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*CHy + *NOg 1s very unlikely.

Decomposition ot nitromethane is reported over the range of 115-180°C and 0.6-
8.5 GPa. Abtout 5 g of nitromethane is compressed with a diamond-anvil cell,
haated ic the point that reaction occurs, and held typically 10-20 minutes at the
reaction temperature. The cell is coolerd and the volatile contents of the cell are
frozen as a thin lzyer in vacuo and an infrared absorption spectrum is recorded.
The three volatile oroducts abserved are N2O, CO», and walter, with N2O
production peaking at 1.5 GPa, 135°C, and 35% of NME; CO2 production
peaking & 3.5 GPa, 135°C, and 65% of NME, and water yields at 20-50% of NME
at the highest pressure measured, 8.5 GPa and 175°C. Water yields were difficult
to quantity due to background contamination. Results indicate three different
reactions for solid NME dependent primarily on the pressure of the reaction, and
that fluid NME does not decompose at 0.6 GPa and 175°C, although the solid
decomposes readily at 1.1 GPa and 120°C. The authors condude that, while
vanous denomposition mechanisms are possibie, the intial step CH3NO2>—>

INTRODUCTION

I he tendency for enurgetic matenals, boih high
aexplosives and propellants, to undergo inadvertent
detonation is a serious and not wel! understood
problem. Detonations can be thcught of as sell-drivan
shock waves and are initiated by a vanety of sumuh or
insults  The inii.al chemistry that dnves tho
deflagration (or tast burning) to dots:*ation tcansition 15
of pnmary impontance to undarstanding the inmtiation
ovent, and a good amount of activity is ocurnt g with
regards to trying to undarstand the reacthions that are
imponant 1or this chamistry

In ordat 10 obtinn a baltor understanding of the
kinds cf chemistry that mmght be impoitant tor imhiation
ovants wao are studying raactions of simply energotic
matenals, o g nitromathane  under conditions of
confinamont at vary tugh prassore Wae have choson
those condiions fo two raesons 1) Tha e tione,

that are expected to be important in daflagration to
detanation transitions are, under low pressure
conditions, solid to gas reactions. These reactions
drive the energetic decomposition that leads to
detonadon and are reactions that produce small,
stable, and hot molecules. Since these reactions are
both fast and not ditfusion iimited, they will probably
involve many concerled steps. Pearforming
maeasuramants at high pressure allows us to choose of
the phase of the products, which, since we can chooso
the prossure, can be aither flud or sohd. This allows a
control over diftusion and mixing that is impossible by
any othaer method 2) We expect the initiation
rnactionr to ba extramely prassure dopandent The
vory notion of a detonnhon wave is onoe that involves
prossure. and tompaorature inducod chomical events
that lead to turthor prossure and tampaeraturg incrgase
until iinndly s dissipative process houts the onargy
redoane rate and o nteady State s roached
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The concept of an activation energy tor a given
reaciion and the role of temperature in surmounting it
is well understood and the traditional Arrhenius
activation is normally assumed to be valid even at very
high density. Pressure-induced reactivity, on the other
hand, does not involve overcoming the activation
barrier in a dynamical sense. It is more subtle and
involves actually changing the activation energy, now
more properly considered the activation enthalpy. It is
then reasonable to expect that we must, from the very
start, consider tha activation enthalpy instead of only
the activaticn enurgy, E;  The activation enthalpy wiil
be a natural function of pressura as AH? = AE? + PAVE,
and pressure-induced reactivity shoulkd really, by all
ights, be called "pressure-catalyzed” reactivity. This
emphasizes the very diferent role that pressure has
compared to temgerature and the cntical parameter in
describing the pressure dependence of the reaction
rate or branching ratios then becomas the activation
voiume, AVY

An initial reacthon or transition state with a
substantial volume decrease (-AV or -AV?), increases
the reaction rate and the prosumption is that with
energetic matenals, the initial reactions do possess -
AV? Otherwise, increasing pressure woukl not
increase the reaction rate, and may actually decrease
it While the iniial reaction must invoive -AV, the
overall reaction must, on the other hand, have a +AV In
order to sustain the detonation. Thus, we expect to
find (and must look for) reactions that have these two
imgonant charactenstics

Studying the reactions of energetic matanals at
high density aliows us to probe chemistry that is slow
or even nonexistent at low pressure In particular,
concerted intermolecular reactions should become
very important at high density, whereas at low
pressure, one oftlen sees volatihzation of the matenz|
pnor to any actual chemisiry. With the aid of pressure,
then, we can hold moleculas in their lattice to much
higher temperature than would otherwise be possible.
Another impornant factor in condensed phase reactions
is that of the solvent cage ar.d its affect on reaction
rates. Cage eflects are extramely important in solution
reactions and thoy cortainly wil ba even mora
imponant at high deonsity | urthermore, reactions of
onargetic matonals ulimately will have more In
common with solid state chenustry than with solution
chamistry  1hus, tor anorgotic matenals the soid-stato
chomical notion of reactive cagos and also concanea
miarmolecutar reactons will be vary impenant

Wo are lryiag 1o undorstand tha vory
comphicated roactions at tagh density for an enargetic
matanal undergoing doflagration or dotonation . We
mus! finkd ways of understanding thoso reactions,
dospte therr comphcatad natures, 1o ordor 1o pradict
andt ponsubly control sach proporhios g sansativity

Nt !

perdormance, and burn rate. The obvicus limitations ol
performing expenments on such materials while thay
are reacting and the small amount of information that is
obtained from those experiments means thal we will
always have {c resort to some kind of approximation in
order to understand the chemistry associated with
initiation.  With this work, we hope to establish at the
very ieast, some general principles for the kind of
chemistry thal is associaled with detonation initiation.

EXPERIMENT

We have useu siamong-anvil cells of the Mernili-
Bassett design' to compress mtromethane and have
usead the position of the C-N stretch infrared absom-
tion, caiibrated versus the ruby fluorescence standard,
as a measure of prassure. Optical microscopy was
used to observe the onset of 13action while the cell
was heated with an external heater. For many of the
samples, infrared absorption microscopy was used to
determine the extent of reaction and also to determine
the reaction products that accumulated within the cell.
The release apparatus 1s shown in Fig. | and allowed
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FIGURE 1. CIAGRAM OF THI RELEASE
APPARATUS

the rolease and freuzing of the contants of the
damond-anvil cail onto a CsBr window mounted on ar
Air Products closed cycle hehum refrigerator (a
displex) and held at 20°K F ollowing deposition, the
cryotip was rotated 90" within its shroud and an
absorption spoectrum was recorded at 7 c¢m ! r@solution
and 256 scans Such e procedure aliowed the
dotermination of absorption peaks on the order of

0 005 A although this apparatus had a large water
background due to outgassing  Watar also did not
avaporate roadily 'nm tha cell whan the coll pressure
was rolonsod nnd, ns o consequonco, anly vary
qualiative data was obtivnod on tho amouant of wator
that ovolved from Mie onaparnment
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A Digilap F TS-40 spectrometer was used for the
thin laysr experiments with a Bio-Rad infrared
microscope instalied in an a. - iliary sample
compartment to record 1he spectrum oi nitromethana
and/or products while under comnression within tha
diamond-anvil cell

RESULTS

Al pressures less than 0 8 GPa, the
nitromethane melted about 80"C and showed very
httle reaction up to 175"C for over two hours.

However, ai 1 1 GPa. the NML did not mett on
Increasing temperature, but hegan to react at 120°C as
evidenced by the nucleaiion and growth of butbles
Infrared spectrain big 2 show the spectra of the
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FIGURE 2 N'TROMLE THANE BLEF ORL AND DURING
REACTION WITHIN DIAMOND-ANVIL. CELL

nilromathane within the diarnond anvil call balore
reaction, aftar tour hours, and atter six hours at the
temparature and pressure indicated As the sample
reacted. tha infrarad signal bocame progressively
wonkdr, but new features aro evidont and aro, 1) a
broad, saturated absorption at 3200-3400 cm ', 2) a
broad saturntod band for tho N, group symmetnc
&G antisymimainic stretches in piace of the two
loatures that ware gvidont baefore reaction, 3) and two
absorption bands at 2220 and 2250 ¢cm ' that nro
partially obscurad by the dinmond second order
absomuon | ittle spectral information s pvailable 1o
the reacting samplo implving that the products are
nbsorbing completoly ot the nucloation stos
Evontually, e the roacthon procoods to complohon . tha
IR TS ool complotely (hn,”»[umv

Nui! e

When we release the contents ol the diamond:
anvil coll following reaction, treeze the volatiles in a
thin layer, and measure the infrared absorption oi tial
thin laver (Fig 3), we have found that M20, COp, and
waler
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are the dominant volatle producis. Their reia!'ve
amounts depend on the parnicular temperature and
preu2re at which the reaction was perdormed as
shown in F, 4. One can see that these volatile
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FIGURE 4. REACTION YIELDS OF CO2. N20O, AND
WATER FOR NME DECOMPOSITION AS A
FUNCTION OF PRESSURE AND TEMPERATURE OF
ONSET GF REACTION

products are suhatantial fractions of the starting
matenai Wa know 1na! water is present in significant
amounts among the products, hut have been unabie to
quantity it vety wun!t (Evidently, waisr ascapes from
the cell upon release in vu.irhic 2mMounts, since onr
resulis with releasing pure water o » diamond cell
undar identical conditions ware subject t0 & 2
error.) Whenever NME mefts belore the temperature
reaches ~120°C, no appreciable reaction oocurs up 10
175°C. We conciude, then that fluid nitrometiiang
does not react appreciably over a period of 30 minutes
at the pressure and temperatuie noted on the diagram
A P-T reaction diagram is shown in Fig. 5 and shows
that between 1.0 ard 2.5 GPa (reaction regime A),
nitromathane is sohd at 120°C, while the N,O and CO;
products are fluid, und nucieation ana growth centers
can be readily obsarved in the solid nitromethane
involving these fluid products Thus, the reaction is
assisted by topocharncal control of the crystal latt:ce

(1 o, the rolahve oneatations of the NME molecules 1
the solid)  Tharo s umae for cubsequert dissoiutior. of
some NME into these reaction proc:t bubblos, but wa
twal that any reaction thal *akas place subsaqueantly in
e sotion may follow a diffoerent pathway, since flud
NME tson zbows no reaction at this tlemperaturo and
shghtly “owaer prossuie

Betwoon 25 and 5 0 GPO (res oo regima 1Y),
COp bocomaes the qomimant prowact . consuntng
noady 65 moloY, of tho NME at 34 GIPa, and then
ancroasing with incroasing prossure In both regimes
Band C o wo expect that NAO and GO owall bo sohd,
Aand v da not oboerve the babblo growth that wae Lo
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FIGURE 5 PRIELCSSURE-TEMPERATURE REACTION

DIAGRAM FOR NME DECOMPOSITION SHOWING
THE 1T MPERATURE FOR THE ONSET OF
RCACTION AT VARIOUS PRESSURES

pronounced al lower pressure. The temperature at
which the reaction begins is increasing with increasing
pressuro, indicating that vary high pressure
suppresses all NME chemistry. At pressures >5.0 GPa
(roaction regime C). both N2O and CO2 become much
less pronounced and walor Is the primary volatile
praduct, and we have qualitatively determined that
with prossuroe in oxcess of 20 GPa, NME is stable to
300°C Tho solid residue that remains following
chomistry at all of these pressures and temperatures
qualitatively reflects the trends noted with the volatile
products  In reaction regime A and B with the highast
yelds of CO» and N3O, there is very httle residue, and
that which remains has an oily nature. On the other
hand, at the highest pressure that we have measured,
roaction regime C, a schd rasidue fills 01r gasket
complotoly and there is much loss COp and no N;O

DISCUSSION

Tharo havoe boon many diffarent kinds of studios
of NMU decompoesition including studies under
conditions of photolysis »3 pyralysis 4 anc high
prossure *%/ Wag baleve that the decomposition
chamustry i comprossod nit.omaethane found for
raaction toguere Ais difforent from any that has bHoen
proviously raportod for this molecule  This chanustry
theratoro doos not involve radical production, ChHzy
MO a0y sNOL which s Typical of most of
s omethar Cu pyeolyhe nod photochamead e hones



Although wa have not yet determined our limits of
detectivity for methane, ethane, or NO2, we do not
observe any of these products and their absence
would mean that the radical reaction is not the
dominant decomposition pathway

The three basic reaction regimes that we
observe can be categonzed as the nitrogen coupling
regime (A), carbon oxidation regime (B), and
dehydration regime (C). We suggest that the nitrogen
coupling reaction necessary for N2O production
(regime A) involves eithar an N-nitroso or an N-nitrato
intermediate, but we have no information yet to confirm
that. The relativaly small amount of residue would
then be a polymer, possibly similar to polyvinyl alcohol
(PVA) Regime B involves oxidation of the carbon and
presumably, simultaneous reduction of the nitrogen 1o
amina. Diract attack of the oxygen on the carbon and
then hydrogen transfer to the nitrogen site is A
plausible route to produce hydroxyamine formate, 2
likely precursor to CO, evolution. It is notable that
even under condition that precduce 'he largest ariourts
ot CO3, neither formaldeyde (as a volatile) nor
paraformaldehyde (detected in the rasidue) are
observed among the oroducts

vinally, in regme C a rotable amount of orange
colored solid remains after the reaction, with water as
the only volatile detacted. T1his dehydration product
couid be related 1o the methazonate polymer that is
xnown 10 result following further reaction of the aci-ion
On the other hand. there are repons>.6.8 that this sold
1s largely either ammonium formate or ammonium
oxalate, with the orange color then due to small
amounts of othar minor products

These rosults are consisient with the hypothesis
that, o nilromeothane wnliaton, reactions that nroduce
small, stable molecules are going to be important.
These reactions will release the large amount of
compressive anargy that 1s necessary to drive
subsequant chemistry Tharefore, we consider both
reactions A and B to ba Imponant in the inftiation
process. Reaction C, however, largely results in sold
products and should consume comprassive enargy
due to ns -AV, theraby quonching any iniation
chamustry that mught occur

Thasa toactions occut in the sohd state and ara
tharntore quite complicatod, but one must  wdy these
typas of noat phase reactions Hf g boller understanding
ol the chemustry ol intiation 1s to oliow. We teel that
avon a cnido undarstanding of rany of the reactions is
proforablo to no nnderstiinding ot tha noat, condansed
ptasa roactions at all its obvious that extreme
caution must be used, foc axamplo it one wishes to
relate theso condonned phiase roactions 10 gas phase
pyrolytic chamistry or photochemistry The impheaton
ot concorton ] roactions will maore cften than not

domunate over e bond breaking reactons thad
dommate al low density in the gas phase

Both HMX(cyclo tetramethylene tetranitramine)
and RDX(cyclo trmethylene trinitamine), which are
very important miitary high explosives, produce N,O
in then thermal decomposition at low pressure ¥ 1t hac
been shcwn'0 that RDX, under isolated molecule
pyrolysis, undergoes a concerted nng breaking step to
first produce methylene n'rfamine, subsequently
decomposing 10 formaidehyde and N>O as 1/3HDX —
> CHo=N NO:»  -» NoO + CH,O  Ammonium nitrate,
the pnmary comnorient of industnal lugh explosives,
a'so produces N»Q upon dacomposiion 't This latter
N2O production has been expla-ned as due 10 the
il dehydiation 1e produce nitramine as (NHg)(NOy)
—> HN NO> + H,0O, followed by turther dehycration
of mtramine with an HNO dimer intermediate as HoN
NOp <> (HNOY; == NoO + HpO. Key in both o' these
schemes s the nitramme intermodiate, and we
suggest that nitromethane decomposition most likely
mvolves a dimenzat:on of reaction between the
niirogens of adjacent nitrcmethanes. This could be
due 1o umimolecular rearrangement of NME to
hydroxlyamire formete, HCOO-NH, with subsequent
anack on another mittomethana to produce
HACOOCH  « N NOL . simaltaneous 1somertizations
of adjacent NMt 's 10 methyl nitnite with a coupling
reaction to procuce CHAOCHy and N2O, or
unimolecular tormation oi a (HoCO)(HNO)
mtermediate for adjacent NML's with reaction of two
HNO's 1o torm Ny and walte: as shown above. All of
these mechamsms must in t.on be controlled by e
sohd state phase that we know 15 imponant {or the
reaction to procoed

Anothor possible inttial reaction is the
Isomerization to the nitrite form, CH3-NO_s —» CH3- O-
NQO, with subsoguent reaction to produce the observed
products. This reaction would presumably resuft In
N;0 and CO; production through an intermolesular
coupling reaction, although one expects significant
amounts of methanol or perhaps formaldehyde to
result. A recent repont'? on supercritical nitromathane
pyrolysis also sugges!s this reaction is & first stap
undor those condiions. However, we have
Indopandently founc that formakdehyde polyma-izes
roadity undar these conditions to form
paraformatdohyde, which 1s directly characterizable in
the infrarod  Since wo ind no evidonce for eithar
tormaldohyde. tormalyn. ur paralormaldehyde among
the reaction products of nitromethane, the suggestion
is that there s anothar pathway to both N,O and CO»
Also. thora 15 no raason to expoct the isomenzation (o
ba intibited in the flug phase, at shghiy lowor
prossure  The thct thi wo do not obsarve signiicant
NMI dacompositon i the flong thon imphies that the
nitrite isomengation e oot the ounal maction leading 1o
docampaoration
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Much previous work has been performed’™ on
the role of the aci-ion of nitromethane in the
sensitization of nitromethane to shock iniation. We
therafore consider the activation of nitrcmethane by
means of either water or hydroxide 1on to ba a logical
first reaction step. Sinca it 1s well established that the
acion dimenzes readily under ambient conditions 10
form the methazonate ion, it is hard to believe that the
aci-lon itself would lead o the chemustry that we
observe, since subsequent reaction of the
methazoriate produces an ill-defined colored polymer
That is, the aci-10n {nrm evidenrtly activates the carbon
center tor funher rec lion. In order 1o produce N2O, we
must have a nitrogen act:vaticn

The exacl nature of thus nitrogen coupling
reaction will have o wait for fuither expeanments. We
are currently waorking 1o improve our apparatus by
increasing the heating rate and decreasing the
centamination level of water  Such an improved
apparatus should allow us to improve our
measurements significantly

CONCLUSION

Veary different decomposition reactions occur for
sohd nitromethane at high prassure as compared with
ambient or low prassure condiiuns. These reactions
are evidently concerted intarmolecular reactions, and
three very diferent reaction regimes occur as a
function of pressure and tempearature Wae suggest that
tho first two reaction regimes, those that produce N2O
and COa, are most closely related to the chemistry of
intiation Moreaover, we expact that, in general.
reactions in energetic matenals that very quickly
priduce small, stable molecules (1 e +AV overall), but
are noverthaless associated with AV! (a decrease in
volume for the aclivated complex) will be most
impontant tor datarmining tho imitanon of he matuenal
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