shoulder is due to the significant
number of A-B molecules that have B,} values >0.7
within region 0. The distribution of B;; values within re-

0.12

Z —=— 0
=}
=
1 —— 1
%0.08-
—_— 2
[
Z 0.06 —3
=
S —o— 4
& 0.04 ——5
&
g —_— 6
0.02
0

0 0.5 1 15 2 2.5
KE (Translation) (eV)

FIG. 7. Normalized translational energy distributions of
original A4-B pairs for seven regions directly behind the shock
front through the 12 km/s simulation (up to 7.8 ps). See text for
definition of regions.

gion 1 is substantially different from that of region O,
with its peak at 0.1, but with a broad shoulder extending
to 0.9. The average B;; value within this region is 0.3,
and the correspondlng average internuclear distance is
1.8 A. The distribution of R ,5’s, however, shows a peak
at 1.35 A, with a broad shoulder extending to the dissoci-
atlon limit of 3.0 A. The intramolecular attraction for a

B;; value of 0.3 is slight [ < —0.05 eV at R (eq)=2.0 A],
and the distribution of internuclear distances suggests
that a substantial number of 4-B molecules experience
no attraction and some degree of repulsion within this
zone, also reflected in the distribution of the intramolecu-
lar interactions in Fig. 10 for region 1. Beyond region 1,
the B distributions are similar, with peaks at 0.05. Like-
wise, the internuclear distance dlstrlbutlons are similar,
and are broad bands extending from 1.2 A to the dissoci-
ation limit of 3.0 A.

Figure 13 shows the distribution of the orientation an-
gle of the A-B molecules throughout the reaction zone.
Structure in the orientational distributions exists in re-
gions 0-2. In the undisturbed crystal, the molecular
bond orientation is +29° relative to the crystal x axis.
The distribution of the angular orientation in region O is
peaked at 30°, indicating, for the most part, no rotational
reorientation upon shock impact. This, coupled with the
internuclear distance distribution for the A4-B molecules
(Fig. 12) and the density of the system for this region
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FIG. 8. Normalized rotational energy distributions of origi-
nal A4-B pairs for seven regions directly behind the shock front
through the 12 km/s simulation (up to 7.8 ps). See text for
definition of regions.
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FIG. 9. Normalized vibrational kinetic energy distributions
of original A-B pairs for seven regions directly behind the
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Eq. (2) of original A-B pairs for seven regions directly behind
the shock front through the 12 km/s simulation (up to 7.8 ps).
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front through the 12 km/s simulation (up to 7.8 ps). See text for
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FIG. 12. Normalized distribution of internuclear distances of
original A4-B pairs for seven regions directly behind the shock
front through the 12 km/s simulation (up to 7.8 ps). See text for
definition of regions.

(~7 amu/A? [10], indicates that the first geometric pa-
rameters affected by the shock wave are the intermolecu-
lar distances (they are reduced). By region 1, however,
the angular orientational distribution has a broad peak at
60°, showing that the A4-B molecules are lining up such
that the molecular bond axes are nearly perpendicular to
the direction of the shock wave propagation. By region
3, the orientational distribution is flat, indicating that the
original A4-B pairs have experienced complete rotational
disorder. By this region, atomization of the species has
occurred and the atoms are energetically free to associate
with potential molecular partners. We wish to point out
that compression of the herringbone lattice in the direc-
tion of shock propagation, followed by realignment of the
molecular bond axes approximately perpendicular to this
direction, places the unreacted A4-B molecules in an op-
timum arrangement to form the homonuclear products.
As shown above, the properties of the intramolecular in-
teraction potentials for both heteronuclear and homonu-
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DISTRIBUTION FUNCTION

FIG. 13. Normalized distribution of orientation angles of
original A-B pairs relative to the crystal x axis for seven regions
directly behind the shock front through the 12 km/s simulation
(up to 7.8 ps). See text for definition of regions.
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clear interactions are such that at any degree of density
homonuclear attractions are greater than heteronuclear
and homonuclear repulsions are less than heteronuclear.
It is possible that the compression followed by realign-
ment of the molecules initially behind the shock front
might play some role in the rapidity with which energy
redistribution among all modes and completion of reac-
tions have occurred.

These results clearly indicate that A-B molecules
within the reaction zone are in transition to an atomic
phase due to the changes in the intramolecular interac-
tions caused by the high density behind the shock front.
From as close as 2.0 A behind the shock front, the 4-B
molecules experience, on average, repulsive interactions.
Therefore we have a picture of 4 atoms and B atoms that
are in close proximity to one another, but are not bound.
For the regions beyond O and 1 the average B;; values
and corresponding distributions show little internuclear
attraction whatsoever among the atoms, indicating com-
plete atomization of the products. As the shock front
proceeds through the crystal, the rarefying flow becomes
less dense, increasing the B;; values. Correspondingly,
the repulsive intramolecular interactions decrease while
attractions increase. Because the well depths of the
homonuclear species are larger than those of the
heteronuclear molecules, homonuclear product formation
is energetically favored; the realignment of the molecules
in region 1 puts the system in optimum orientation for
homonuclear product formation. All of these factors re-
sult in complete reaction of the shocked A-B molecular
crystal to exothermically form the homonuclear diatomic
products.

Atomization of a molecular solid subjected to hydro-
static high pressure is not unknown. Such phenomena
have been observed in high-pressure studies of atomiza-
tion of solid iodine [14-16], HI [17], and IBr [18]. Al-
though pressure-induced atomization was not specifically
investigated in a shock-loading experiment of iodine [19],
x-ray spectra taken from these experiments are consistent
with the x-ray spectra of the atomized phase of solid
iodine at pressures above 21 GPa [14]. Ab initio pseudo-
potential calculations have shown pressure-induced
changes in the electronic structure of molecular crystals,
including loss of covalency leading to molecular dissocia-
tion with increasing pressure [20]. The electron densities
of these materials (Br,, I,, IBr) determined from x-ray
diffraction studies as a function of pressure also show
delocalization of the covalent electrons [21]. These rear-
rangements of the electrons are consistent with the
present study and provide the mechanism for the transi-
tion from a molecular solid to the atomized solid in
several halogen materials. Experimental studies of ener-
getic materials subjected to high pressure have shown
that pressure can drastically affect thermal decomposi-
tion rates and reaction mechanisms [22,23]. For exam-
ple, the activation energy for the thermal decomposition
of B-HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine), one of the most widely used explosives, ap-
proaches zero at very high pressures [22]. This was attri-
buted to changes in the interaction potential (i.e., elec-
tronic structure) of the system under compression. Simi-

larly, the thermal rate of decomposition of nitromethane,
a prototypical explosive, and its chemical reactivity were
enhanced with increased pressure [23]. These studies,
both experimental and theoretical, on real molecular
crystals indicate changes in the electronic structure of
molecular bonds due to pressure and suggest to us that
the pressure-induced atomization mechanism of detona-
tion of our model energetic crystal is not unreasonable.
We stress, however, that the interaction potential for our
system was not developed or parametrized to yield mea-
sured high-pressure behavior. Rather, the reaction
mechanism (pressure-induced atomization) is a result of
the functional form and choice of parameters for the po-
tential. It may be that this model fortuitously describes
correctly a significant reaction mechanism occurring in a
detonation. The molecules used in the present study are
very simple, containing but a single degree of vibrational
motion. It will be interesting to investigate, with these
techniques, the effect of large molecules (many vibration-
al modes) on the energy sharing process and their impor-
tance on the reaction mechanisms. It is imperative that
either new experimental techniques be developed to
probe microscopically the state of the system behind a
detonation wave or first principles calculations such as
those done by McMahan [20] must be carried out to
determine quantitatively the changes in the electronic
structure of explosives when subjected to pressures con-
sistent with those measured in detonations. Only then
will it be possible to state whether models such as that
presented in this work are adequate to represent correctly
the chemical reactions leading to detonation.

V. CONCLUSIONS

We have presented a comparative study of models that
produce features of an unsupported detonation. The
three interaction potentials, based on Abell-Tersoff
[11,12] ideas and developed by Brenner and co-workers
[8,9], incorporate many-body effects on the intramolecu-
lar terms. A many-body term attenuates the molecular
attractions with increasing density while increasing the
repulsive portion of the term. This changes the equilibri-
um molecular size and binding energy of a molecule as
density increases. When the density becomes large
enough, the atoms in a molecule are pushed apart and ex-
perience no attraction. In other words, this model pre-
dicts pressure-induced atomization.

Results of a two-dimensional molecular dynamics
simulation of a detonation in an accompanying study
show that, for flier plates moving with velocities greater
than 4.7 km/s, unsupported detonations are sustained,
and have similar macroscopic properties once the detona-
tion waves reach the steady-state velocity [10]. The de-
tonation wave propagates through the quiescent crystal
at 6.6 km/s; immediatelyobehind the detonation wave,
there is, on average, a 14 A wide region in which micro-
scopic and macroscopic properties of the crystal are time
independent. It is within this region that the heteronu-
clear molecules are undergoing reaction; we have labeled
this the reaction zone. .

We examined in detail seven regions within the 14 A
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reaction zone over time; the cumulative distributions of
molecular properties including translational and internal
kinetic energies, geometric parameters, and intramolecu-
lar potential energies were calculated. The average
values of properties of the reaction zone converge to
time-independent, constant values approximately 4 A
behind the shock front. Within the 4 A region immedi-
ately behind the shock front, the shock wave first
compresses the crystal and rotates the molecules such
that the molecular bonds are almost perpendicular to the
shock wave propagation. Translational modes of the
molecules are excited, but the internal modes of the mole-
cules are cold. Thereafter, energy rapidly transfers into
internal modes until an equipartitioning among these
kinetic degrees of freedom is established. By this point,
the atoms experience an almost completely repulsive in-
tramolecular interaction; in other words, they become
atomized. As the shock wave passes, the density in the
rarefying flow becomes lower; concurrently the molecular
bonding attractions increase, resulting in the association
of the atoms to diatomic products. The attractive por-
tions of the homonuclear interaction potentials are con-
siderably larger than the heteronuclear interaction poten-
tial; thus homonuclear product formation is energetically
favored over heteronuclear recombination. The homonu-
clear association reactions release substantial chemical

energy which drives the detonation wave. Vibrational ex-
citation of the reactant heteronuclear molecules to disso-
ciation (thermal decomposition) does not contribute to
the detonation mechanism. Rather, the mechanism of
detonation for this model is pressure-induced atomization
of the molecules behind the shock front, followed by as-
sociation of the atoms to form homonuclear products.
This mechanism is attributed directly to the functional
form of the many-body term of the interaction potential;
subsequent first principles calculations must be done on
systems subjected to high pressures to determine if this
interaction potential correctly describes a significant
mechanism for initiation reactions in detonation.
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