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A microscopic model is developed to describe the kinetics of thermal decomposition of microcrystals taking
place on the crystals’ surface, and the model is used to interpret certain experimentally observed decomposition
rate (and product-formation) data of high-energy crystalline materials such as solid HMX. This so-called
sponge model does not invoke autocatalytic steps yet is consistent with phenomenologically observed rate
laws that display rapid rate enhancements early in the decomposition process. Its most essential assumptions
are that (1) a molecule on the surface of a microcrystal undergoes unimolecular decomposition to form products
(mainly gases) that promptly vacate the neighborhood of the just-decomposed molecule and (2) a molecule
lying within the microcrystal (i.e., not on its surface) experiences packing forces from the surrounding crystal
molecules that essentially prohibit its unimolecular decomposition. These assumptions, when incorporated
into a kinetic model, allow the microcrystals to develop a spongy character (which the experimental data
display) as their surface molecules decompose and expose underlying solid material thus generating new
reactive molecules as the surface-area-to-volume ratio grows. It is this growth in surface area that produces
the rate enhancement in the microcrystals’ early stages of decomposition.

I. Introduction

In this paper, we put forth a microscopic model describing
the thermal decomposition of microcrystals assumed to take
place by unimolecular decay of molecules lying on the surfaces
of the crystals. For simplicity, the size distribution of the
microcrystals is assumed to be nearly monodispersed and to
have three similar linear dimensions (thus to apply to nearly
spherical or cubic crystals but not long needlelike crystals).
Generalizations of this model to include distributions of
microcrystal sizes and shapes are feasible, but the present
development is limited to the specified cases to be well suited
to the thermal decomposition of HMX that motivated its
development.

In the design of the sponge model, two primary experimental
observations weighed heavily, electron micrographs showing
the temporal evolution in microcrystal morphology as thermal
decomposition takes place and reaction rate data (both reactant
mass loss and product mass gain) plotted vs extent of reaction.
In the microscopy experiments,1 the average diameters of
microcrystals that were 180( 48µm prior to thermal treatment
reduced to 166( 45µm after decomposition that produced 56%
reactant mass loss. Hence, decomposition does not lead to
proportional decrease in crystal size but, instead, primarily to
crystal porosity. Figure 1 shows micrographs1 of three selected
microcrystals at various stages of decomposition.

It should be stressed that the decomposition of HMX
microcrystals does not appear to take place via layer-by-layer
loss of surface molecules, which would produce a monotonic
decrease in crystal size as time evolves. Rather, decomposition
occurs via the appearance of a highly pitted, spongy, porous

structure. It is for this reason that it would be inappropriate to
use an “onion pealing” kinetic model analogous to that used
by Eyring and co-workers2 to treat radial inward burning of
solid fuels. In the radial burning model, the outer surface of
the solid is consumed before any of the material in inner layers
can react; this is clearly inconsistent with the small change (180
to 166µm) in average crystal radius and the evolution of spongy
structure observed in HMX. Therefore, we have developed an
entirely different model that we present in this paper. Specif-
ically, we offer a kinetic model that is different from the
shrinking-sphere model and which is consistent both with the
qualitative features of HMX crystal morphology change (i.e.,
the evolution of spongy character) as well as the quantitative
features of the experimentally observed3-5 rate of decomposition
of HMX crystals and rate of appearance of product species.

A. Surface Thermal Decomposition of HMX: What
Aspects We Address and Which We Do Not.The chemical
structure of the explosive HMX is shown in Figure 2. As noted
earlier, HMX appears to exist, in its most commonly used form,
as a solid consisting of microcrystals whose three linear
dimensions Lx, Ly, and Lz have similar magnitudes (see Figure
1 and Figure 1 of ref 3b). After being heated at temperatures of
220-250 °C in the absence of oxidizing substances and under
conditions that sweep away (using N2 flow gas) nascent gaseous
products, this material decomposes to produce various gaseous
products (mainly HONO, HCN, N2O, and H2CO and products
of their subsequent reactions) as well as a nonvolatile residue
(NVR) consisting mostly of polyamides. During such a thermal
decomposition process, the microcrystals appear to evolve into
“spongy” highly porous structures (see Figure 1b and also Figure
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1 of ref 3b) whose overall dimensions are not much different
from the initial Lx, Ly, Lz. As noted above, these observations
about the shapes and morphology changes accompanying
thermal decomposition are essential to our development of the
microscopic model detailed in this paper.

The decomposition of HMX as a function of temperature,
pressure, and other reaction conditions and the subsequent
reactions of species formed in the initial reaction step among
themselves and with remaining HMX are extremely complicated

problems. At high pressures and under conditions of strong
confinement, secondary reactions involving gaseous species
produced in earlier reaction steps come into play because these
gases are confined rather than swept away. At higher temper-
atures, the net reaction rate may be fast enough to render
temperature control (e.g., keepingT constant) nearly impossible.
Moreover, the finite thermal conductivity of the HMX crystal
can give rise to strong temperature gradients within the crystal
and can cause molecules within (i.e., not only on the surface)
to decompose. All of these complicating features render the
experimental parameters of such highly reactive and explosive
materials difficult to control. This, in turn, makes the interpreta-
tion of the experimental data and theoretical modeling fraught
with problems. In ref 5 is given an excellent survey of how
various rate data can give rise to a wide range of activation
energies (E*) and preexponential factors (A) which, through
kinetic compensation, all are consistent with measured rates.
In ref 4, HMX reactions that occur in the solid, liquid, and gas
phases are addressed and an excellent overview of what is
thought about how HMX decomposes under various conditions
is offered. And, as noted earlier, in ref 3, a wealth of data
showing the time evolution of various products of HMX
decomposition is given.

Although many of the issues treated in refs 3-5 are of
fundamental importance to achieving a full picture of all the
reactions involved in HMX’s decay to its final, most stable,
product species, in this paper we are by no means attempting
to address all of them. Because of the daunting complexity of
the full kinetics scheme,we decided to focus on modeling a
limited set of experimental datafor which the control of
temperature seems to be reasonably in hand and for which the
accumulation of gaseous products is unlikely to produce high
pressures (and thus domination of secondary reactions).Specif-
ically, we offer a model of the thermal decay of surface
molecules to produce initial products(i.e., not products of
subsequent reaction steps) that promptly vacate the decay site.
Before describing our model, it is helpful to briefly review
findings from three laboratories that have played especially
important roles in characterizing the decomposition kinetics of
HMX. We stress thatour model is focused on decomposition
taking place on the crystal surface and is aimed at reproducing
the morphology changes and rate-Vs-fraction decomposition
data that characterize many experimental findings.

In 1996, Tarver et al.4 proposed a three-step model for the
thermal decomposition of HMX in which (a) HMX undergoes
unimolecular C-N and N-N bond breaking (with activation
energyE* ) 52.7 kcal/mol and preexponential factorA ) 1.4
× 1021 s-1) to form methylene nitramine H2CNNO2 followed
by (b) weakly exothermic unimolecular decomposition of these
fragments to yield H2CO + N2O or HCN+ HNO2 (with E* )
44.1 kcal/mol andA ) 1.6 × 1016 s-1), followed by (3) very
exothermic bimolecular gas-phase reactions to produce N2, H2O,
CO2, CO, etc. (withE* ) 34.1 kcal/ mol andA ) 1.6 × 1012

s-1). The various activation energies andA factors were
extracted from measurements carried out under various gas-
confinement conditions (i.e., for step a at low confinement such
that secondary gaseous reactions do not dominate, for step b at
higher gas confinements, and for step c using gas-phase rate
data on the species produced in step b as they react to produce
the very stable species of step c). If this picture of HMX
decomposition were complete, one would expect that activation
energies andA factors extracted from experimental probes
carried out as a function the extent of crystal decomposition
would decrease as the extent of reaction varies, and the

Figure 1. (a) Micrographs1 of HMX microcrystals of dimension≈
40 µm prior to thermal treatment. (B, C) Micrographs1 of two HMX
microcrystals of dimension≈ 80 µm after thermal treatment adequate
to produce 50% (B) and 80% (C) decomposition within the total sample
mass. The microcrystals shown in (C) and in (A) are not the same
crystals; that is, they are three separate crystals. Their shapes offer some
idea of the dispersion within an experimental sample. Their sizes are
less than the average size within the sample (ca. 180µm) because higher
quality micrographic pictures could be obtained of somewhat smaller
crystals.

Figure 2. Chemical structure of HMX, whose surface thermal decay
is suggested to undergo unimolecular decomposition initiated by
N-NO2 bond rupture. The melting point of HMX is≈ 278 °C.
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activation energy andA factor observed in the early stages of
reaction should be close toE* ) 52.7 kcal/mol andA ) 1 ×
1021 s-1.

A wide range of experimental data have been interpreted by
Behrens et al.3 in terms of a model in which solid HMX
undergoes induction, acceleratory, and decay stages and thus
is suggested to involve an autocatalytic reaction mechanism.
The initial decay of HMX is thought to produce a catalytic
intermediate which then lowers the activation barrier to subse-
quent thermal decomposition and causes the reaction to ac-
celerate. Again, if this model were fully correct, one would
expect the measured activation energy to be high in early stages
of decomposition and to decrease as the reaction accelerates.

In 1994, Brill et al.5 offered an insightful overview of the
state of affairs having to do with the measured activation
energies andA factors for HMX (solid, liquid, and gas)
decomposition. That article points out that a very wide range
of E* andA values have been reported, which makes it difficult
to know which values relate to which steps in the complex series
of reactions that certainly give rise to the transformation of HMX
ultimately to N2, H2O, CO2, CO, and NVR.

Wight and co-workers have measured initial decomposition
rates1 and obtained an activation energy of 35( 3 kcal/mol.
This particular activation energy (35 kcal/mol), which is used
in the present simulations, lies within the range of the values
discussed in ref 5, but it should be stressed that this specific
choice has little or no affect on the sponge model’s ability to
duplicate the “shape” of the experimental rate-vs-fraction
decomposition data or the changes in crystal morphology that
accompany decomposition. Only the absolute magnitude of the
rates depend on the choice of activation energy; the characteristic
shape of these rate plots (see, for example, Figures 4 and 6 in
ref 3b where a large number of such plots are displayed) do
not depend onE* or A.

To summarize, the sponge model put forth in this paper
focuses on the unimolecular decomposition of solid-state HMX
molecules lying on the surface of the microcrystals andnot on
any subsequent reactions of gas or solid species formed after
the first unimolecular step. Such a model produces a functional
form for the rate of HMX decomposition vs fraction decomposi-
tion R that (a) agrees well with the multitude of such plots
displayed, for example, in Figures 4 and 6 of ref 3b, (b) displays
rate acceleration for smallR and rate decay for largeR without
introducing any autocatalytic steps, and (c) uses one set ofE*
and A values that remain constant as ranges from 0 to 1.0.
Moreover, the model explains the spongy morphology of the
crystals (see, for example, Figure 1 and Figure 1 of ref 3b) that
develops as decomposition occurs.

B. An Empirical Rate Law That Has Been Used To Fit
Rate Data.The rate of loss of reactant HMX molecules, probed
as the rate of total mass loss of a sample containing many
microcrystals, has been examined experimentally and found
empirically to fit a rate expression of the form6

where a is the degree of decomposition, ranging fromR ) 0 at
t ) 0 to R ) 1 ast f ∞, and the rate is expressed in terms of
the rate of change inR. Many examples of such rate measure-
ments for HMX and their plots vsR are shown in Figures 4
and 6 of ref 3b. The essential features of these plots are rates
that rise rapidly to a maximum (usually belowR ) 0.5) and
then fall more slowly toward zero. It should be noted that eq 1
predicts a maximum rate atR ) 0.5, whereas the data of, for
example, ref 3 show maximum rates forR < 0.5. Hence, there

is reason to believe that the rate expression of eq 1 is not entirely
correct; as will be seen shortly, the sponge kinetic model put
forth here gives (from first principles, not by assumption) a rate
law similar to eq 1 but skewed such that the peak rate occurs
for R < 0.5.

C. Rate ParametersA and E*. In carrying out the simula-
tions whose results are reported below, we employed a rate
coefficient k ) A exp(-E*/RT) with an activation energy of
35 ( 3 kcal/mol for HMX and anA factor of A ) 1 × 1012

s-1. The valueE* ) 35 ( 3 kcal/mol is in the range known for
the dissociation energy of the N-NO2 bond that may be the
first bond broken in HMX’s decomposition.7 As noted earlier,
the particular choice ofE* and A parameters does not affect
how the sponge model duplicates the shapes of the rate-vs-R
plots or the evolution of spongy character in the microcrystals;
these parameters only affect the absolute values of the computed
rates.

D. Basic Assumptions of Our Microscopic Model.In this
paper, we offer a molecule-level microscopic model whose
predictions (a) are consistent with the visually observed
morphology changes in microcrystalline HMX illustrated in
Figure 1 and the shape of the rate profile graphs shown in
Figures 4 and 6 of ref 3b and (b) does not require the
introduction of any bimolecular or autocatalytic mechanism. We
term this the “sponge model” because of the observed porous,
spongy nature taken on by the HMX crystals as they decompose.

Thismodel uses a lattice descriptionof the HMX molecules’
local environment and expresses the rate of loss of HMX
molecules in terms of (a) a unimolecular rate coefficient k
having afixed E* value and afixed Afactor and (b) the number
of “active” HMX molecules at any timet during the thermal
decomposition.

An active HMX molecule isdefinedas one with at least one
of its four N-NO2 units not surrounded by other crystalline
HMX molecules, and it is assumed that only these active
molecules are able to undergo unimolecular decay to produce
nascent gases and NVR. This model thus assumes that crystal
packing forces provide sufficient hindrance to inhibit the
decomposition process and that, until this hindrance is relieved
by loss of at least one of the surrounding crystal HMX
molecules, further decay of the crystal cannot proceed.

At the beginning of a microcrystal’s decay, only its surface
HMX molecules are active because only they can have N-NO2

groups exposed. However, as surface molecules decompose and
uncover HMX molecules in underlying crystal layers, thus
generating pits that lead to pores throughout the microcrystal,
these underlying crystal molecules can become active. Accord-
ing to our model, it is the erosion of underlying layers (N.B.,
not in a layer-by-layer manner characteristic of Eyring’s
shrinking-sphere model) that ultimately leads to the spongy
porous nature of the decomposing HMX, andit is the change
in surface area-to-Volume ratioaccompanying increased poros-
ity that causesthe increase in active molecules and thusthe
acceleration in decomposition rate as time proceeds.

II. Description of the Sponge Model and Its Rate Law

A. Microcrystal Size and Shape.We begin by modeling a
macroscopic sample of solid HMX as consisting ofN identical
microcrystals each of which containsn0 HMX molecules and
each of which is (nearly) cubic with volumeV0. Clearly, NV0 is
the total volume of such a sample (ignoring the space occupied
by voids and cracks), Nn0 is the total number of HMX molecules
it contains, 6(V0)2/3 is the initial surface area of each microcrystal,
(NV0/Nn0) ) V0/n0 is a “molecular volume” characteristic of the

rate) k R(1 - R) (1)
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compound HMX and its crystal structure, andN depends on
the initial granularity of the HMX sample.

It should be stressed that we do not consider build up of
gaseous products surrounding the HMX microcrystals; once an
HMX molecule undergoes N-NO2 bond rupture, it is assumed
to have produced whatever (intermediate or final product) gases
and NVR species it generates with the gases assumed to have
vacated the neighborhood of the just-decomposed HMX mol-
ecule. Thus, issues of what goes on in the spaces between
microcrystals, within cracks or voids inside microcrystals, and
in the gas surrounding the sample are ignored in our treatment.

B. Active Molecules and Crystal Packing Geometry.We
view the crystalline packing of the HMX molecules in the
following terms: (a) Each molecule lying totallywithin the
crystal (i.e., not on the surface) is surrounded by near-neighbor
HMX molecules that offer sufficient crystal packing forces to
render unimolecular decomposition impossible because none of
its four N-NO2 bonds is capable of rupturing (except under
very high-energy conditions). (b) Not all of the surrounding
molecules provide direct contact with an N-NO2 group of a
given HMX molecule, so the number of nearest neighbors is
not equal to the number of N-NO2 bonds that are inhibited.
For example, in HMX, there are four equivalent N-NO2 bond
sites per HMX molecule, but there are more than four nearest
neighbors (depending on the crystal phase one is in) to a given
HMX molecule. (c) We denote byC the number of N-NO2

bonds that can be inhibited by neighbor HMX molecules, and
we useD to label the number of nearest neighbor molecules
each HMX haswithin the crystal. Clearly,D will be larger than
C, and for HMX, C is 4.

A surfaceHMX molecule may have fewer thanC molecules
surrounding its N-NO2 bonds. Such surface molecules form
the initial (t ) 0) members of the species deemedactiVe in our
model (i.e., we assume that any molecule surrounded by a full
set ofC bond-blocking neighbors experiences sufficient inhibi-
tion of its N-N bond stretching to prevent breaking of any such
bond). For a crystal that has not yet undergone any decomposi-
tion, there would be

active molecules because only the surface molecules (there are
6n0

2/3 of them if the microcrystal is viewed as consisting ofn0

cubic molecules each with volumeV0/n0 that exist on the surface
of area 6V0

2/3) are active for the initial crystalline material.
C. Unimolecular Decomposition Rate for an Active

Molecule. A fundamental assumptionof our model is that any
HMX molecule surrounded byC blocking neighbors cannot
undergo N-N bond rupture initiated decomposition and any
HMX molecule surrounded by fewer thanC neighbors blocking
its N-N bond sites will decompose at a rate characterized by
a unimolecular rate coefficient

It should be noted that we do not incorporate any influence of
the crystal packing on either the activation energyE* or the
unimolecularA factor (i.e., we use anE* and A which are
consistent with N-NO2 bond energetics of isolated HMX
molecules). In other words, the decay of an HMX molecule at
one site is assumed to have no energetic orA-factor influence
over HMX molecules at other sites, except that decay of the
first molecule may expose N-NO2 groups of other molecules
that had previously been surrounded byC blocking neighbors.

D. Development of the Sponge Kinetics Equations.Early
in the thermal decay of each microcrystal, its surface HMX
molecules are the only active molecules, so the initial rate of
loss of HMX will be proportional to 6kn0

2/3 per microcrystal or
6Nkn0

2/3 for the entire sample. However, as the surface
molecules begin to erode, molecules in the underlying layers
begin to become exposed in the sense that they no longer are
surrounded byC blocking neighbors. As the crystal thus
undergoes further decomposition, more and more of its HMX
molecules find themselves activated as they lose one or more
of their C blocking neighbors. Eventually, all of the remaining
molecules have become active and remain so until all molecules
have decomposed.

To formulate this decay in terms of a set of kinetics equations,
we consider the active molecules within the HMX crystal at a
time t, and we ask how many active molecules will decay and
how many new active molecules will be formed in a time
interval dt:

The rate of lossshown in the above kinetic equation is simply
the unimolecular decay rateknact and is assumed to havek ) A
exp(-E*/RT) with E* near 35 kcal/mol andA near 1× 1012

s-1. For therate of creationof new active molecules, we note
that each time an HMX molecule undergoes unimolecular decay
and the products of this decomposition promptly leave as gases
or form NVR, it vacates a lattice site. This newly vacated lattice
site (let us label it S0) has thepotentialfor creating new active
HMX molecules that had been blocking neighbors to this site.
Whether it realizes this potential depends on the instantaneous
local crystal packing situations of the neighbor sites.

a. AVerage-EnVironment Approximation. Probably the most
significant approximationof our model is made as we describe
the instantaneous (i.e., at any timet in the decomposition
process) environment of anyparticular HMX molecule site in
terms of an “average environment” formed by averaging over
the instantaneous environments ofall HMX molecules8 remain-
ing in the sample. Specifically, the S0 HMX molecule that has
just disappeared hadC - 1 blocking neighbors (let us label
them S1 through SC-1). The probability (this is where the
“average” aspect of our model enters) that any one of theC -
1 sites S1 through SC-1 contains an HMX molecule isn(t)/n0

(i.e., the fraction of HMX molecules remaining at timet).
However, even if a site Sk (k ) 1, 2, ...C - 1) is occupied, its
HMX molecule will be anew active molecule only ifall C
blocking sites surrounding Sk had been occupied prior to decay
of the HMX molecule in S0. We know that one site (i.e., S0

itself) surrounding Sk was occupied, but what about the
remainingC - 1 sites? Again, we assume these sites are each
occupied with an average probability of (n(t)/n0), so the
probability that allC - 1 blocking neighbor sites of Sk are
occupied after the molecule at S0 decomposes is (n(t)/n0)C-1.
Combining these assumptions about the instantaneous environ-
ment of an HMX molecule that has just undergone unimolecular
decay, we can write the net rate of change of active HMX
molecules as

b. Kinetics Equations for Loss of HMX. Within this kinetic
model, the total rate of loss of HMX molecules per microcrystal
is given by

nact(t ) 0) ) 6n0
2/3 (2)

k ) A exp(-E*/RT) (3)

dnact(t)/dt ) -knact(t) +
rate of creation of new active molecules (4)

dnact(t)/dt ) -knact(t) + knact(t)(C - 1)(n(t)/n0)(n(t)/n0)
C-1

(5)
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The total rate of loss of reactant molecules is given as

This set of coupled kinetic equations (eqs 5 and 6) express the
sponge model and are to be solved subject to the initial
conditions: nact(t ) 0) ) 6n0

2/3 andn(t ) 0) ) n0.

III. Examination of Sponge Model Kinetics at Short and
Long Times

Let us begin by considering the equation for the rate of change
of the number of active molecules. The expression for dnact/dt
contains a negative first and a positive second term. The two
terms combine at short times (whenn(t)/n0 ≈ 1) to produce a
net positive rate

while, at long times (whenn(t)/n0 , 1), the first term dominates
to produce a net negative rate

This observation is at the heart of understanding why the rate
of decomposition of an HMX sample has the shape shown in
Figures 4 and 6 of ref 3b.

A. Short-Time Kinetics. The solution to the short-time
equation fornact, subject to the initial conditionnact(t ) 0) )
6n0

2/3 is

Using this result fornact in the equations for dn(t)/dt gives

Notice that the sponge model predicts thatnact should grow and
n should decrease exponentially with time and with equal short-
time exponential rate coefficients given by

Notice also that the rate of loss of reactants dn/dt and the fraction
of reactant molecules that have decomposedR can be related
since

and

so

The latter result states that the rate when plotted versus the
fraction a should begin, nearR ) 0 or t ) 0, at a valuek(6n0

2/3)
corresponding to the rate of decay of the surface species only.
The rate should thengrow linearly withR butwith a slope equal
to kn0(C - 2); this slope reflects the number of newly activated
molecules that accompany thermal decomposition of one HMX
molecule through then0(C - 2) factor (i.e., one HMX molecule
is lost, butC - 1 new active HMX molecules are created).

The expression givingR as a function of time suggests that
R should initially grow exponentially with time fromR ) 0 at
t ) 0 and with an exponential coefficient of (C - 2)k. The
development to follow shows that dR/dt should pass through a
maximum and return to zero with a long-time exponential falloff
coefficient ofk.

B. Approximately When Will the Rate Maximize? Before
moving on to consider the long-time solutions to the kinetic
equations and how to “connect” the short- and long-time
expressions, it is interesting to ask at what timet* will nact equal
n when both are approximated by their short-time expressions.
This time, and the value ofnact at that time, are expected to
offer important characterizations of the material when the rate
of decomposition is highest. Settingnact(t) equal ton(t) produces

for the equation givingt* in terms ofC, k, and the initial number
of molecules,n0. The number of active molecules existing at
t* is

the fraction reacted at this time,R(t*) ) 1 - n(t*)/n0, is given
by

and the rate of loss of reactants att* is

Most of the rate vsR data shown in Figures 4 and 6 of ref
3b for HMX seem to peak belowR ) 0.5, which would imply
a C value of above 3, in line with earlier remarks about steric
effects in HMX’s four equivalent N-N bonds for whichC
should be 4. The expression for the rate att* suggests that most
(because (C - 2)/(C - 1) ) 2/3) of the initial molecules become
activated within the timet*. The expression forR(t*) suggests
that the percent decomposition at the peak rate should be
independent ofk, sample size, and crystal size, and should
depend only on crystal packing factors (through 1/(C - 1)).
However, the timet* required to reach the peak rate should
depend also depend onk and n0. These predictions can and
should be subjected to further experimental tests.

C. Long-Time Kinetics. Returning to the sponge kinetics
equations and considering the equation fornact at times long
enough for the ratio (n(t)/n0)C-1 to be neglected compared to
unity, one arrives at

which has the solution

where t′ is some (long) time for whichnact is known. Notice
that the exponential decay ofnact at long times is predicted by
the sponge model to occur with a rate coefficient

that isnot identicalto the rate coefficientkshort-time ) (C - 2)k
characterizing the short-time growth. So,nact is expected to grow

dn(t)/dt ) - knact(t) (6)

dntot/dt ) Ndn/dt (7)

dnact/dt ) k(C - 2)nact (8)

dnact/dt ) -knact (9)

nact(t) ) 6n0
2/3 exp[(C - 2)kt] (10)

n(t) ) n0 - (6n0
2/3/(C - 2))[exp[(C - 2)kt] - 1] (11)

kshort-time ) (C - 2)k (12)

-dn/dt ) k6n0
2/3 exp[(C - 2)kt] (13)

R ) 1 - n(t)/n0 ) (6n0
-1/3/(C - 2))[exp[(C - 2)kt] -1]

(14)

-dn/dt ) kn0(C - 2) R + k(6n0
2/3) (15)

exp[(C - 2)kt*] ) [1/6n0
1/3 + 1/(C - 2)]/[1 + 1/(C - 2)] ≈

1/6n0
1/3(C - 2)/(C - 1) (16)

nact(t*) ) n0(C - 2)/(C - 1) ) n(t*) (17)

R(t*) ) 1/(C - 1) (18)

-dn/dt ) knact(t*) ) kn0(C - 2)/(C - 1) (19)

dnact/dt ) - knact (20)

nact(t) ) nact(t′) exp[-k(t - t′)] (21)

klong-time ) k (22)
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rapidly to its maximum value of ca.n0(C - 2)/(C - 1) neart*
and to subsequently decay more slowly from then on.

D. Connecting the Short and Long Times.To connect the
long-time solution fornact to the short-time solution, one would
have to have in-hand an analytical expression ofnact that is valid
at short, intermediate, and long times. We do not know of such
a solution (N.B., the equations fornact andn are coupled and
that fornact is highly nonlinear because of the (n(t)/n0)C-1 factor).
Therefore, we choose to use the time at which all of the
remaining molecules are expected to be active to (approxi-
mately) connect our short- and long-time kinetics. Explicitly,
we taket′ ) t* and nact(t′) ) nact(t*) ) n(t*) ) n0(C - 2)/
(C - 1), which then produces

at long times. Using this result fornact in the kinetic expressions
for dn/dt ) - knact produces the following:

These (approximate) equations predict thatnact and n should
decay with identical rate coefficientsklong-time ) k.

Again, it is possible to express the rate of loss of reactant
molecules in terms of the percent decomposition at long times
by using

and

so

for long times and hence asR approaches unity. These results
suggest that a plot of the rate of loss of reactant vsR should
have aslope of-kn0 at long times. Recall that the slope of
such a plot at short times is expected to bekn0(C - 2). The
HMX rate vsR data plotted in Figures 4 and 6 of ref 3b seem
to show this behavior; the slope at smallR is steeper than that
asR approaches unity.

E. Full Numerical Integration of the Kinetics Equations.
a. A Specific Example. In Figure 3 are shown simulated rates
obtained by numerically solving the full sponge kinetics
equations detailed in section II.D.b using an activation energy
E* ) 35 kcal/mol, a preexponential factor ofA ) 1 × 1012

s-1, and a number of blocking neighbors ofC ) 4. The rate is
reported in terms of dR/dt vs the fraction decompositionR.

For this particular simulation, an initial microcrystal size
corresponding to 106 HMX molecules, of which 6× 104 are
initially on the surface, was used. Assuming a nearest-neighbor
spacing of ca. 8 Å, as in HMX, this corresponds to a
microcrystal of only 800 Å on a side, much smaller than the
microcrystals used in the experiments. Nevertheless, the solution
of the sponge kinetic model shown in Figure 3 possesses features
much like those of the experimental rate data given in Figures
4 and 6 of ref 3b. In particular, the rate clearly shows an
acceleration at short time and a slower falloff at long time.
Moreover, the fraction decomposition at which the maximum
rate is reached is similar to what is seen experimentally.

b. ImproVement in Treating the Independent Blocking Neigh-
bors. In the numerical solution of the full kinetic equations (eqs

5 and 6), the termknact(t)(C - 1)(n(t)/n0)(n(t)/n0)C-1 giving the
rate of gain of active HMX molecules has been altered to
achieve a somewhat more quantitatively correct result. Recall
from section II.D.a that (C - 1)(n(t)/n0) is the number of
remaining blocking neighbor sites (C - 1) times the probability
(n/n0) that such a site is occupied by an HMX molecule. Then
(n(t)/n0)C-1 is supposed to give the probability thatall of these
C - 1 remaining blocking neighbor sites are also surrounded
by a full complement of blocking HMX molecules. The problem
is that using the factor (n/n0)C-1 assumes independent prob-
abilities that each of the remaining blocking molecules has its
surrounding sites occupied; this independent probability as-
sumption is not correct as we now attempt to demonstrate using
Figure 4.

In Figure 4, the central HMX molecule clearly has one of its
N-NO2 bonds exposed and hence activated; itsC - 1 ) 3
remaining N-NO2 bonds are blocked by the lightly shaded
neighbor HMX molecules. Each of these 3 lightly shaded
blocking neighbors possesses 3 blocking neighborsitesof its
own (the dark and unshaded sites) plus a fourth neighbor (the
central HMX). Hence, one might think there are 3× 3 ) 9
sites that neighbor the three lightly shaded HMX molecules.
However, there are only 7 distinct sites because some (the dark
sites) serve as potential blocking neighbor sites to more than
one lightly shaded HMX. So, averaged over the three blocking
neighbors to the central HMX, each of the lightly shaded sites
has only (7/9)(C - 1) ) 7/3 independent surrounding potential
blocking sites.

nact(t) ) n0(C - 2)/(C - 1) exp[-k(t - t*)] (23)

n(t) ) n(t*) exp[-k(t - t*)] ) n0(C - 2)/(C - 1)

exp[-k(t - t*)] (24)

-dn/dt ) knact ) kn0(C - 2)/(C - 1) exp[-k(t - t*)] (25)

1 - R ) (C - 2)/(C - 1) exp[-k(t - t*)] (26)

-dn/dt ) kn0(1 - R) (27)

Figure 3. Simulated rate of decomposition of HMX atT ) 250 °C
obtained by numerical integration of the sponge kinetics equations.

Figure 4. Representation of the local environment around an HMX
molecule that has one of its N-NO2 bonds activated.
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For these reasons, we replaced the form of the expression
knact(t)(C - 1)(n(t)/n0)(n(t)/n0)C-1 giving the rate of formation
of active HMX species byknact(t)(C - 1)(n(t)/n0)(n(t)/n0)(C-1)(7/9)

when carrying out the numerical simulations whose data are
displayed above. This correction is made to more properly
calculate the probability that each of theC - 1 blocking
neighbors to a just-decomposed molecule will have allC - 1
of its remaining neighbor sites occupied. Clearly, the precise
form of the correction factor introduced here will depend on
the particular crystal packing environment that arises in the
material under study. For HMX, we believe that the7/9 statistical
scaling has a clear basis. When the sponge model is applied to
other materials, knowledge of how that material is packed in
the crystal as well as of how many blocking neighbors are
present must be in hand.

F. Overview of Short- and Long-Time Behavior. In
summary, data on the rate of loss of HMX molecules when
graphed vs the fraction decompositionR should (1) begin (atR
) 0) with a nonzero initial rate of 6kn0

2/3 corresponding to the
rate due to the decomposition of surface molecules and (2) grow
with an initial slope ofkn0(C - 2) (3) until a peak rate of
magnitudekn0(C - 2)/(C - 1) is reached (4) at a value ofR )
1/(C - 1), after which (5) the rate should decay untilR
approaches unity near which the graph has a slope of-kn0.

IV. Overview and Predictions of the Sponge Model

A. Working Equations. The sponge model describes the
thermal decomposition of solids consisting of symmetrical
microcrystals in terms of (a) a single unimolecular decay rate
coefficientk ) A exp(-E*/RT), (b) a crystal packing dependent
number of N-N bond blocking neighborsC, and (c) an initial
number 6n0

2/3 of active surface molecules characteristic of the
initial surface area-to-volume ratio of the crystals.

This model yields forshort times

and for long times

The timet* at which nearly all of the remaining molecules have
become activated is given in terms of the rate coefficientk, the
initial number of moleculesn0, andC as

and thist* allows the short-time and long-time expressions for
nact andn to connect att*.

B. Predictions of the Model. The set of equations given
above predict thatnact and hence the rate of decomposition of
HMX should growrapidly (with kshort-time ) (C - 2)k) until a
time t* after whichnact, the rate, andn should decaymore slowly
(with klong-time ) k). For large microcrystals (i.e., those having
largern0

1/3), the timet* where the maximum rate of decomposi-
tion occurs will be longer than for very fine microcrystals (with
smallern0

1/3) although the fraction decomposition at the peak
rate R(t*) ) 1/(C - 1) will be the same independent of
microcrystal size. These predictions of the sponge model should
be subjected to experimental checks by carrying out series of
thermal decomposition rate measurements using crystals of
varying initial size.
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nact(t) ) 6n0
2/3 exp[(C - 2)kt] (10)

n(t) ) n0 - (6n0
2/3/(C - 2))[exp[(C - 2)kt] - 1] (11)

nact(t) ) n0(C - 2)/(C - 1) exp[-k(t - t*)] (23)

n(t) ) n(t*) exp[-k(t - t*)] ) n0(C - 2)/(C - 1)

exp[-k(t - t*)] (24)

exp[(C - 2)kt*] ≈ 1/6n0
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