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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 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-workefsto treat radial inward burning of

solid fuels. In the radial burning model, the outer surface of

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 the solid is consumed before any of the material in inner layers

of the crystals. For simplicity, the size distribution of the RO . . :
microcrystals is assumed to be nearly monodispersed and tocan react; this is clearly inconsistent with the small change (180

have three similar linear dimensions (thus to apply to nearly t? 16:3/4m) '8 avera(ljgg C;yl\;'t)?l [I?r:jlusfand the (;\]volutlgn Ofl spo(;]gy
spherical or cubic crystals but not long needlelike crystals). - Ucture observedin - [herefore, we have developed an

Generalizations of this model to include distributions of entirely different model that we present in this paper. Specif-

microcrystal sizes and shapes are feasible, but the presenfca”y’ we offer a kinetic model that is different from the

development is limited to the specified cases to be well suited SMfiNking-sphere model and which is consistent both with the

to the thermal decomposition of HMX that motivated its dualitative features of HMX crystal morphology change (i.e.,

development. the evolution of spongy character) as well as the quantitative
In the design of the sponge model, two primary experimental features of the experimentally obser¥etrate of decomposition

observations weighed heavily, electron micrographs showing ©f HMX crystals and rate of appearance of product species.
the temporal evolution in microcrystal morphology as thermal ~ A. Surface Thermal Decomposition of HMX: What
decomposition takes place and reaction rate data (both reactanf\spects We Address and Which We Do NotThe chemical
mass loss and product mass gain) plotted vs extent of reaction structure of the explosive HMX is shown in Figure 2. As noted
In the microscopy experimentsthe average diameters of earlier, HMX appears to exist, in its most commonly used form,
microcrystals that were 188 48 um prior to thermal treatment ~ as a solid consisting of microcrystals whose three linear
reduced to 166 45um after decomposition that produced 56% dimensions k, Ly, and L; have similar magnitudes (see Figure
reactant mass loss. Hence, decomposition does not lead tdl and Figure 1 of ref 3b). After being heated at temperatures of
proportional decrease in crystal size but, instead, primarily to 220—250°C in the absence of oxidizing substances and under
crystal porosity. Figure 1 shows micrograpb$three selected  conditions that sweep away (using flow gas) nascent gaseous
microcrystals at various stages of decomposition. products, this material decomposes to produce various gaseous
It should be stressed that the decomposition of HMX products (mainly HONO, HCN, pD, and BCO and products
microcrystals does not appear to take place via layer-by-layer of their subsequent reactions) as well as a nonvolatile residue
loss of surface molecules, which would produce a monotonic (NVR) consisting mostly of polyamides. During such a thermal
decrease in crystal size as time evolves. Rather, decompositiordecomposition process, the microcrystals appear to evolve into
occurs via the appearance of a highly pitted, spongy, porous“spongy” highly porous structures (see Figure 1b and also Figure
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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., keepimgonstant) 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

28080 10KU 50U with problems. In ref 5 is given an excellent survey of how
HMY 0% decomp S00¥ various rate data can give rise to a wide range of activation
energies E*) and preexponential factorA] 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 refs3 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 schemewe decided to focus on modeling a
limited set of experimental datéor 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 reactiSpggif-

Q0203 10KV
HMX 0% de=ccmp

ePesz 1exKU Seu
VX 50% decomp 500X

B C ically, we offer a model of the thermal decay of surface
) molecules to produce initial product§.e., not products of
Figure 1. (a) Micrographs of HMX microcrystals of dimensior: subsequent reaction steps) that promptly vacate the decay site.
40 um prior to thermal treatment. (B, C) Micrograpiwf two HMX Before describing our model, it is helpful to briefly review

microcrystals of dimensior 80 um after thermal treatment adequate findinas from three laboratories that have plaved especiall
to produce 50% (B) and 80% (C) decomposition within the total sample im or?ant roles in characterizing the decom I2>si¥ion kinZtics o¥
mass. The microcrystals shown in (C) and in (A) are not the same P g p

crystals; that is, they are three separate crystals. Their shapes oﬁersom@'MX- We stress thabur model is focu_sed_on decompositiqn
idea of the dispersion within an experimental sample. Their sizes are taking place on the crystal surface and is aimed at reproducing
less than the average size within the sample (caub8®because higher the morphology changes and rats-fraction decomposition

quality micrographic pictures could be obtained of somewhat smaller gata that characterize many experimental findings

crystals. In 1996, Tarver et al.proposed a three-step model for the
1\102 thermal decomposition of HMX in which (a) HMX undergoes
N unimolecular G-N and N-N bond breaking (with activation
/ \ energyE* = 52.7 kcal/mol and preexponential factdr= 1.4
NOT—N N—NO, x 107t s71) to form methylene nitramine $NNO; followed

by (b) weakly exothermic unimolecular decomposition of these
N fragments to yield HCO + N,O or HCN+ HNO; (with E* =
,Joz 44.1 kcal/mol andA = 1.6 x 10 s71), followed by (3) very
Figure 2. Chemical structure of HMX, whose surface thermal decay exothermic blmolgcular gas-phase reactions to prodycei0,
is suggested to undergo unimolecular decomposition initiated by COz CO, etc. (withE* = 34.1 kcal/ mol andh = 1.6 x 102
N—NO; bond rupture. The melting point of HMX is: 278 °C. s™1). The various activation energies aril factors were
extracted from measurements carried out under various gas-
1 of ref 3b) whose overall dimensions are not much different confinement conditions (i.e., for step a at low confinement such
from the initial L, Ly, L. As noted above, these observations that secondary gaseous reactions do not dominate, for step b at
about the shapes and morphology changes accompanyinghigher gas confinements, and for step ¢ using gas-phase rate
thermal decomposition are essential to our development of thedata on the species produced in step b as they react to produce
microscopic model detailed in this paper. the very stable species of step c). If this picture of HMX
The decomposition of HMX as a function of temperature, decomposition were complete, one would expect that activation
pressure, and other reaction conditions and the subsequenenergies andA factors extracted from experimental probes
reactions of species formed in the initial reaction step among carried out as a function the extent of crystal decomposition
themselves and with remaining HMX are extremely complicated would decrease as the extent of reaction varies, and the
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activation energy ané\ factor observed in the early stages of is reason to believe that the rate expression of eq 1 is not entirely
reaction should be close & = 52.7 kcal/mol andA = 1 x correct; as will be seen shortly, the sponge kinetic model put
107t st forth here gives (from first principles, not by assumption) a rate
A wide range of experimental data have been interpreted by law similar to eq 1 but skewed such that the peak rate occurs
Behrens et al.in terms of a model in which solid HMX  for a < 0.5.
undergoes induction, acceleratory, and decay stages and thus C. Rate ParametersA and E*. In carrying out the simula-
is suggested to involve an autocatalytic reaction mechanism.tions whose results are reported below, we employed a rate
The initial decay of HMX is thought to produce a catalytic coefficientk = A exp(—~E*/RT) with an activation energy of
intermediate which then lowers the activation barrier to subse- 35 £ 3 kcal/mol for HMX and anA factor of A = 1 x 102
qguent thermal decomposition and causes the reaction to acs1. The valueE* = 354 3 kcal/mol is in the range known for
celerate. Again, if this model were fully correct, one would the dissociation energy of the-NNO, bond that may be the
expect the measured activation energy to be high in early stagedirst bond broken in HMX’s decompositiohAs noted earlier,
of decomposition and to decrease as the reaction accelerateshe particular choice oE* and A parameters does not affect
In 1994, Brill et al® offered an insightful overview of the  how the sponge model duplicates the shapes of the rate-vs-
state of affairs having to do with the measured activation plots or the evolution of spongy character in the microcrystals;
energies andA factors for HMX (solid, liquid, and gas) these parameters only affect the absolute values of the computed
decomposition. That article points out that a very wide range rates.
of E* and A values have been reported, which makes it difficult  D. Basic Assumptions of Our Microscopic Model.In this
to know which values relate to which steps in the complex series paper, we offer a molecule-level microscopic model whose
of reactions that certainly give rise to the transformation of HMX predictions (a) are consistent with the visually observed

ultimately to N, H;0, CQ,, CO, and NVR. ~ morphology changes in microcrystalline HMX illustrated in
Wight and co-workers have measured initial decomposition Figure 1 and the shape of the rate profile graphs shown in
rated and obtained an activation energy of 353 kcal/mol. Figures 4 and 6 of ref 3b and (b) does not require the

This particular activation energy (35 kcal/mol), which is used introduction of any bimolecular or autocatalytic mechanism. We
in the present simulations, lies within the range of the values term this the “sponge model” because of the observed porous,
discussed in ref 5, but it should be stressed that this specific spongy nature taken on by the HMX crystals as they decompose.
choice has little or no affect on the sponge model's ability to  Thismodel uses a lattice descriptiafthe HMX molecules’
duplicate the “shape” of the experimental rate-vs-fraction |ocal environment and expresses the rate of loss of HMX
decomposition data or the changes in crystal morphology that molecules in terms of (a) a unimolecular rate coefficient k
accompany decomposition. Only the absolute magnitude of the having afixed E* value and dixed Afactor and (b) the number
rates depend on the choice of activation energy; the characteristicof “active” HMX molecules at any time during the thermal
shape of these rate plots (see, for example, Figures 4 and 6 indecomposition.
ref 3b where a large number of such plots are displayed) do  An active HMX molecule islefinedas one with at least one
not depend orE* or A. o of its four N—NO; units not surrounded by other crystalline
To summarize, the sponge model put forth in this paper Hpmx molecules, and it is assumed that only these active
focuses on the unimolecular decomposition of solid-state HMX molecules are able to undergo unimolecular decay to produce
molecules lying on the surface of the microcrystals antion nascent gases and NVR. This model thus assumes that crystal
any subsequent reactions of gas or solid species formed afteiacking forces provide sufficient hindrance to inhibit the
the first unimolecular step. Such a model produces a functional gecomposition process and that, until this hindrance is relieved
form for the rate of HMX decomposition vs fraction decomposi- py |oss of at least one of the surrounding crystal HMX
tion o that (a) agrees well with the multitude of such plots molecules, further decay of the crystal cannot proceed.
displayed, for example, in Figures 4 and 6 of ref 3b, (b) displays At the beginning of a microcrystal's decay, only its surface
rate acceleration for small and rate decay for large without HMX molecules are active because only they can havdiQ,
introducing any autocatalytic steps, and (c) uses one S€t of  4,5ns exposed. However, as surface molecules decompose and
and A values that remain constant as ranges from 0 to 1.0. \ncover HMX molecules in underlying crystal layers, thus
Moreover, the model explains the spongy morphology of the yenerating pits that lead to pores throughout the microcrystal,
crystals (see, for example, Figure 1 and Figure 1 of ref 3b) that {hese underlying crystal molecules can become active. Accord-
develops as decomposition occurs. _ ing to our model, it is the erosion of underlying layers (N.B.,
B. An Empirical Rate Law That Has Been Used To Fit not in a layer-by-layer manner characteristic of Eyring’s
Rate Data.The rate of loss of reactant HMX moleculgs_, probed shrinking-sphere model) that ultimately leads to the spongy
as the rate of total mass loss of a sample containing many horous nature of the decomposing HMX, @i the change
microcrystals, has been examined experimentally and found;n gyrface area-tosolume ratioaccompanying increased poros-
empirically to fit a rate expression of the fofm ity that causeghe increase in active molecules and tlis
acceleration in decomposition rate as time proceeds
rate=ko(1l — o) Q)

where a is the degree of decomposition, ranging foom 0 at Il Description of the Sponge Model and Its Rate Law

t=0toa = 1 ast — o, and the rate is expressed in terms of A. Microcrystal Size and Shape.We begin by modeling a
the rate of change in. Many examples of such rate measure- macroscopic sample of solid HMX as consisting\bidentical
ments for HMX and their plots ve. are shown in Figures 4  microcrystals each of which contaimg HMX molecules and
and 6 of ref 3b. The essential features of these plots are rateseach of which is (nearly) cubic with volume. Clearly, N is

that rise rapidly to a maximum (usually below= 0.5) and the total volume of such a sample (ignoring the space occupied
then fall more slowly toward zero. It should be noted that eq 1 by voids and cracks), i is the total number of HMX molecules
predicts a maximum rate at = 0.5, whereas the data of, for it contains, 6{o)%3is the initial surface area of each microcrystal,
example, ref 3 show maximum rates for< 0.5. Hence, there (Noo/Nng) = wo/ng is a “molecular volume” characteristic of the
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compound HMX and its crystal structure, ahddepends on D. Development of the Sponge Kinetics Equationgarly
the initial granularity of the HMX sample. in the thermal decay of each microcrystal, its surface HMX
It should be stressed that we do not consider build up of molecules are the only active molecules, so the initial rate of
gaseous products surrounding the HMX microcrystals; once anloss of HMX will be proportional to Bng?® per microcrystal or
HMX molecule undergoes NNO, bond rupture, it is assumed  6Nkny?® for the entire sample. However, as the surface
to have produced whatever (intermediate or final product) gasesmolecules begin to erode, molecules in the underlying layers
and NVR species it generates with the gases assumed to havéegin to become exposed in the sense that they no longer are
vacated the neighborhood of the just-decomposed HMX mol- surrounded byC blocking neighbors. As the crystal thus
ecule. Thus, issues of what goes on in the spaces betweerundergoes further decomposition, more and more of its HMX
microcrystals, within cracks or voids inside microcrystals, and molecules find themselves activated as they lose one or more
in the gas surrounding the sample are ignored in our treatment.of their C blocking neighbors. Eventually, all of the remaining

B. Active Molecules and Crystal Packing GeometryWe molecules have become active and remain so until all molecules
view the crystalline packing of the HMX molecules in the have decomposed.
following terms: (a) Each molecule lying totalkyithin the To formulate this decay in terms of a set of kinetics equations,

crystal (i.e., not on the surface) is surrounded by near-neighborwe consider the active molecules within the HMX crystal at a
HMX molecules that offer sufficient crystal packing forces to time t, and we ask how many active molecules will decay and
render unimolecular decomposition impossible because none ofhow many new active molecules will be formed in a time
its four N—NO; bonds is capable of rupturing (except under interval d:

very high-energy conditions). (b) Not all of the surrounding

molecules provide direct contact with an-NIO, group of a  dn,(t)/dt = —kn, (t) +

given HMX molecule, so the number of nearest neighbors is rate of creation of new active molecules (4)
not equal to the number of NNO, bonds that are inhibited.
For example, in HMX, there are four equivalent-NO, bond Therate of lossshown in the above kinetic equation is simply

sites per HMX molecule, but there are more than four nearest the unimolecular decay rakey,cand is assumed to hake= A
neighbors (depending on the crystal phase one is in) to a givenexp(—E*/RT) with E* near 35 kcal/mol andA near 1x 1012
HMX molecule. (c) We denote b€ the number of N-NO, sL. For therate of creationof new active molecules, we note
bonds that can be inhibited by neighbor HMX molecules, and that each time an HMX molecule undergoes unimolecular decay
we useD to label the number of nearest neighbor molecules and the products of this decomposition promptly leave as gases
each HMX haswithin the crystal. ClearlyD will be larger than or form NVR, it vacates a lattice site. This newly vacated lattice
C, and for HMX, C is 4. site (let us label it § has thepotentialfor creating new active

A surfaceHMX molecule may have fewer thad molecules HMX molecules that had been blocking neighbors to this site.
surrounding its N-NO, bonds. Such surface molecules form Whether it realizes this potential depends on the instantaneous
the initial ¢ = 0) members of the species deenaative in our local crystal packing situations of the neighbor sites.
model (i.e., we assume that any molecule surrounded by a full a. Average-Enironment ApproximationProbably the most
set ofC bond-blocking neighbors experiences sufficient inhibi- significant approximatiomf our model is made as we describe
tion of its N—N bond stretching to prevent breaking of any such the instantaneous (i.e., at any timein the decomposition
bond). For a crystal that has not yet undergone any decomposi-process) environment of arparticular HMX molecule site in

tion, there would be terms of an “average environment” formed by averaging over
the instantaneous environmentsatifHMX molecule$ remain-
— A — 2/3 ing i . ifi
n,.{t = 0) = 6n, ) ing in the sample. Specifically, they 5IMX molecule that has

just disappeared ha@ — 1 blocking neighbors (let us label

i lecules b v th ; lecul h them § through $-1). The probability (this is where the
active molecules because only the surface molecules (there areayerage” aspect of our model enters) that any one ofthe

6% of them if the microcrystal is viewed as consistingnaf 1 sites $ through $_1 contains an HMX molecule ia(t)/n
cubic molecules each with volumeg/ng that exist on the surface (i.e., the fraction of HMX molecules remaining at tintp
of area 60?3 are active for the initial crystalline material. H.O\;\,/ever even if a site, gk = 1, 2, ...C — 1) is occupied, its

C. Unimolecular Decomposition Rate for an Active  pvix molecule will be anew active molecule only ifall C

Molecule. A fundamental assumptioof our quel is that any blocking sites surroundingc®ad been occupied prior to decay
HMX molecule surrounded b blocking neighbors cannot of the HMX molecule in § We know that one site (i.e.,0S

undergo N-N bond rupture initiated decomposition ano_l any jtselfy surrounding § was occupied, but what about the
HMX molecule surrounded by fewer th@hneighbors blocking e mainingC — 1 sites? Again, we assume these sites are each
its N—N bond sites will decompose at a rate characterized by occupied with an average probability of(()/no), so the

a unimolecular rate coefficient probability that allC — 1 blocking neighbor sites of Sare
occupied after the molecule at 8ecomposes isn(t)/ng)¢ .
k= Aexp(-E*/RT) 3) Combining these assumptions about the instantaneous environ-
ment of an HMX molecule that has just undergone unimolecular

It should be noted that we do not incorporate any influence of decay, we can write the net rate of change of active HMX
the crystal packing on either the activation eneEjyor the molecules as

unimolecularA factor (i.e., we use aie* and A which are

consistent with N-NO, bond energetics of isolated HMX - _ — c-1
molecules). In other words, the decay of an HMX molecule at dna(/clt KMol ) + ke (C = DO (/o) (5)
one site is assumed to have no energetié-dactor influence

over HMX molecules at other sites, except that decay of the b. Kinetics Equations for Loss of HMXVithin this kinetic
first molecule may expose NNO;, groups of other molecules  model, the total rate of loss of HMX molecules per microcrystal
that had previously been surrounded®ylocking neighbors. is given by
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dn(t)/dt = — kn,(t) (6) The expression giving. as a function of time suggests that
o should initially grow exponentially with time frora. = 0 at
The total rate of loss of reactant molecules is given as t = 0 and with an exponential coefficient o€ (— 2)k. The
development to follow shows thatutlt should pass through a
dny,/dt = Ndn/dt () maximum and return to zero with a long-time exponential falloff

. I . coefficient ofk.
This set of coupled kinetic equations (egs 5 and 6) express the g Approximately When Will the Rate Maximize? Before

sponge model and are tombe solved subject to the initial moving on to consider the long-time solutions to the kinetic

conditions: Nac(t = 0) = 6no™* andn(t = 0) = no. equations and how to “connect” the short- and long-time

expressions, it is interesting to ask at what tirneill naequal

n when both are approximated by their short-time expressions.

This time, and the value df, at that time, are expected to
Let us begin by considering the equation for the rate of change offer important characterizations of the material when the rate

of the number of active molecules. The expression fog/dit of decomposition is highest. Setting(t) equal ton(t) produces

contains a negative first and a positive second term. The two

terms combine at short times (whet)/no ~ 1) to produce a  exp[(C — 2)kt*] = [Y/gn,">+ 1/(C — 2))/[1 + 1/(C — 2)] ~

net positive rate 1/6n,*(C — 2)/I(C — 1) (16)

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

dn,{/dt = k(C — 2)n,, (8) ) S o
for the equation giving* in terms ofC, k, and the initial number
while, at long times (when(t)/ny < 1), the first term dominates of_molecules,no. The number of active molecules existing at
to produce a net negative rate t*is

dnac{dt = _knact (9) nacl(t*) = nO(C - 2)/(C - 1) = n(t*) (17)

This observation is at the heart of understanding why the rate the fraction reacted at this time(t) = 1 — n(t*)/no, is given
of decomposition of an HMX sample has the shape shown in py
Figures 4 and 6 of ref 3b.

A. Short-Time Kinetics. The solution to the short-time a(t*) =1/(C — 1) (18)
equation fornag, subject to the initial conditiom,{t = 0) =
6ng?3 is and the rate of loss of reactantstais
Nact) = 6™ exp[(C — 2)k{] (10) —dn/dt = kn,et) =kny(C - 2)/(C—1)  (19)
Using this result fom,; in the equations for m{t)/dt gives Most of the rate vsx data shown in Figures 4 and 6 of ref

3b for HMX seem to peak below = 0.5, which would imply
n(t) = ny — (6ny”(C — 2))[exp[(C — 2)ki — 1] (11) a C value of above 3, in line with earlier remarks about steric
effects in HMX's four equivalent NN bonds for whichC
Notice that the sponge model predicts thatshould grow and  should be 4. The expression for the ratéauggests that most
n should decrease exponentially with time and with equal short- (hecause@ — 2)/(C — 1) = /) of the initial molecules become

time exponential rate coefficients given by activated within the timé*. The expression foo(t*) suggests
= (C = 2k 12 that the percent decomposition at the peak rate should be
Ksnort-tme = ( ) 12) independent ok, sample size, and crystal size, and should

depend only on crystal packing factors (throughCl/ 1)).
However, the time* required to reach the peak rate should
depend also depend dnand ng. These predictions can and

Notice also that the rate of loss of reactani&itand the fraction
of reactant molecules that have decompogethn be related

since should be subjected to further experimental tests.
_ _ 2/3 _ C. Long-Time Kinetics. Returning to the sponge kinetics
dn/dt = k6ng™ exp](C — 2)k{ (13) equations and considering the equation rfigy; at times long
and enough for the ration(t)/ng)°~* to be neglected compared to

unity, one arrives at

o =1—n(t)n,= (6n, *3(C — 2))[exp[(C — 2)ki] —(11]4) dn, /dt = — kn, (20)
SO which has the solution
—dn/dt = kn,(C — 2) o + k(6n,2?) (15) Nyeft) = No(t') expl—k(t — t')] (21)

The latter result states that the rate when plotted versus thewheret' is some (long) time for whichy is known. Notice
fraction a should begin, near= 0 ort = 0, at a valu&k(6n?) that the exponential decay of at long times is predicted by

corresponding to the rate of decay of the surface species only.the sponge model to occur with a rate coefficient
The rate should thegrow linearly witha butwith a slope equal

to kny(C — 2); this slope reflects the number of newly activated Kong—time = K (22)
molecules that accompany thermal decomposition of one HMX

molecule through they(C — 2) factor (i.e., one HMX molecule  that isnot identicalto the rate coefficierfspor—time = (C — 2)k
is lost, butC — 1 new active HMX molecules are created). characterizing the short-time growth. $gs:is expected to grow
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rapidly to its maximum value of can(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 fom,to the short-time solution, one would
have to have in-hand an analytical expression,gthat is valid
at short, intermediate, and long times. We do not know of such
a solution (N.B., the equations foge andn are coupled and
that fornagis highly nonlinear because of the(1)/ng)¢~ 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 Na(t’) = Nac(t) = N(t*) = no(C — 2)/

(C — 1), which then produces

Naet) = No(C — 2)/(C — 1) expf-k(t —t9)]  (23)
at long times. Using this result fog in the kinetic expressions
for dn/dt = — knuet produces the following:

n(t) = n(t*) exp[—k(t — t*)] = ny(C — 2)/((C — 1)
exp[—k(t — t¥)] (24)

These (approximate) equations predict that and n should
decay with identical rate coefficienkgng-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

—dn/dt = kn,,= kny(C — 2)/(C — 1) exp[—k(t — t*)] (25)
and

1—a=(C—2)/(C—1)expkit—t)] (26)

SO

—dn/dt = kny(1 — o) (27)
for long times and hence asapproaches unity. These results
suggest that a plot of the rate of loss of reactantishould
have aslope of—kny at long times. Recall that the slope of
such a plot at short times is expected tokmg(C — 2). The
HMX rate vsa data plotted in Figures 4 and 6 of ref 3b seem
to show this behavior; the slope at smalls steeper than that
asa approaches unity.

E. Full Numerical Integration of the Kinetics Equations.
a. A Specific Exampleln 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 8f = 1 x 102
s™1, and a number of blocking neighbors ©f= 4. The rate is
reported in terms of @/dt vs the fraction decomposition.

For this particular simulation, an initial microcrystal size
corresponding to FOHMX molecules, of which 6x 10* are
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Figure 3. Simulated rate of decomposition of HMX @t= 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\NO, bonds activated.

5 and 6), the ternkna(t)(C — 1)(n(t)/ng)(n(t)/no)¢* giving the
rate of gain of active HMX molecules has been altered to
achieve a somewhat more quantitatively correct result. Recall
from section Il.D.a that @ — 1)(n(t)/ng) is the number of
remaining blocking neighbor site€ (~ 1) times the probability
(n/np) that such a site is occupied by an HMX molecule. Then
(n(t)/ng)¢~1 is supposed to give the probability thalt 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 factorn(ng)®~! 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—NO, bonds exposed and hence activated;dts- 1 = 3

initially on the surface, was used. Assuming a nearest-neighborremaining N-NO, bonds are blocked by the lightly shaded

spacing of ca. 8 A, as in HMX, this corresponds to a
microcrystal of only 800 A on a side, much smaller than the

neighbor HMX molecules. Each of these 3 lightly shaded
blocking neighbors possesses 3 blocking neigtdi@s of its

microcrystals used in the experiments. Nevertheless, the solutionown (the dark and unshaded sites) plus a fourth neighbor (the
of the sponge kinetic model shown in Figure 3 possesses featuregentral HMX). Hence, one might think there arex33 = 9

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

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 {/g)(C — 1) = /3 independent surrounding potential
blocking sites.
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For these reasons, we replaced the form of the expressionand thist* allows the short-time and long-time expressions for
knae(t)(C — 1)(n(t)/ng)(n(t)/ng)<~1 giving the rate of formation Nact andn to connect at*.
of active HMX species b (t)(C — 1)(n(t)/ng) (n(t)/ng) €779 B. Predictions of the Model. The set of equations given
when carrying out the numerical simulations whose data are above predict thah,: and hence the rate of decomposition of
displayed above. This correction is made to more properly HMX should growrapidly (with Kshort-time = (C — 2)K) until a
calculate the probability that each of tl® — 1 blocking time t* after whichngg, the rate, and should decaynore slowly
neighbors to a just-decomposed molecule will haveCalt 1 (with kiong—time = K). For large microcrystals (i.e., those having
of its remaining neighbor sites occupied. Clearly, the precise largerns3), the timet* where the maximum rate of decomposi-
form of the correction factor introduced here will depend on tion occurs will be longer than for very fine microcrystals (with
the particular crystal packing environment that arises in the smallerny*3) although the fraction decomposition at the peak
material under study. For HMX, we believe that thestatistical rate a(t*) = 1/(C — 1) will be the same independent of
scaling has a clear basis. When the sponge model is applied tamicrocrystal size. These predictions of the sponge model should
other materials, knowledge of how that material is packed in be subjected to experimental checks by carrying out series of
the crystal as well as of how many blocking neighbors are thermal decomposition rate measurements using crystals of
present must be in hand. varying initial size.

F. Overview of Short- and Long-Time Behavior. In
summary, data on the rate of loss of HMX molecules when
graphed vs the fraction decompositiarshould (1) begin (adt
= 0) with a nonzero initial rate ofk?? corresponding to the
rate due to the decomposition of surface molecules and (2) grow
with an initial slope ofkny(C — 2) (3) until a peak rate of
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decomposition is the NNO, bond rupture which has an energy requirement
of 35—-40 kcal/mol. A less endothermic process involves elimination of
and forlong times HO—NO (via concerted N-N bond rupture, &H bond rupture, and ©H
bond formation); however, this process has a higher activation energy than
_ _ _ L N—NO; bond rupture. Finally, decomposition of isolated HMX inte-H
nacl(t) - no(C 2)/(C l) exp[ k(t t*)] (23) CNNO; is endothermic by 5653 kcal/mol. No one knows for certain what
N N energy is required to break the-fNO, bond within solid HMX. However,
n(t) = n(t*) exp[—k(t — t*)] =ny(C — 2)/(C— 1) the model developed here assumes that only those crystalline HMX
e [—k(t _ t*)] (24) molecules that have one or more N@oup exposed (i.e., not completely
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) ) o reasonable that thE* appropriate to the cleavage of such-NO; bonds
The timet* at which nearly all of the remaining molecules have should be close to the NN bond energy for an isolated HMX molecule.
become activated is given in terms of the rate coeffidette b, J S EECe O T ions for the tantaneots survival
initial number of moleculeso, andC as probabilities of individual HMX molecules at each lattice site. However,
our intent here is to offer an analytical model that may prove useful, even
_ ~lnB3e _ if more approximate, in understanding and analyzing the observed thermal
exp[(C — 2)kr] /6n0 C-2/C-1) (16) decomposition rates of microcrystalline solids.



