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Introduction

This project addresses fundamental research barriers in
understanding thermochemical decomposition processes which
directly affect propellant ingredient requirements and future
chemical propulsion concepts. A significant advancement will
result in the elucidation and potential control of these
precesses as they apply to propellant hazards, storage,
precombustion, and overall performance characteristics.
Ultimately, this project could provide advanced knowledge to
achlieve wvastly enhanced mechanical, physical, ingredient
compatibility properties with longer storage and decreased life
cycle costs, more stable and less hazardous high energy
propel lant formulation, decreased ignition delays, and
improved combustion tailoring.

Thermochemical decomposition processes are recognized
chemical reaction precursors to propellant combustion., While
these precombustion decomposition processes are known to
ptoceed through sequenced radical reaction mechanisms, their
detailed steps are not fully understood. The primary and
rate~determining steps, which oc¢cur early in the overall
reaction mechanism but not necessarily first, control
precombustion events and probably contribute to long term
propel lant ingredient instability and aging problems as
well, Past thermochemical decomposition studies investigated
the overall reaction mechanism at ambient pressure over a
given temper-ture range. Only recently has the importance cof
the early or initial portion of the reacticn mechanism and its
detailed steps at varilous pressures become generally
recogn zed. For example, a new approach used to investigate
TNT verified the critical reaction steps occurred during the
initial stage of thermochemical decomposition; this cpntrolling
portion had been ignored in earlijier studies.® A later
investigation that emploxfd this new approach with TATB
afforded similar results. These findings subsequently
generated another study of TNT which revealed that the
thermochemical decompositi?n mechanism may depend upon phase
state (gas, ligquid, solid) and can be %rastically altered by
small amounts of catalytic additives. Additionally, no
systematic thermochemical decomposition investigations have
been reported which determine possible pressure effects upon
the detailed cteps in the reaction mechanism, but, such effects
are suspected.

Recent advances in instrumental diagnostics, mechanistic
elucidation techniques, and novel combinations thereof now show
promise tor detailed identification of the primary and rate-
determining steps in thermochemical decomposition and for
determination of their kinetic parameters.



Systematic correlations between an ingredients's molecular
structure and 1its elucidated thermochemical decomposition
reaction mechanism have been attempted. A correlation between
molecular structure with an ingredients's initial and rate-
limiting reaction steps will prove especial ly important since
these two interdependent molecular features determine the unique
properties exhibited by an ingredient under a given
thermochemical condition,

Program Objectives

The detailed reaction steps in the thermochemical
decomposition mechanism of propellant ingredients and the kinetic
parameters which drive them have been investigated, Special
attention has been given to the primary controlling steps that
ocour early in the decomposition process, As specific
ingredient mechanisms were elucidated, attempts wer. made to
correlate primary thermochemical reaction steps to
molecular structure and to establish & systematic
relationship between molecular structure and ingredient
stability/ instability/compatibility properties.

Background

This project focused in on exploring in-situ the rate
controlling steps of the nitramine oxidizers RDX and HMX.
Thermal decomposition measurements were made to ascertain the
kinetic parameters by employing iscthermal differential scanning
calorimetery measuroments during the decomposition processes.
These decomposition mechanisms are very complicated processes
with mechanisms changing with temperature and phase., The solid
state decomposition presents further complications to the
elucidation process because crystal effects of melting, heat
transport ete., In addition there are competing reactions and
subsequent reactions that occur during the decompeosition process.
The number of decomposgition mechanisme suggested in the
literature and the number of nitramine studies p.'nt out the
difficulty of a mechanistic study.

This project chose to employ the kinetic deuterium isotope
effect as a means of elucidating in-situ the mechanistic behavior
of the reaction sequence. The kinetic isotope effect has long
been used as a tool in evploring the mechanism of organic
chemical %eactions and has been thoroughly studied and
documented® in such cases, The isotope effect arises dueto a
change in the kinetic rate of a reaction when an isotopic
substitution within a molecule is made. Most commonly a




deuterium is substituted for a hydrogen, which 18 the case in
this project, but the principles hold true for heavier atoms.
The deuterium kinetic isotope effect is simply the ratio of the
protonated material reactlion rate to the reaction rate of the
deuterated material. The deuterium isotope effect arises because
of the mass difference of the two atoms, This mass difference
is assumed not to affect the electronic structure of the
melecule and thus the binding forces within the molecule

‘remain the same upon substitution and the potential energy

surface of the reaction does not change. The mass of the atoms
does affect the vibraticnal frequencies of a molecule, however.
In particular the ground state energy (or wero poilnt caergy) of a
moleculce is lowered by the larger mass of the deuterium. MThus,
more energy i8 required to completely dissociste the C-D bond
than the C-H bond. This energy difference is reflected then in
the relative rates of the processes.

In reaction steps where bonds aic broken the ilsotope effect
is the largest and is termed a primary isotope effect. If the
only contribution to the observed ratio is the difference in
the zero point energies, the energy difference between the
deuterium and hydrogen substituted bonds required for bond
breaking c¢ould be obtained from the difference in the
stretching frequencies. At room temperature this would produce
an lsotope effect of 6.4 (ky/kp) Since the vibrational
frequencies are inversely proportional to the sguare root
of the mass, high temperature deuterium ilsotope effects
should approach the thecretical limit of 1.4, This is an
incomplete model, however, as there are many more factors
that influence the magnitude of the isotope effect. The
symmetry of the transition state, all vibrational modes
avallable to the molecule, and the aptness of the assumptions
made concerning the electroninc states all could influence the
obgserved isotope effect. An additional complication in using
the isotope effect in this project is that the reactions of
interest were occurring in the condensed state. Further
factors such as crystal lattice breakup, heat transfer, and
intermolecular interactions might also influence the observed
isotope effect.

If a bond containing the substitution ls not broken during
the rate controlling step of the reaction, a second type of
isotope effect may be observed which is termed a secondary
isotope effect. These effects are usually much smaller than the
primary isotope effects and arise from the influence the isotopic
substitution has on neighboring vibrations and conseguently the
zerc point energy. Secondary effects are co@monly gbserved when
the carbon changes hybridization from sp® to sp“ and thus are
often used to distinguish between a SNl and SN2 mechanism., 1f
the isotopic substitution causes a isotope effect of less
than one, then this type of secondary effect ls termed an




inverse isotope effect. This effect arises largely for. the same
reasons as the secondary effect, influence of neighboring
vibrations and 13 often_observed in reactions where the carbon
changes from &p‘ to sp. '

Theé main advantage the use isotope orrects provide for the
investigation of energetic materials is that the mechanisms can
be probed during the actual energetic event, -Nost reactions of
energetic materials are very rapid, normally occurring with
several parallel reactions of the secondary products. This
makes the elucidation of the rate controlling steps difficult
‘to determine. The isotcope effect only shows up if the
substituted sites are involved in the rate determining steps
and give some indication as to the nature of that step. For
these reasons, the deuterium isotope effect has Dbeen
increasingly used as a probe of energetic materials. A recent
thesis concerning the deuterium isotope effects in the combustion
of nitramine materisls provides a very good discussion o; the
deuterium isotope effects as applied to energetic materials.

Following are abstracts from two papers that were published
under this project and a third paper that will be submitted to
the Journal of Physical Chemistry. :
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Ceuterium Isotope TEffects 1n
Condensed~Phase Thermochemical Decomposition Reactions of
Octahydro-1,3,5,7~tetranlero~1,3,5,7«-tetrazocine

S«A. Shackel ford, M.B, Coolidge, B.B, Goshgarian, B.A. Loving,
R.N. Rogers, J.L. Janney, and M.H. Ebinger,

Journal of Phvsical Chemistry, 1985, 89, 3118.

Abgtract

The deuterium isotope effect (DIE) was applied to condensed-phase
thermochemical reactions of HMX and HMX~dg by using isothermal
techniques, Dissimilar deuterium isotope effects revealed a
mechanistic dependence of HMX upon different physical states which may
singularly predominate in a specific type of thermal event, Solid-
state HMX thermochemical decomposition producaes a primary DIE,
indicating that covalent C~-H bond rupture is the rate-coatrolling step
in this phase. An apparent inverse DIE is displayed in the mixed melt
phase and can be attributed to C-H bond contraction during a weakening
of molecular lattice forces as the solid HMX ligquefies, The liquid-
state decomposition rate appears to be controlled by ring C-N bond
cleavage as evidenced by a secondary DIE and higher molecular weight
products. These results reveal the Jependence of the HMX decomposition
process on physical state and lead to a broader mechanistic
interpretation which explains the seemingly contradictory data £found
in current literature reviews.

.




Deuterium Isotope Effects in HMX Thermochemical Mechanisms:
Decomposition, Def lagration, and Combustion

S.A., Shackelford, M.B. Coolidge, B.B. Goshgarian, R,N. Rogers,
J.L. Janney, M.H. Ebinger, D,A. Flanigan, and R.E, Askins

Minutes of the 20th JANNAF Combustion Meeting
CPIA Pub, 383, 571, (1983)

aAbstract

The deuterium isotope effect was applied to HMX and its deuterated
analog HMX=-dg to investigate the key chemical reactions and molecular
bond ruptures which control the global energy release rate in three
types of thermochemical events: decomposition, deflagration, angd
combustion., Although thermochemical processes are quite complex and
involve a myriad vf stepwise and simultaneous reactions, deuterium
isotopes can directly reveal rate controlling chemical.reactions and
molecular bond ruptures in real time during the energy releasing event
itself. Thermochemical decomposition investigations were conducted
with 80lid HMX several degrees below its melting point, The HMX
samples proceeded through three physical states: solid, mixed melt,
and liquid. Wwe found three distinct deuterium isotope effects; each
was different in magnitude and type, and each was dependent upon one
of the three HMX physical states, This suggests a change in mechanism
and rate-controlling reaction for each condensed phase cited,
Investigations in both rapid pyroprobe deflagration and explosive
deflagration revealed a single deuterium isotope effect for each, but
each isotope effect was different and infers that the rate-contreclling
reactions depend upon the predominate HMX physical state present
during a specific type of thermochemical event, Pressurized glass
tube combustion of HMX pellets revealed a primary deuterium isotope
effect at pressures of 500 and 1000 psig. This primary deuterium
isotope effect confirms in-situ that C-H bond rupture in solid state
decomposition ultimately controls the burn rate ¢f HMX during the
combustion process.

 ————— s &



Deuterium Isotope Effects in RDX Decomposition and Combustion
M.B, Coclidge, W.J. Lauderdale, S.L. Rodgers, S.A, Shaukelfohd
AF Astronautics Laboratory (AFSC) '
Edwards AFB CA 93523
R.E. Askins
Morton Thiockol, Ine./Huntsville Division
Huntsville AL 35807
Abstract
The kinetic deuterium isotope effect was used to investigate in
situ the rate limiting reaction controling RDX thermal decomposition
and combustion. The rates of RDX and deuterium labeled RDX-d6
thermal decomposition were measured using isoithermal differential
scanning calorimetry, and to RDX/RDX~dg pressed pellet window bomb
combustion studies. 1In both cases a primary deuterium isotope effect

was observed. These results are discussed and ¢ompared to isotope ef-

fects observed in decomposition and combustion with HMX.

Introduction

Isorope effects have been used by the chemical community for
many years, and have been applied to the investigation of both com=~
bustion! and decompositionz. The isotope effect provides an unique
method to examine the mechanisms of very fast processes during the

actual event., Since the 1isotope effect is only seen when the rate

l, H.,8 Johnston, W.A., Bonner, D.J. Wilson; J, Chem, Phys, (1957)

"ae", 100z2-1006

5 4§ «W. Benson, P.J. Papagiannakopoulos; Int, J. Chem. Kinet. (1982)
1 63=75




determining or slow step of the mechanism involves the isotopical-
ly labeled substituent it provides a good indication of what part
of the molecule is controlling the rate of the overall decomposition

or combustion process.

The deuterium ilsotope effect is increasingly being used in the
investiqation of energetic meterials becaués it provides a way to
sort out the overall rate determining step from ameongst the many
parallel chemical and physical brocesses occurring during a
decomposition or combustion event. Such Information can he important,
for example, in determining how to alter a propellant's burn rate or
in understanding the detonation of‘an explosive. The deuterium
isotope effect has been observed in the investigation of thermal
decomposition and shock initiation of TNT; and in thermal degradation
and initiation of solid TATB.? ™n all these cases the deuterium
isotope effect afforded a convenient method to examine "in gitu" the
mechanism of the thermal processes involved, The investigation
of HMX thermal decomposition4 and combustion processess using the
deutarium isotope effect has been reported(3d). This report concerns

the continuation of that work with RDX.

3 a.,) S.A. Shackelford, J.W. Beckmann, J.S. Wilkes; J, Qrg. Chem.
(1977), "42", 42013 b.) R.N. Rogers, J.L. Janney, M.H. Ebinger;
Lhermochim. Agta (1982), "S9", 2873 c.) S. Bulusu, J.R., Autera;

of Energetic Materials (1983), 133~140
4. S.A, Shackel ford, M.B. Coolidger, B.B. Goshagarian, B.A. Loving,

R.N. Rodgers, J.L., Janney, M.H. Ebinger; J. Phys, Chem, 1985 (89),
3118~3126
5. 8.A. Shackelford, B.B. Goshgarian, R.D. Chapman, R.E. Askins, D.A,

Flanigan; Propellants, Explos. Pyrotegh.,, in press
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Isocope Effects

The kinetic isotope effect ari.Ja from a change in the rate of
reaction when an isotopic substitution in the molenule of interest is
made® . This substitution is assuméd not to ¢ reciably change the
pathway or the transition state of the reaction mechanism. The rate
change 1is due to the difference in the zero point ene“gy (the ground-
state vibrational energy) which depends on the mass of the atoms and
is lower when the reduced mass is higher, Therefore the activation
energy for carbon-deuterium bond rupture is larger than for carbon-
hydrogen by an amount equal to the zero-point energy difference. The
differing activation energies result in a larger rate constant for C-H
bond rupture as compared to C-D bond tupture. This sort of isotope

effect, involving bond rupture, is termed a primary isotope effect.

The primary isotope effect is the one most commonly observed and
reported,'but deuterium substitution can cause the rate of reaction to
increase, which is termed an "inverse isotope effect". A third type
of isotope effect is the secondary isotope effect which does not in-
volve carbon-hydrogen bond breaking, These are generally thought to
involve differences in bending vibrations for H or D in the transition

states,

The magnitude of the ratio of rates (ky/kp) is indicitive as to

6 a. J. Bigeleisen, M. Wolfsberg; Advan., Chem. Phys. 1958 (l) 15

b. C.J. Collins, N.S. Bowman, eds. Isotope Eggecgs in Chemical Reac-
tions, ; ACS Monograph 167, Van Nostrand Reinho Co., 1970

11



which type of isotope effect is being observed, and consequently pro-
vides an insight to the rate determining step of the mechanism. A
priﬁéry isotope effect 1is generally thouéht to be above 1.35 at the
high temperature limit?, a secondary deuterium isotope effect is ex-
pected to be between 1.00 and 1.35 and an inverse effect less than
cne. It should be emphasized that the deuterium isotope effect will
only show up in the rate determining step, and only if its transition

state involves the substituted site,

Experimental

Synthesis RDX and RDX-dg were prepared in an identical manner start-
ing with paraformaldehyde or paraformaldehyde-d, to ensure that any
differences observed were related to the deuterium substitution and
not to impurities or sample history. The synthesis employed produced
a product that was HMX free and completely nitrated. NMR analysis

showed the‘RDx-de to be 98% deuterated.

Synthesis of RDX (1,3,5,~trinitrohexahydro-s—triazine)a

To 28.4 g of phosphorous pentoxide (weighed out under nitrogen)
in a three neck 500 ml round bottom fitted with reflux conden-
ser and thermometer, was added dropwise 83.7 g anhydrous nitric acid

from an addition funnel. The mixture was magnetically stirred

7. 5.A. Shackelford, M.B. Coolidge, B.B. Goshgarian, R.N. Rogers, J.L,
Janney, M.H. Ebinger, D.A, Flanigan, R.E. Askins; CPIA Pub. 383,
571, (1983)

8. Gilbert, E.E.; Leccacorvi, J.R.} Warman M.; in Industrial and
Laboratory Nitrations, R.F, Gould, Ed,; ACS Symposium Series 22; Amer-
ican Chemical Society: Washington, D.C., 1976; p. 327-340.
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and the temperature monitored. fThe addition of the nitric acid caused
an exotherm to 41°C, “When the reaction mixture had cooled to 35°C,
2.8 g (0,013 mol) of TRAT (l1,3,5-triacetyl-l,3,5-hexahydrotri-
azine) wcs added all at once through a fﬁnnel. The round bottom was
then placad in an oil bath and the reaction mixture was heated
at 65°C for 15 minutes. At the énd of this time the solution was
allowed to cool to room temperature and then poured on ice. The
solution was left to stand and the precipitate was filtered and

washed with water to leave a clean, white product.

yleld: 2.3 g (0.010 mol) (77%) mp. 203°C
lH NMR (DMSO-dG) 6.1 ppm(-CHz-)

synthesis of TRAT (l,3,5-triacety1-l,3,5—hexahydrottiazihe)9
Hexamethylenetetraminelo, 8.3 g (0,059 mol) was added at room
temperature to 33.2 g (0,361 mol) acetic anhydride and magnetically
stirred. The solution was then heated at 98°C for 2 hours, The
reaction mixture was cooled to 5°9C, 20 ml of water was added, and
then stirred for an additional 30 minutes. It was then reduced to
a viscous yellow liquid by vacuum distillation. Water (20 ml) was

added, and the mixture cooled to induce precipitation. The solid

9., Bedford, C.D.; Geigel, M.A.; Rosenblatt, D.H.; Preparation and
purification of Kilogram Quantities of SEX and TAX: HMX and RDX Inter-
mediates; Final Report, U.S5. Army Medical Research and Development
Command; Dec. 1982.

10, Coburn, M.D.; Ott, D.G.} J, Labelled Compd, and Radjopharm, 1980,
18, l423.
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product was filtered and dried over NaOH pellets under vacuum,

yleld: 8.65 g (0.061 mol) 70% mp. 96°C
l1H NMR (DMSO-dg): 2.1, 5.2 ppm (=CH,-)

RDX-d 67 TRAT-QG
All deuterated materials were synthesized in an identical
manner as the non-deuterated analogues, substituting the deuterated

precursor (ie. RDX-dg was made from TRAT-dg).

Thermal Measurements

Isothermal Differential Scanning Calorimetery experiments
were performed on a Perkin-Elmer DSC 1B or on a Perkin-Elmer DSC
System 4, The samples were weighed into an aluminum DSC pan, which had
a 0.l mm hole drilled into the 1id, and were then hermetically
sealed. ‘Sample size was 2.00 +/- .04 mg. Data was taken from the
DSC witha digital recorder and to a Vax 785 for processing, All the

runs were done at atmospheric pressure with a slow nitrogen purge,

Combustion Measurements

The combustion experiments were done in a window bomb at 500 and
1000 psi. The RDX and RDX-d¢ samples were pressed into cylindrical
pellets weighing approximately 900 mg andv a density approaching
theoretical maximum density. The burn rate measurements were made by
observing the combustion process with high speed photography and then

calculating burn rates from the f£ilm. The pellets were ignited by a




hot wire stretched acruss the top of the pellet and a slow stream of
nitrogen was used to carry combustion products away and provide a
clear opﬁic window., The pellets were ccocated with an inhibitor to as-
sure a horizontal burn pattern. The RDX and RDX-d, s:mples were
treated in the same way and the burn rates compared (rate hydrogenated

/rate deuterated) to obtain the observed isotope effect.

RDX Decomposition Results

The IDSC results are shown in Table 1. A typical IDSC curve is
shown in Figure 2 and seems to agree guite well with what has been
reported in the literature.ll The thermal decomposition of RDX, at
he temperature ranges examined, obeys first order kinetics and shows
a primary deuterium isotope effect. This isotope effect would suggest
that the rate limiting step in the decomposition of RDX is carbon -
hydreogen bond rupture. Under the experimental conditions employed,
the thermal decomposition occurs solely in the liquid phase with RDX.
By the time the DSC has equilibrated, the decomposition phase has al-
ready started and the DSC trace is seen as a slow decay. No induction
phase can be seen with RDX. HMX, in contrast, shows a well defined
reaching the 1liquid phase., However, the DSC temperatures were well

above the melting point of RDX rather than below it, as with HMX. In

ll. R.N. Rogers; Ih?EﬂQShlm; Agta, (1974), "9", 855

induction phase which couid be used ¢to calculate an isotope effect
(2). HMX also passed through both a solid and mixed melt phase before
view of these differences, therefore, it becomes difficult to make any

15




direct comparisons to HMX, except perhaps with the liquid decay
phase., Future plans include examining HMX above its melting point in
order to compare the results directly with RDX. Also other methbda
will be used to examine RDX below its melting point to more directly
compare the results with HMX., These studies will provide an insight as
to how temperature affects the isotope effect and the decomposition

mechanism,

It is interesating to note that Ehe decomposition of the liquid
state of HMX exhibits a secondary isotope effect while that of the RDX
liquid state decomposition Bhows a primary effect, This would
suggeat that carbon hydrogen bond ruptqre 1s the rate controlling atep
in RDX as copposed to the carbon - nitrogen bond rupture in HMX. It
ig difficult to explain why the decomposition mechanisms should
differ in such aimilar molecules. It should also be noted that the
decay phase of HMX fits a first order kinetic plot as well as the
autocatalytic plot. RDX shows first order kinetica but does not fit an

autocatalytic plot under our experimental conditions.

RDX Combustion R t

The combustion burn rate results are shown in Table 2, If the as-
sumption is made that the burn rate data is directly proportional to
the kinetic rate constants and that all the other factors influencing
burn rate remains the same for both the deuterated and hydrogenated
materials then an isotope effect can be derived from a ratio of the

RDX burn rate to RDX-dg burn rate. The isotcpe effects thus obtained




are 1.46 at 1000 psi and 1.37 at 500 psi. At the high temperature
limit an isotope effect of 1.35 or greater can be considered to be a
primary effect (2). So it may be seen that the isotope effect ob-
served in the RDX combustion is a primary lsotope effect which would
mean that the overall rate controlling step of RDX combustion involves
the rupture of the carbon~hydrogen bond. 1t is difficult to say from
these results if the rate 1limitiny steps observed for combustion and
slow decomposition are the same., It is conceivable that the combustion
process does occur from the liquid phése similar to that cccurring in
the slow decomposition, indeed both events show the primary isctope
effect. However, it is also possible that the combustion processes oc-
cur directly from the solid state and that the observed isotupe effect
is due to solid state decomposition similar to that observed in HMX.
Under the conditions that the DSC studies were done no 8olid state
reactions could be cobserved,. In any case, the experiments do show
that deuterium substitution does effect the burn rate of RDX with the
implication being that the rupture of the carbon-hydrogen bond is the
slow step in the combustion process and that the slow step occurs in
the condensed phase, not the gas phase. This result is important in
that it implies that to significantly alter the overall burning rate

of RDX the C-H bond must be altered or the bond rupture catalyzed.

Review of HuX Results

The slow thermal decomposition of HMX was examined by Isothermal
Differential Scanning Calorimetery (IDSC) with the resulting scan

fitted to an autocatalytic rate law, 12 The rate constants and




induction times for HMX and HMX-dg were then compared to obtain
the observed deuterium isotope effect, The results show that
three different isotope effects are seen during the course of the
decomposition, The initial s0lid state induction period shows a
primary isotope effect, which infers that carbon-hydrogen bond
rupture is occurring faster than carbon~deuterium bond rupture. It
could be speculated that the initial decomposition involves a
nucleation event consisting of the loss of a NO, radical, which is
trapped in the crystal lattice, and then further reacts with an
HMX molecule to remove hydrogen., This hydrogen abstraction is

thought to be responsible for the observed isotope effect,

The second phase of the decomposiﬁion involves a very rapid ac-
celeratory phase as observed by IDSC. This mixed melt stage is a
transitory period during which the 8oclid melts to the liguid. An in-
verse isogope effect is observed during this phase of the decomposi-
tion, which means that the decomposition procesaes are faster with
deuterated HMX than with hydrogenated HMX. This implies that the
mechanism of the decomposition has shifted so that the slow step of
the decomposition is other than that which produced the initial pri-
mary effect., One explanation might be that the most endothermic pro-
cess occurring during this phase transition involves the melt of the
solid, The inverse effect could be explained by noting that the

hydrogen bonding in the crystal lattice is weaker with deuterium than

12, R.N. Rogers, J.L Janney, M.H. Ebinger; Thermochim. Acta,
(1982}, "59%, 287 ' ’




with hydrogen, Consequently, the rate of melting is faster with the

deuterated sample, producing the inverse isotope effect,

The third phase of the HMX decomposition, the decay phase, ogcurs
in the liguid state and exhibits a secondary isotope effect, which is
indicative of the carbon ~ nitrogen bond rupture being the slow step

of the mechanism.

The combustion experiments with HMX were conducted in a window
bomb using cylindrically pressed pellets (96~97% theoretical densi-~
ty) at pressures of 500 psi and 1000 psi. Burn rates were deter-
mined with both HMX and HMX=-dg by emp;oying high speed photography to
record combhustion processes and the burn rates calculated from the
films, The ratio of HMX/HMX-dg was then used as the isotope
effect, A primary isotope effect was sbtained from combustion
experiments indicating that the overall rate controlling process of
combustion is the rupture of the carbon - hydrogen bond, If
the results of the thermal decomposition c¢an Dbe extrapolated to
the combustion event then it would appear that the rate controlling
process of combustion i8s occurring in the solid state, for this is

where the primary effect was observed during decomposition.

In a continuation of these studies we wish to report our progress
with the investigation of the deuterium isotope effect in the
thermal decomposition and combustion of RDX (Figure l). RDX is struc-
turally similar to HMX but shows remarkably different characteristics.

These results will be compared and contrasted to HMX in an attempt to




provide a more complete picture of the key chemical reaction steps and
associated bond ruptures which control the overall energy release pro-

cesses and burn rates of cyclic nitramines.

Test Tube Experiments

In order to gain additional insight into the decomposition
process, another experiment was conducted to explore RDX¥ decomposition
kinetics, This experiment involved measuring the decomposition of RDX
by monitoring its absorption at 236 nm as a function of time. The
abscorption values at different times yields a direct measurement of
the decomposition of RDX, which is different than the secondary
observations obtained using IDSC. A cbmparison of th§ decomposition
rates between deuterated and proteated RDX demonstrates whether an

isotope etfect 1s present.

Experimental

A known amount of RDX (RDX~-dg), nominally 1.2 mg, was placed
into several micro test tubes (Pyrex laboratory glassware, Cat. No.
9820, 6 x 50 mm). These test tubes were placed through holes in a
plece of cardboard and the tubes immersed in a silicon oil bath main-
tained at 212 +/- 1°C. The time of submergence was monitored and a
test tube emoved every 60 seconds, The tube wes cpoled first in ice
water and then liquid nitrogen to gquench the decomposition., After all
the test tubes were removed and quenched, the RDX (RDX-dg) was dissol-

ved in acetonitrile and solutions made to a volume of 10 ml. An
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acetonitrile blank was run on the UV spectrometer to determine where
acetonitrile absorbs. A.a RDX (RDX-dg) blank was then run to deter-
mine the undecomposed absorbance, The test tube sclutions were run to
measure their absorbances, The extinction cocefficient E was obtained
from the RDX (RDX~dg) blank (cell width » 0.1 cm). E was found to be
11,264 1 eml mo1=! for RDX and 10,880 1 cm-l mol~l for RDX-dg.

Rgsults and Discussion

Using these values for E, the amount of undecomposed RDX (RDX-dg)
was determined. The first order plots of absorbance vs. time for each
compound is shown in Figures 1 and 2. The slopes of the lines corres-
pond to the decomposition rate, The ratio of these two slopes shows
an isotope effect of 1.72, which is taken to be a pfimary effect.
This direct measurement of the decomposition further supports that C-H

bond cleavage is the rate-limiting mechanism in RDX decomposition.

gon ons

The deuterium isotope effect has been used to examine both the
8low decomposition and fast combustion processes of RDX. 1In both
cases it has been seen that a primary deuterium isotope effect has
been observed indicating that carbon-hydrogen bond rupture is the
overall rate controlling step in each process. It is significant that
an isotope effect has been seen in the combustion of RDX because it

further validates the use of isotope effects as a tool in the elucida-
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tion of combustion mechanisms. It shows that the effect is not
limited to a single isolated case, such as HMX, but is a more general
phenomenon., Thus it further validates the results obtained previously
with HMX, The different results obtained with RDX as compared with HMX
also serves té further point out the difference in behavior between

two such very similar nitramines.

The slow thermal decompoaition and combustion mechanisms are very
complex processes, involving many different chemical and physical
reactions, The isotope effect has helped to sort out the slowest of
these reactions and has proved to be a valuable aid in investigating
these mechanisms "in situ'. They have helped to show that a burn rate
change may be achieved by altering the‘condensed material and specifi-

cally the carbon-hydrogen bonds of RDX and HMX.

TABLE 1

IDSC FIRST QRDER RATE NTS
WITH RDX AND J_Ro.s;a_gg e

T (K) k (RDX) k (RDX-dG) DIE
500 ~0.68 -0.38 1,80
50§ -0,82 -0.49 1.66
510 0.021 0.014 1.54
5l5 "l.O "0'69 1046

(Error is at 95% confidence level with n=12 at 510K. bData at 505K
is reported as preliminary data.)
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TABLE 2

BURN RATE RESULTS WITH RDX AND RDX-d.

500 peid 1000 psi
RDX RDX~dg ' RDX RDX=d¢
274 208 570 -
254 : 208 540 399
293 _ 229 685 406
302 ' 235 60Q 423
337 209 501 357
322 213 508 349
297+/=31 217+/~13 5674/ =72 387+/ =34
DIE 1,37 +/- 0.16 1.46 4/~ 0,23

(Values reported ane in/sec. Reported error is 95% confidence level.)
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