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Thermal Decomposition of Energetic Materials. 4. Deuterium Isotope Effects and
Isotopic Scrambling (H/D, *C/'®0, *N/**N) in Condensed-Phase Decomposition of

1,3,5-Trinitrohexahydro-s-triazine

Richard Behrens, Jr.,*

Combustion Research Facility, Sandia National Laboratories, Livermore, California 94551

and Suryanarayana Bulusu

Energetic Materials Division, U.S. Army Armament Research, Development, and Engineering Center, Dover,
New Jersey 07801-5001 (Received: January 28, 1992; In Final Form: May 11. 1992}

The inter- vs intramolecular origin of the products formed in the thermal decomposition of 1,3.5-trinitrohexahydro-s-triazine
(RDX) has been traced by isotopic crossover experiments using mixtures of differently labeled analogues of RDX. The isotopic
analogues of RDX used in the experiments inciude ZH, PC, N, and '*0. The fraction of 1sotopic scrambling and the extent
of the deuterium kinetic isotope effect (DKIE) are reported for the different thermal decomposition products. Isotopic scrambling
is not observed for the N—-N bond in N,O and only in small amounts (7%) in the C-H bonds in CH,0, consistent with a
mechanism of their formation through methylene nitramine precursors. A product, oxy-s-triazine (OST, C;H;N;0) does
not undergo isotopic scrambling in H/D, "*N/'*N, or ’C/'%0 experiments, and its rate of formation exhibits a DKIE of
1.5. These results are consistent with the formation of OST via unimotecular decomposition of RDX. Another product,
1-nitroso-3,5-dinitrohexahydro-s-triazine (ONDNTA, C;H,N,O) is found to be formed with complete scrambling of the
N-NO bond. suggesting an N-N bond cleavage and a radical recombination process in its formation. One of the hydrogen
containing products, H,O, exhibits a DKIE of 1.5 £ 0.1. In contrast, CH,O and ONDNTA have DKIEs of 1.05 £ 0.1
and 1.05 & 0.2, respectively. indicating that hydrogen transfer is not involved in the rate-limiting step of the reaction pathway
leading to the formation of these products.

Introduction
The cyclic nitramines 1.3,5-trinitrohexahydro-s-triazine (RDX,
I) and octahydro-1,3,5,7-tetranitro-1,3.5,7-tetrazocine (HMX, 1)
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are energetic ingredients that are used in various propellants and
explosives. Understanding the complex physicochemical processes
that underlie the combustion of these materials can lead to methods
for modifying the propellant . nd explosive [orniulations in order
to obtain better ignition, combustion, or sensitivity properties. Qur
work strives to provide a link between the physical properties and
molecular structures of different nitramines and their combustive

behavior. This requires the understanding of the reaction kinetics
and transport processes in both the gas and condensed phases. The
thrust of our work is to obtain a better understanding of physical
processes and reaction mechanisms that occur in the condensed
phase so that the identity and rate of release of the pyrolysis
products from the condensed phase can be predicted, as a function
of pressure and heating rate, based on the physical properties and
molecular conformation of the material.

Reviews' of the literature on RDX and HMX have discussed
the roles of unimolecular decomposition and autocatalysis on the
thermal decomposition of these compounds. Previous work,2™
has shown that HMX decomposes 1n the condensed phase and
that the identity and rates of release of the pyrolysis products are
determined by complex physical procesess coupled with several
different chemical decomposition mechanisms.** The physical
processes include the formation and containment of the gaseous

0022-3654/92/2096-8891303.00/0 © 1992 American Chemical Society
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pyrolysis products in bubbles within the HMX particles and the
subsequent release of the gases as escape paths form within the
HMX particles. The long containment time of decomposition
products within the HMX particles allows secondary reactions
between the decomposition products and HMX.

In contrast to HMX, RDX has a lower melting point (202 °C
for RDX compared to ~280 °C for HMX), so that decomposition
occurs primarily in the liquid phase with a faster release of the
gaseous products from the sample than for HMX. Although both
RDX and HMX have been found*¢~® to form H,0, HCN, CO,
CH,0, NO, N,0, amides (e.g., methylformamide), a nonvolatile
residue (NVR), and the mononitroso analogues of the parent
compound (1-nitroso-3,5,7-trinitro-1,3,5,7-tetrazocine (ONTNTA)
from HMX and I-nitroso-3,5-dinitrohexahydro-s-triazine
(ONDNTA from RDX), only in experiments with RDX®74® have
NO, and oxy-s-triazine (OST, III) been observed. Although the
precise structure of OST has not been determined, it is likely to
be one of the following structures:

"y N)kNH N*N
L.J L L

111

The two c-oxide structures are possibly prototropic tautomers. This
paper presents the results of measurements of isotopic scrambling
of products from mixtures of isotopic analogues of RDX and of
the observed deuterium kinetic isotope effects (DKIE). Together,
these two types of results are used to probe the decomposition
mechanisms of RDX.

The basic mechanisms that have been considered in the past
to describe the decomposition of RDX fall broadly into three
categories. These include the least energy pathway® involving the
N-N bond cleavage

RDX — NO. + H,CN + 2H.C=N—NO, (R1})
the concerted triple scission pathway
RDX — IH.C=N—NO, (R2)

found in IRMPD experiments with RDX,'® and the HONO
elimination pathway'’

RDX — 3JHONO + 3JHCN (R3)

Secondary reactions of methylenenitramine
H.C=N—NO, -~ HONQ + HCN (R4)

H.C=N-—NO., - CH.,O0 + N,O {C-N bond scission)
(R5)

have been postulated for many years to explain the formation of
HCN, CH,0, and N,0 and have been shown to occur in the
infrared multiphoton dissociation (IRMPD) experiments'® with
RDX.

Recent thermal decomposition studies of RDX™# have shown
that 1t is also important to account for the formation of OST and
ONDNTA in the decomposition mechanism since the final
products formed during the decompasition of these materials may
be formed via these intermediates. To address these issues, we
use mixtures of isotopically labeled compounds to track the
breaking and formation of chemical bonds that lead to the gen-
eration of pyrolysis products from the thermal decomposition of
RDX. We also probe the role of carbon-hydrogen bonds in the
formation of the different decomposition products by coinparing
changes in their rates of formation due to the DKIE. We present
results from simultaneous thermogravimetric modulated beam
mass spectrometry (STMBMS) measurements from RDX,
RDX-d,, and mixtures of unlabeled RDX (RDX-ul) with the
isotopically labeled analogues, RDX-d,, RDX-"’C, and RDX-'*N,,
and those between RDX-'3C and RDX-'30. The same mea-
surements are used to determine the DKIE on the pyrolysis
products during the course of the decomposition and to determine

Behrens and Bulusu

TABLE 1: Experimental Parameters*

experiment reactant quantity (mg)

enrichment

compound (%) 1 2 3 4
RDX-ul 2.04 2.68 3.35

RDX-d, 97.3 1.98 2.6

RDX-N, 98.5 3.53

RDX-13C 98.1 2.26
RDX-'*0 37 2.26
electron energy (eV) 18 20 20 20

0.00254 0.00254 000254 0.00254
198-207 198-207 198-208 198-207

orifice diam (cm)
temp range®

2 All mixtures of isotopic analogues of RDX are recrystallized from
an acetone solution. ® Temperature range over which the decomposti-
ton of RDX occurs in °C. Heating rate for all experiments is 0.5
°C/min in the temperature range of the decomposition.

the amount of isotopic scrambling that occurs in forming ths
pyrolysis products from different isotopic mixtures of RDX. We
report the calculation fraction of isotopic scrambling observed for
most of the products formed in experiments with different com-
binations of the labeled RDX compounds.

Experimental Section

Instrument Description. The STMBMS apparatus and basic
data analysis procedure have been summarized in the previous
paper’ and are described more extensively elsewhere.!> '3

Sample Preparation. Samples of RDX with different isotopic
labels were synthesized by the general method previously reported
elsewhere.'* To obtain a given isotopic analogue, starting materials
with the appropriate isotopic enrichment were employed. Briefly,
the synthesis involves treating hexamine in a solution of acetic
anhvdride and glacial acetic acid maintained at 44 °C, with a
“nitrolysis” mixture consisting of ammonium nitrate and 98-100%
nitric acid. This reaction yields a mixture of HMX and RDX
and the workup requires separation of the two products by ex-
traction with ethylene dichloride in which RDX is much more
soluble than HMX. Each product is then purified by multiple
recrystallizations from aqueous acetone and characterized by
melting points and "H-NMR and mass spectra.

The '*N labeling of RDX is achieved by first synthesizing
hexamine from (CH,0), and *NH, (liberated from ammonium
acetate and 30% aqueous KOH) and using ""NH,/*NO, and
H'*NO; in the nitrolysis mixture. H'’NO; is prepared by vacuum
distillation at low temperature from Na!'>NO, and CP H,SO,.
13C enrichment uses ('CH,0), as starting material for hexamine
while '*O labeling requires NH,N'80, and HN'?0; obtained as
above.

Preparation of RDX-d,. Deuterium labeling is achieved more
economically by a recently reported'” exchange method. This
involves prior synthesis of 1,3,5-trinitroso-hexahydro-s-triazine
(IV) by treating'® hexamine in aqueous HC! with NaNQ, at 0
°C and recrystallizing the precipitated product from ethyl alcohol
{95%). This product is then subjected 10 base-catalyzed H-D
exchange by refluxing in anhydrous CH;0D (5 mL/(mmol of
1V)) containing 1 umol of potassium methoxide. After solvent
removal the product is taken up in methylene chloride and washed
free of base with D,O. Evaporation of the solvent again gives 97%
deuterium-labeled IV. Repetition of the exchange reaction a
second time ensuce> a 99% D-labeled product.

Oxidation to RDX-ds;. A 1-g amount of 1V is added slowly
with stirring to 15 mL of CP H,SO, maintained at -20 °C. With
the temperature held at 20 °C, 4.6 mL of 100% HNO, is added
to it slowly over an hour. After being stirred for another 30 min,
the soluuon 1s graduaily warmed to 18 °C and poured over crushed
ice (100 g). The RDX-d, that is obtained in 90% yield is washed
free of acid with water and recrystallized from aqueous acetone.

The isotopic enrichment of each of the isotopomers used in the
experiments is listed in Table I.

Samples for experiments with mixtures of isotopic analogues
of RDX are prepared by mixing the ingredients in acetone solution.
The samples mixed in acetone solution are prepared by dissolving
approximately equal quantities of the two isotopomers in solution
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and then letting the solvent evaporate. The amounts of cach
ingredient used in each experiment are listed in Table 1.

For each mixed-isotope experiment listed in Table I, experiments
were run on each of the isotopic analogues separately. The results
from these experiments are used to check for the presence of ion
signals at m/z values that should originate only from the mixing
of isotopes in the scrambling expenments. If there is a measurable
amount of ion signal present in the experiments with the separate
isotopic analogues, then the results of the separate experiments
are used to correct the data from the isotope scrambling exper-
iments.

Analysis

The data analysis procedures used for identifying the pyrolysis
products and determining their rates of formation have been
described previously.'>'3!” Since this paper examines the extent
of isotopic scrambling and the DKIE on the relative rates of
formation of the various products, it is sufficient to compare the
ratios of the ion signals measured at different m/z values for the
various products. The structures of the more complex decom-
position products discussed in this paper are reasonable assumed
structures based on the mass spectra of different isotopic analogues
of RDX.” OST has been investigated previously by tandem mass
spectrometry,® but a definitive structure could not be assigned.

The relative size of the ion signals at the different m/z values
associated with an individual decomposition product is dependent
on the amcunt of each isotopically labeled analogue used in the
experiment, the fraction of each analogue that participates in
forming isotopically scrambled products, the cracking factors in
the ion fragmentation process, and the fraction of isotopic en-
richment in each isotopically labeled analogue.

The amount of each product isotopomer formed from the de-
composition of a mixture of » mol of isotopomer 1| and s mol of
isotopomer 2 of RDX is given by

rRDX, + sRDX, —
xr{l = HA + xs(l = NAL + «flxr + A, (RE)

where A represents the type of pyrolysis product, A, and Ay, are
formed from RDX, and RDX,, respectively, A,, represents the
set of mixed-isotope products, « is the number of moles of product
A formed per mole of RDX,, x is the ratio of the number of moles
of product A formed from RDX, to the number of moles of
product A formed from RDX, (for deuterium-iabeled RDX this
corresponds to the DKIE factor), and f is the fraction of the
product molecules produced from either RDX; or RDX, that
participate in isotope scrambling. For experiments in which the
1sotopomers are not completely labeled, Reaction R6 is modified
to account for the fraction of enrichment of each of the isotopomners
used in the scrambling experiment. The predicted combinations
of the isotopes of the different elements in each of the mixed-
product isotopomers are assumed to be random over the availabie
molecular configurations.

After the expression for the amount of different product iso-
topomers is determined, it is combined with the following ex-
pression that accounats for the relative number of ions formed in
the mass spectrometer at different m/z values from the product
isotopomer

# 1sotopomers

St = z

=]

Fl,kAl’ (l)

where S,* is the ion signal at m/z = k, A* is the total number
of ions formed from the isotopomer A, with mass m,. and F, . is
ihe (raction ot the total number of ivas formed trom A, that appear
atm/z = k. The F,, terms are assumed to be independent of the
isotopic mass in the product molecules except for the case in which
the ion fragmentation involves the scission of a bond with a hy-
drogen isotope. For the hydrogen bond breaking cases separate
fragmentation terms F,, are used for each product isotopomer.

On the basis of reaction R6, eq |, and the isotopic enrichment
fractions for the RDX analogues used in the experiments, ex-
pressions for the amount of ion signal at each different m/z value

DTIC QUALITY 17750y 7mn 3 ,' ?o \
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TABLE H: H,0 Isotopic Scrambliag Results

temporal

isotopes expl no m/z rel intens correln”
H/D 20 1% 64 £ 11 Y
19 100 Y
20 24+ 3 Y

“Results for isotopic scrambling of H,O from experiment i are not
included because of interference from an extraneous signal at m; = =
18. ®Y indicate that the ion signals at these m/z values are temporally
carrelated with all the other m/: values listed n the experiment

TABLE 11I: CH,0 Isotopic Scrambling Resuits

temporal

isotopes expt no. m/z rel intens correin
H/D 1 29 49 4+ 3 Y
31 15 % 3¢ Y
32 100 £ 3 Y
2 29 61 £ 5 Y
3 16 £ § Y
32 100 = § Y
BC/0 4 3 100 Y
32 5406 Y
33 1.4+ 01 Y

@ Corrected for 31" contribution from pure RDX-ul. *Corrected for
the 33* contribution observed in a separate experiment with RDX-"'C
The correlations are made using the CH,O (*C m;z - 3!1) signal for
normalization. *Y indicates that the 10n signals at these m. - values
are temporally correlated with all the other m/:z values listed in the
experiment.

TABLE IV: N,O Isotopic Scrambling Results

temporal

isotopes expt no. m/z rel intens® corretn®
NN ki 44 100 £ 10 Y
45 ~4.1 %2 na
46 PRICIE R Y

“The ion signal at each m/z value is corrected for overlapping ion
signals that are observed in experiments with individual RDX-ul and
RDX-'""N, samples. *Y indicates that the ion signals at these m, -
values are temporally correlated with all the other m,/z values listed in
the experiment.

associated with a decomposition product are formulated. These
expressions are then used to construct equations based on the ratios
of the ion signals at different m/z values for a given product.
These equations are then solved for the values of f and x.

Prior to using the data from the isotopic scrambling experiments
to determine the values of f and x, the ion signals at m/z values
in which isotopic scrambling is expected are corrected for ion
signals that may be present from a source other than the product
of interest. The correction is accomplished by determining the
ratio of the unexpected signal at the desired m/z value to an
appropriate reference signal from either an RDX or RDX product
ion fragment (or the corresponding isotopic analogue) from ex-
periments with individual isotopic analogues and by applying the
correction factor to the results from the isotopic scrambling ex-
periment.

Results

Table I summarizes the amounts of isotopic analogues of RDX
used in the mixed-isotopomer experiments and the isotopic en-
richment of the isotopic analogues. The isotopic scrambling results
for the products H,0. CH,0, N,0, OST, and ®NDNTA are
summarized in Tables I1-V1, while the mixing fractions (cross-
over), f, and the observed DKIEs, x, for the deuterium labeled
products are presented in Table VIL. Figures 1-6 show the relative
intensities as a function of temperature and the temporal corre-
lations of groups of ion signals at various m/z values that are used
to determine the extent of the DKIE and isotopic scrambling for
the decomposition products formed from RDX. Since the heating
rates were linear with time, the curves also reflect the temporal
correlations between the ions signals. All of the data presented

Y
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TABLE V: Oxy-s-triazine (OST, C;H,N,0) Isotopic Scrambling
Results

Behrens and Bulusu

TABLE VI: ONDNTA (C;HN;(NO,;),NO) Isotopic Scrambling
Results

temporal temporal
isotopes expt no. miz rel intens correln® isotopes expt no. mjz¢ rel intens® correln®
H/D 1 97 100 % 3 N H/D 1 132 100 £ 14 Y
98 4£3 na 133 T7£5 Y
99 43 na 134 04 na
100 (45-71) £ 3 N 135 S+2 Y
2 97 100 £ 2 Y 136 90+ S Y
98 31 %21 na 2 132 97 + 19 Y
99 2804 na 133 7+4 Y
100 (38-59) %2 Y 134 04 na
INSIN 3 97 100 £ 2 Y 135 8§+ 1 Y
98 1 £2 na 136 86 £ 3 Y
99 | %2 na HN/UN 3 132 (90-98) % 17 N
100 100 £ 2 Y 133 (95-70) £ 5 Y-135
'C/*0O 4 97 854+ 4 Y 134 1 na
99 54205 Y 135 (8669) £ 5 Y-133
100 1000 Y 136 (85-94) £ 6 n
102 08+£08 N

Y lon signals at m/z values of 98 and 102 have been corrected for the
ion signal due to fragmentation of RDX in the jonizer of the mass
spectrometer. °Y indicates that the ion signals at these m/z values are
temporally correlated with all the other m/z values listed in the ex-
periment. N indicates that the ion signals are not temporally corre-
lated with other ion signals in the group.

4 i T T
Formaldehyde from
RDX - ul / ROX - 6
3 _
)
E
L 2 e
®
c
o
o HDCO
[}
190 210

Temperature (°C)

Figure 1. lon signals, formed in the mass spectrometer, from CH,O and
its 1sotopic analogues formed during the decomposition of a mixture of
RDX-ul and RDX-d, (experiment ! in Table I). Between 193 and 210
°C the heating rate of the sample is 0.5 °C/min. The rapid increase in
the rate of evolution of CH,0O at 198 °C occurs as the sample melts.

100 Y v —

Formation of N,O from
RADX - ul ;| RDX - 15N6

5

50

25

Signal (c/ms)

190 195 200 205 210
Temperature (°C)

Figure 2. lon signals. formed in the mass spectrometer, from N,O and
1> 1sotupiv analogues formed during the decomposition of a mixture of
RDX-ul and RDX-'*N, (experiment 3 in Tabie i). Between 195 and 210
°C the heating rate of the samplc is 0.5 °C/min. The rapid increase in
the rate of evolution of N,O at 199 °C occurs as the sample melts.

in Figures 1-6 clearly show that the decomposition products are
first observed in significant quantities when RDX starts to melt
at 198 °C. As shown in the previous paper,” decomposition of
RDX is significantly inhibited in the solid phase.

H,0. Scrambling of the hydrogen isotopes is observed in the
formation of water from a mixture of RDX-ul and RDX-d,.

4The m/z values are for an jon formula of C;H,N,(NO)(NO,) that
is formed by the fragmentation of ONDNTA in the ionizer of the mass
spectrometer. ®The ion signals at all of the m/z values have been
corrected for contributions from fragmentation of RDX in the ionizer
of the mass spectrometer. In addition, the ion signals at m/z values of
133 and 135 have been corrected for contributions from isotopomers
that arise directly from the individual isotopic analogues of ONDNTA
in the absence of scrambling. Y indicates that the ion signals at these
m/z values are temporally correlated with all the other m/z values
listed in the experiment. N indicates that the ion signals are not tem-
porally correlated with other ion signals in the group. Y-no. indicates
that the ion signal is correiated with another m/z value in the group
indicated by the number. “There is no evidence of transfer of two at-
oms between the product molecules.

TABLE VII: Mixing Fractions (f) and DKIE (x) Results from RDX
Isotopic Scrambling Experiments

decomposn scrambled
products isotopes f x

H.O H/D 11201 1.5 £ 0.1

CH,0 H/D 0.075 £ 0.02 1.05 £ 0.1
C/R0 0.45 £ 0.07

N.O PN,/ ¥N, -0.04 £ 0.03

OST H/D 0+ 005 2.2-1.3¢
*N/I*N 0+ 0.05
HC/ro 0+ 0.05

ONDNTA H/D 0.25 £ 0.05 1.05 £ 0.2
UNg/ N, 1.0-0.61°

¢ The values for x are calculated only for the H/D exchange experi-
ments. *The DKIE for OST decreases as the sample undergoes de-
composition due to the increase in the amount of RDX-dj relative to
the amount of RDX-ul. * The fraction of NO that exchanges during
the formation of ONDNTA decreases as the sample size decreases.

s T T T
Oxy-s-triazine from C.H.N O
ROX - ut / ROX - A6
el
-—
[ ]
E.
A
K]
£ 2
=
(7]
o
C,H,0N,0
A y 1
190 185 200 205 210
Temperature (°C)

Figure 3. lon signals, formed in the mass spectrometer, from oxy-s-tri-
azine and its isotopic analogues formed during the decomposition of a
mixture of RDX-ul and RDX-d, (experiment | in Table I). Between 193
and 210 °C the heating rate of the sample is 0.5 °C/min. The rapid
increase in the rate of evolution of OST at 198 °C occurs as the sample
melts.
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10 - y
Oxy-s-triazine from
ROX - v ADX 3N miz=97
PR A ] of
0n
E
O sof
®
c
o sk
(72
0
mz =98
L Y .
o 195 200 205 210
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Figure 4. lon signals. formed in the mass spectrometer, from oxy-s-tri-
azine and its isotupic analogues formed during the decomposition of a
mixture of RDX-ul and RDX-'5N, (experiment 3 in Table I). Between
195 and 210 °C the heating rate of the sample is 0.5 °C/min. The rapid
increase in the rate of evolution of OST at 199 °C occurs as the sample
melts.
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Figure 5. [on signals, formed in the mass spectrometer, from oxy-s-tri-
azine and its isotopic analogues formed during the decomposition of a
mixture of RDX-''C and RDX-*0 (experiment 4 in Table I). Between
195 and 210 °C the heating rate of the sample is 0.5 °C/min. The rapid
increase in the rate of evolution of OST at 196 °C occurs as the sample
melts.

Analysis of the data in Table 1] shows that the fraction of water
that participates in mixing is 1.1 & 0.1, which represents complete
mixing and that the DKIE is 1.5 + 0.1. Since low clectron energies
of 18 and 20 eV are used in the mass spectrometer, contributions
from OD* are ignored. The resuits are calculated assuming only
the molecular ions, H,0*, HDO", and D,0" contribute to the
measured signal. Since H and D exchange is rapid in water and
is likely to occur before detection of the product, the observation
of complete H/D scrambling does not necessarily imply that water
is produced in a bimolecular reaction between either RDX itself
or RDX and a decomposition product.

CH,0. As indicated in Table VII the fraction of RDX that
forms formaldehyde with hydrogen and deuterium exchange is
about 7% for the experiments. [t can be seen from Figure 1 that
there is a high degree of temporal correlation between the ion
signals from the isotopic analogues of forma!dehyde. The observed
DKIE for formaldehyde formation is 1.05 % 0.1, which implies
no deuterium kinetic isotope effect. The ion signals used in the
analysis are for m/z values of CH,0*, CHO", and their isotopic
analogues. Measured ion fragmentation factors for CH,O and
CD,0 were used to calculate the ratio of CHO*/CH,0* and
CDO*/CD,0" formed in the ionization process.

Experiment 4 with a mixture of RDX-'3C and RDX-'20 shows
that 45 & 7% (Table VII) of the formaldehyde formed is from
mixing between the two differently labeled RDX analogues.
However, scrambling of *C and '*0O in formaldehyde may be the
result of polymerization and depolymerization of formaldehyde
after its initial formation and prior to its detection. The ion signals
of ’CH,0 (31). CH,'*0 (32), and '*CH,'*0 (33) were used to
calculate the value for f.
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Figure 6. lon signals, formed in the mass spectrometer. from ONDNTA
and its isotopic analogues formed during the decomposition of a mixture
of RDX-ul and RDX-"*N, (experiment 3 in Table I). Between 195 and
210 °C the heating rate of the sample is 0.5 °C/min. The larger vari-
ation in the ion signal at m/z = 132 is due to the large correction that
was made to the signal for the contribution of the C;H,N,(NO,) ion
dissociation fragment formed from evaporating RDX-'*N.

N;O. Experiment 3 (Table 1V) with a mixture of RDX-ul and
RDX-*N, shows that none of the N.O is formed from mixing
vetween the two differently labeled RDX analogues. The ion
signals of ¥N,O*, “N"¥NO*, and '*N,O* (Figure 2) are used
to calculate the mixing fraction.

OST. Three different kinds of isotopic scrambling experiments
were used to derive mixing information for OST. The results are
tabulated in Table V and shown in Figures 3-5. Analysis of the
data presented in Table V shows no mixing in anv of these ex-
periments.

The experiments with RDX-ul and RDX-d, (Figure 3, Table
VII) show a strong DKIE. The relative size of the DKIE ranges
from 2.2 during the initial stage of formation of OST down to
1.3 at the final stage of formation of OST. This decrease in the
DKIE is probably due to the increase in the relative amount of
RDX-d, compared to RDX-ul as the sample decomposes.

ONDNTA. ONDNTA represents a product (MW 206) that
is formed by the net loss of a single atom (oxygen) from RDX.
The results from two different kinds of isotopic scrambling ex-
periments for ONDNTA are tabulated in Table VI, and the results
of the "*N/"*N isotopic exchange measurements from ONDNTA
are shown in Figure 6. The isotopic analysis of this product from
the mixing experiments was based on its major fragment ion, m/z
= [32 (C,H,;N,0,) and it isotopic variants.

The data indicate that 25 £ 5% of the RDX participates in
scrambling of H and D in the formation of ONDNTA, in spite
of the fact that the product results from the loss of a single oxygen
atom. But since there is no DKIE observed in the formation of
this product, hydrogen is not involved in the rate-determining step
for this product.

The "*N/'*N mixing in the ONDNTA product can be readily
seen in Figure 6. During the initial stages of the decomposition,
the ion signals at m/z values of 132, 133, 135, and 136 are
approximately equal, this indicating that the mixing is complete
with respect to the N~NO bond, whereas, during the latter stages
of the decomposition, the relative sizes of the ion signals at m/z
values of 132 and 136 are larger compared to the ion signals at
m/z values of 133 and 135, thus indicating that the extent of RDX
that participates in mixing with respect to the N-NO bond falls
to 60%.

Other Products. Scrambling of the C-N bonds in HCN and
the amides has not been examined in this study. No isotopic
scrambling is observed in the undecomposed RDX that evaporates
from the reaction cell.

Discussion
As indicated in the Introduction, this paper focuses attention
on the deuterium kinetic isotope effects and isotopic scrambling

results of the decomposition products from mixtures of isotopically
fabeled RDX samples (Table I). However, it is helpful and
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necessary to interpret these results in a broader perspective taking
into account the relative amounts of all the products (see previous
paper), the role of physical factors, and a comparison 1o similar
data obtained from HMX. While the use of isotopes has been
helpful in identifyving several product species in these decomposition
studies and the bond-making and bond-breaking processes, they
also uncover inherent limitations in their use to draw detailed
conclusions about reaction mechanisms.

It has already been stressed in the preceding papers in this series
that several decomposition channels can be identified in both
HMX and RDX decomposition. In view of this, it is pertinent
to consider the relative importance of these channels of decom-
position and understand the similarities and differences between
HMX and RDX imposed by the respective structural similarities
and differences in physical properties (see Introduction).

N;O and CH,0. In RDX decomposition, only a small amount
of isotopic scrambling was observed for the C-H bonds of form-
aldehyde (Table VII and Figure 1) and none was observed for
the N-N bonds in N,O (Table VII and Figure 2), which are two
major products. This is consistent with previous work'® on
RDX-('*NO.), in which it was found that N,O consisted mainly
of the *N-1*N-0 configuration If the N—N bond 1> broken in
the reaction path that leads to the formation of N,O from RDX.
then the results with RDX-'*N, /RDX-ul should have shown mixed
isotopes. That this was not the case (Table I'V) shows clearly that,
as in the case of HMX, N,O formed in the decomposition ori-
ginates both directly from the parent molecule and indirectly
through an intermediate (ONDNTA) without rupture of the N-N
bond.

While the C-H bonds in CH.O exhibit only a minor degree
of mixing, the "*C/'"O atoms showed 45% scrambling. This means
that 45% of all the C-O bonds in the CH,O product molecules
are formed from atoms drawn from different isotopic molecules.
Hnwever, this scrambling can readily occur in a CH.O polym-
erization—depolymerization process any time prior 10 exiting from
the reaction cell. In the case of HMX the degree of mixing is
even higher’ (80%) presumably because CH,O is held for longer
periods within the solid particles compared to the decomposition
of RDX in a melt. The minor amount (<7%) of H-D scrambling.
likewise. could have occurred after the initial formation of CH.O
due 1o the labile nature of the hydrogens. The lack of a DKIE
for CH,O shows that C-H bond cleavage is not involved in the
rate-limiting step of the reaction pathway leading to its formation,
thus providing further evidence of several parallel reaction
pathways controlling the decomposition of RDX.

The isotopic scrambling results of N.O and CH.O, taken to-
gether, point in the direction of a methylenenitramine decom-
position to N.O and CH.O (reactions R1, R2, and R5} as in the
case of IRMPD of RDX.' However. in the IRMPD gas-phase
study

o HON + HONO
ROX —RMPD el =N—NO,

D™ NO + CHO

the N.O and CH,O channel was not as dominant. In light of the
three primary decomposition pathways of RDX in the liquid phase
that lead to the formation of N.O" this difference is not surprising.
Most of the N.O formed in the decomposition of RDX in the
liquid phase occurs either through the ONDNTA intermediate
(~42%) or through the catalyzed decomposition of RDX (~
42%). Only a smali fraction ( ~15%) of the N,O appears 1o be
formed directly from RDX. Whether the N,O formed via either
the ONDNTA pathway or the catalytic pathway passes through
a methylenenitramine intermediate is uncertain at this point due
to a fack of any evidence of its formation during the decomposition
of RDX in the liquid phase.

H,0 Formation. The H.O formation rate displays a strong
kinetic 1sotope effect (Table VII), suggesting it is formed in a
reaction pathway, such as (R7), in which hydrogen is involved
in the rate-limiting step.

Behrens and Bulusu

0, .0

E)K” N
N( T” DKIE_ YL’ T” + HONO (R7)
Noy NN, o
HONO — OH + NO (R8)
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OH 27 4o (R10)
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In this scheme, reaction R7 generates HONO accompanied
by a primary kinetic isotope effect with deuterium label since a
C-H bond scission is necessary. HONO, under reaction condi-
tions, can undergo one or both of the two possible reactions, R8
and R9Y. In the former case, a hydroxyl radical is generated which
on hydrogen abstraction (R10) yields H.O as a product. Al-
ternatively, the decomposition R9 can directly vield H-O and two
oxides of nitrogen, all of which have been detected among the
products. The latter may be expected to seek other radical species
to react with, such as the radical left behind on loss of an NO.
group from RDX (R11). In this case, NO, will reform the RDX
molecule while NO will lead to the formation of ONDNTA (R12)
detected in the products.

ONDNTA. It s interesting that the ONDNTA formation as
a product (Tables VI and VII) shows a substantial mixing of the
nitrogen isotopes making up the N-NO bond and 25% mixing
of H/D isotopes. The former is expected from R12 but it is not
immediately apparent why H/D mixing is observed. The ex-
planation for this may be that the hydrogens next to a nitroso
group become labile (acidic) and exchangeable. In fact, tais
exchangeable nature of the hydrogens is taken advantage of in
the synthesis of RDX-d, (see Experimental Section).

There is also NMR evidence'” showing a substantial contri-
bution of the resonance structure with charge localization on the
ring nitrogen atom that would make the adjacent hydrogen more
acidic and susceptible to hydrogen abstraction promoting de-
composition of ONDNTA in the earlier stages of the reaction (see
previous paper) due to reaction with other decomposition products.

The mixing of the nitrogen isotopes in the N-NO bond of course
suggests the breaking of the N-NO. bond and the re-forming of
it with a nitroso group. This mechanism is quite analogous to
the one proposed for the formation of dimethylnitrosamine.”® A
radical addition, R*, to one of the oxygens of the nitro group
followed by loss of the RO group to give nitroso—amine as proposed
by Melius"' is not valid here since it would not predict mixing of
isotopes in the N-N bond.

OST. Oxy-s-triazine has proved to be a most intriguing product
from RDX to rationalize.

. on
N N " N.__OH
cY M ey - £ Y
NO,’NVN NO, NOZ’NVN'NO; -2 HONO &N

It would be reasonable to expect the radical produced in reaction
11 to pick up a hydroxyl group and eventually lead to OST by
loss of two HONO molecules and internal bond rearrangement.
However, the first objection to this would be the excess hydrogen
atom on the ring. But, more importantly, OST is unique in that
it fails to show mixing of any of the isotopes used (H/D, *N/"N,
or "'C/'™0). This requires that it be formed in a strictly intra-
molecular process. It appears, therefore, that OST represents an
additional decomposition pathway that is most likely a unimo-
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lecular one. 1t can be seen in Figures 3-35 that the signal from
OST abruptly increases at the melting point of RDX and then
progressively dec~ys as the sample is consumed. In order to tuke
place, this reaction has to result in a loss of two HONO molecules
and an HNO radical by the RDX muiccule.

O; O..N.OH
<, (

N M o oM

N !
Noy VNN, Noy N~Nno, NoyN~Nno,
- HONO

N.__OH . N. OH

e "HONO Mgy

NN Na-N-no,

This reaction route to OST accounts for the total lack of mixing
of the isotopes. the consequent intramolecular nature of the
product, the unimolecular kinetics apparent from Figures 3-5,
and the observed DKIE. It is interesting to note that OST is the
only decomposition product from RDX that solely exhibits uni-
molecular decomposition kinetics (other products are produced
by both the unimolecular and other decomposition pathways).

Summary

The results from 1sotope crossover experiments with RDX and
the observed deuterium kinetic isotope effects (DKIE) lend further
support for the four primary decomposition pathways de-eribed
in the previous paper and may be summarized as follows:

Produsiss Path bracnon  DKIE AN/ ON

Exchange
OST + Hall « NO + NO» [ 3 Yes No
NO; o« HAON & 2NO » 2CH 0 2 W4 No Na

RDY

ONDNTA — NGO « CHO » other } g No'Yes Yes

NAY e CHAY « NOY « NHCHO ERERAY 3 No No

Two pathways are first-order reactions solely in RDX. Pathway
! produces predominantly OST, NO, and H.O and accounts for
approximately 30% of the decomposed RDX and pathway 2
produces predominantly N.O and CH,O with smaller amounts
of NO:, CO, and NH-.CHO and accounts for 10% of the de-
composed RDX. Pathway 3 consists of formation of ONDNTA
by reaction between NO and RDX., followed by the decomposition
of ONDNTA to predominantly CH,O and N,0O. Pathway 4
consists of decomposition of RDX through reaction with a catalyst
that i1s formed from the decomposition products of previously
decomposed RDX. Reaction pathways 3 and 4 each account for
approximately 30% of the decomposed RDX.

The lack of isotopic scrambling and the presence of a primary
DKIE in OST support a unimolecular mechanism in pathway 1.
The primary DKIE in the formation of OST shows the importance
of intramolecular hydrogen transfer in the rate-limiting step that
controls pathway 1.

Reaction pathway 3 is supported by the scrambling of "N /!*N
in the nitroso group of the ONDNTA formed during the de-
composition of RDX. In addition, the lack of a DKIE in the
formation of ONDNTA also supports this pathway. Furthermore.
the presence of H/D scrambling is consistent with the presence
of more labile hydrogen on the neighboring carbon atom of the
N-NO group in ONDNTA.

The lack of nitrogen scrambling in N,O is consistent with the
conclusion that methylene nitramine collapses to N.O and form-
aldehyde without cleavage of the N-N bond. However, the lack
of direct evidence of methylenenitramine makes its formation
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through this intermediate uncertain.

The lack of a DKIE in the formation of CH,0 supports the
conclusion that hydrogen is not involved in the rate-limiting steps
of pathways 2-4 that lead to its formation.

Unlike the case of HMX decomposition which is catalyzed by
H,0, there seems to be no evience of autocatalysis by H,O in the
RDX case. H,O formation is not the sole contributor to the
observed DKIE as in the case of HMX. It is, therefore, apparent
that the decomposition details of RDX and HMX are significantly
different due to the fact that the former occurs in the liquid phase
and the latter in the solid phase. Furthermore, RDX undergoes
isotopic scrambling of nitrogen in the formation of ONDNTA.,
whereas for the analogous compound in HMX, ONTNTA, only
25% of the molecules are formed by mixing of the nitrogen iso-
topes. This implies that the formation of ONTNTA in HMX
is nfluenced by the “cage effect” in its solid-state decomposition,
whereas the formation of ONDNTA in RDX occurs in the liquid
phase and the cage effect does not play a role. This also predicts
that if HMX is decomposed above its melting point, it also would
exhibit more scrambling of the nitrogen isotopes.
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