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latroductie. itiated decomposition.18'19 Much of the controversy about the

The two similar cyclic nitramines, 1,3,5-trinitrohexahydro-s- reaction mechanism that controls the decomposition of RDX and

triazine (RDX, I) and octahydro-l,3,5,7-tetranitro- 1,3,5,7-tet- HMX centers around the fact that results from these experiments,
razocine (HMX, II) are energetic ingredients that are used in using different thermal decomposition measurement techniques,
various propellants and explosives. Understanding the complex have identified different sets of decomposition products. In general.

two different sets of products are formed in these experiments
702 O2 N* ' 2  RDX - N 20 + CH 20 (RI)

N" RDX - HCN + NO 2 + other products (R2)N N•

o0 NN , N02  02N NO2  To explain the appearance of these different groups of products,
1 !!reaction mechanisms based on C-N bond breaking were suggested

physicochemical processes that underlie the combustion of these for N 20 and CH 20 in reaction RI and N-N bond breaking or
materials can lead to methods for modifying the propellant and four- and five-center HONO elimination reactions for the for-
explosive formulations in which they are used to obtain better mation of products in reaction R2. The reasons for why products
ignition, combustion, or sensitivity properties. Since the processes from reaction RI were seen in certain types of experiments,
that occur in the condensed phase of these materials ultimately whereas products from reaction R2 were seen in other types of
lead to the reactants that are consumed in the gas-phase com- experiments, were unclear. Furthermore, simple bond-breaking
bustion reactions, it is important to understand these con- mechanisms could not explain the apparent 'autocatalytic" be-
densed-phase processes. Consequently, our work is aimed at havior observed in several thermal decomposition experiments.
obtaining a better understanding of physical processes and reaction Arguments, such as the occurrence of a phase change from a solid
mechanisms that occur in the condensed phase of nitramine to a liquid (or molten) state, were put forth to explain the au-
compounds so that the identity and rate of release of the pyrolysis tocatalytic behavior and still allow interpretation of the product
products can be predicted, as a function of pressure and heating identities in terms of unimolecular RDX or HMX bond-breaking
rate, based on the physical properties and molecular conformation sequences. In retrospect, it appears that much of the controversy
of the materials. The present study examines the thermal de- in interpreting the results of the work carried out by various
composition of RDX and compares it to our recenm studies on the experimenters stems from the fact that the decompositions of RDX
condensed-phase decomposition of HMX.1,2  and HMX are complex and consist of several competing reaction

Reviews3-5 of the literature on RDX and HMX have discussed pathways that depend on the physical state of the material, as
the roles of unimolecular decomposition and autocatalysis on the well as its molecular conformation, as it undergoes decomposition.
thermal decomposition of these compounds. The work on RDX Ultimately, these competing channels produce different thermal
has included slow-heating rate thermal decomposition studies,- 0  decomposition products. Almost all conventional thermal de-
mass spectrometry mass spectrometry studies,'•" high-heating composition experiments (i.e., TGA, DTA, DSC, and mass
rate thermal decomposition studies.' "'' and studies of shock in- spectrometry analysis) have not been able either ,o measure the
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products larger than those illustrated by reactions RI and R2 or particles for long periods prior to their release. In contrast, the
to monitor the variations in the relative amounts of the products results on RDX that we present in this paper for the most part
as the chemical composition of the reacting sample changed due occur in the liquid phase, and the release of the decomposition
to the ongoing decomposition of the initial sample of RDX or products from the sample is more rapid than in the experiments
HMX. with solid-phase H MX. The results of the thermal decomposition

To circumvent these problems and in an effort to obtain more of RDX in the liquid phase will be shown to indicate that four
detailed information on the reaction mechanisms, experiments have different primary reaction pathways control its decomposition,
been carried out with simpler nitramines. such as dimethylnitr- and there are significant differences between its decomposition
amine" 22 [(CH 3)2N-NO21 (DMNA), which are more amenable pathways and those of HMX in the solid phase.
to conventional gas-phase decomposition studies. In addition, In this paper and the following paper.2' we examine the thermal
photodecomposition experiments on RDX23 under collisionless decomposition reactions and the concomitant effect of physical
conditions have provided detailed information on its unimolecular state (i.e., solid vs liquid) that control the decomposition pathways
decomposition by using infrared multiphoton dissociation of RDX and compare the results to those found for the decom-
(IRMPD) to fragment RDX molecules in a molecular beam and position of HMX. We present in this paper the results from
determine the identity and translational energy of the resulting experiments with RDX that are used to identify the decomposition
fragments using mass spectrometry and time-of-flight (TOF) products from the mass spectrometry data, provide the temporal
velocity analysis techniques. These two types of experiments have dependence of the rates of formation of the various decomposition
provided valuable insights into how these nitramines decompose. products formed in solid, liquid, and mixed-melt phases of RDX,
The question that one poses is whether the mechanisms derived and discuss the primary reaction pathways that control the thermal
from these experiments also control the decomposition of RDX decomposition of RDX The following paper contains data on
and HMX in the condensed phase. To answer this question, more the probable rate-limiting steps and important bond-breaking
detailed information is required than has been obtained in the processes derived from the DKIE and isotopic scrambling results
conventional thermal decomposition experiments. Our experiments from decomposition of isotopic analogues of RDX and discusses
collect two additional types of data that will aid the understanding the implications of these results on the reactions that occur in each
of the decomposition of RDX and HMX in the condensed phase. of the primary reaction pathways.
First, important reaction pathways are uncovered by identifying
the more complex molecules that may act as intermediates leading Experimental Section
to the formation of lower molecular weight species. Second, since lntnmrumt Deseriptioi The STMBMS apparatus and the basic
reactions between RDX and its decomposition products can lead data analysis procedures have been described previously.`12 6

to changes in the composition of the sample being studied during Briefly, this instrument allows the concentration and rate of
the course of an experiment, it is important to determine how the formation of each gas-phase species in a reaction cell to be
gas formation rates of all the products change as a function of measured as a function of time by correlating the ion signals at
time during the experiment. Reactions that may control the different m/z values measured with a mass spectrometer with the
decomposition of RDX by itself may not control its decomposition force measured by a microbalance at any instant. In the ex-
in the presence of its decomposition products. Obtaining this perimental procedure, a small sample (-'10 mg) is placed in an
information on the decomposition products should further our alumina reaction cell that is then mounted on a thermocouple
understanding of the decomposition of these materials and probe that is seated in a microbalance. The reaction cell is enclosed
hopefully unravel some of the conflicting results that have been in a high vacuum environment (<10-6 Torr) and is radiatively
observed using more conventional experimental techniques. heated by a bifilar-wound tungsten wire on an alumina tube. The

Previously, we have used a comniination of simultaneous molecules from the gaseous mixture in the reaction cell exit
thermogravimetric modulated beam mass spectrometry through a small diameter (-'25 4m in these experiments) orifice
(STMBMS), TOF velocity-spectra analysis, and isotopic analogues in the cap of the reaction cell, traverse two beam-defining orifices
of HMX to study the thermal decomposition mechanisms of HMX before entering the electron-bombardment ionizer of the mass
in the condensed phase below its melting point. From this work spectrometer where the ions are created by collisions of electrons
we have identified and measured the rates of formation of all the with the different molecules in the gas flow. The background
major thermal decomposition products formed during the de- pressures in the vacuum chambers are sufficiently low to eliminate
composition of HMX. We have found that HMX decomposes significant scattering between molecules from the reaction cell
via several parallel reaction pathways and that trapping of the and background molecules in the vacuum chambers. The different
HMX decomposition products within gas bubbles in the HMX m/z-value ions are scanned with a quadrupole mass filter and
particles plays a significant role in its decomposition mechanism, counted with an ion counter. The gas flow is modulated with a
The reaction pathways that are consistent with both our measured chopping wheel, and only the modulated ion signal is recorded.
rates of gas product formation' and our deuterium kinetic isotope The containment time of gas in the reaction cell is a function of
effect (DKIE) and isotopic scrambling experiments2 are as follows: the area of the orifice, the free volume within the reaction cell,
(1) breaking of the N-N bond to form NO2, followed by the and the characteristics of the flow of gas through the orifice. For
elimination of the two remaining methylenenitramine (CH 2= the reaction cell used in the experiments with RDX, the time
N-NO2) groups that subsequently decompose to CH20 and N20, constant for exhausting gas from the cell (i.e., the time it takes
(2) a reaction mechanism that involves the transfer of a hydrogen after its formation, for a gaseous product to exit from the reaction
atom during the rate-limiting step (H20 trapped within the particle cell) is short (-'3.2 s) compared to the duration of the experiments
is one possible hydrogen containing species that may be involved (>- 1000 s). Since the evaporation rate of the reactant is con-
in this reaction path), and (3) the formation of the mononitroso trolled by the size of the reaction cell orifice, the relative rates
analogue of HMX (ONTNTA, Ill) within the solid HMX that of reactant evaporation and reactant decomposition are controlled

ON. ,NO by adjusting the size of the reaction cell orifice.
Two different types of reaction cells are used in the experiments.

( ) Both types are constructed from high density alumina. A new
O2NN,,.N.Nq2 design has been developed to reduce the rate of evaporation of

02 I RDX and also to prevent the clogging of the exit orifice due to

splattering of molten RDX, as experienced with the previous
is consistent with the predominant lack of isotopic scrambling of design.27 A cross section of the new reaction cell design is shown
the nitrogen atoms of ONTNTA found in the experiments with in Figure 1. The orifice assembly consists of a hole located in
mixtures of 14N and '5N labeled HMX. Since these experiments the center of a 25.4 ,m thick gold foil disk that is sandwiched
with HMX were conducted 45-70 OC below its melting point, between two alumina containment plates, The orifice assembly
the decomposition products were trapped within the solid HMX is sealed to tbt reaction cell with a ground cone fit. A hollow
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TABLE I. Expermeatal Parameters

experiment no.
parameter II Il IV V VI VII

RDX preparation' pure pure d, Mil pure pure Mil Mil
sample weight (mg) 3.95 7.27 7.81 6.50 29.2 8.97 8.50
reaction cell type5  2 2 2 2 2 I I
orifice diameter (ism) 25.4 25.4 25.4 25.4 10 2 53 53
temperature (°C) 195-215 195-215 180-225 193 190 192 190-205
heating rate (OC/min) 0.58 0.58 0.54 isothermal isothermal isothermal 0.56
ionizer electron energy (eV) 18.4 18.4 20.4 20.4 18.4 18.4 18A4
experiment type' quant quant quant quant ion TOFVS TOFVS

*RDX denoted as pure or RDX-d6 are pure samples of RDX prepared by the method outlined in ref 24. RDX denoted as Mil is prepared
according to military standard MiI-R-398C Type B and contains 96% RDX and 4% HMX. "Reaction cells denoted as I are constructed completely
from alumina and are described in ref 26. Reactions cells denoted as 2 utilize a 25.4 um thick gold pinhole orifice and are described in this paoer
'Quant denotes a quantitative experiment to determine reaction rates, ion denotes only ion signals analyzed, and TOFVS denotes a time-of-flight
velocity-spectra experiment.

Orifice is determined by the equilibrium vapor pressure of the species i,1Gold Foil "•E • Retainer
Pinhole Orifice . the reaction cell.

Sample Preparation. The pure RDX and deuterium labeled
Retaining analogue of RDX (RDX-d 6) are prepared by oxidation of

Nut
Reaction N 1,3,5-trinitrosohexahydro-s-triazine following the procedure de-

Cell Free scribed in the accompanying paper.24 The mean particle diameter

Splash Volume (V) of RDX used in these experiments is 130 mrn. The lower purity
Baffle RDX sample is prepared according to military specification

Sample MIL-R-398C Type B and contains approximately 4% HMX.
Thennocouple R

Well Results
I cm Identificatioen of Decompositiou Products. The m/z values

Figure 1. Cross section of the reaction cell used for thermal decompo- associated with the various thermal decomposition products formed
sition experiments. Reaction cell is construction from alumina and is from unlabeled and 1H, 13C, and 'IN labeled RDX are shown in
cylindrically symmetric about the vertial axis through the center of the Table I1. The formulas for the ion signals of miz values asso-
cell. Gas exhausts through the pinhole orifice located in the 25.4 am ciated with the lower molecular weight products are as expected
thick gold foil. from the unlabeled and isotopically labeled RDX analogues. These

products include H20, HCN, CO, CH20, NO, N20, and NO 2.
cylindrical baffle with four holes in the top plate and constructed The results from the isotopically labeled RDX show that the
from alumina is placed over the sample inside the reaction cell formula for the ion signal at m/z - 45 is H2NCHO and is
to minimize the splattering of liquid RDX onto the exit orifice, probably formamide. Likewise, the results also show that the
The free volume within the cell is 0.256 cm 3. formula that corresponds to m/z - 59 is CH 3NHCHO and is most

The mass range of the mass spectrometer is calibrated using likely N-mcthylformamide. The ion signals from unlabeled RDX
perfluorotributylamine, and the resolution is set so that the peak at m/z values of 70 and 97 are temporally correlated and originate
widths in the 20-300 amu region are approximately 0.7 amu full from the same product. The results from experiments with the
width at 10% maximum. The ionizer is operated in the linear isotopic analogues of RDX show that the formula of the m/z =
electron-emission range at 1.0 mA. The electron energy is cal- 70 ion is C 2H2N 20 and the formula of the mix = 97 ion is
ibrated using the appearance potentials of H2 and H 20. The C 3H 3N 30. Finally, the ion signals at m/z values of 42 and 132
specific electron energies used for each experiment are listed along are temporally correlated. The results from the experiments with
with other experimental parameters in Table I. the isotopic analogues of RDX show that the ion formula for m/z

Ideuttflcation of Decompoustio Products. The decomposition 132 is C2H4N 2(NO)NO2.
products are identified by (1) using isotopically labeled analogues TOF spectra in Figure 2 show that ion signals at some of the
of RDX to determine the formulas of the m/z values mewsured m/z values arise solely from the thermal decomposition products.
with the mass spectrometer, (2) performing an autocorrelation These products include HCN (m/z i 27), N20 (m/z - 44),
analysis on all of the ion signals measured during one thermal methylformamide H2NCHO (mlz - 45), HONO (m/z = 47),
decomposition experiment and separating the different m/z values and C 3H3N 30 (m/z - 97). On the other hand, TOF velocity
into temporally correlated groups that represent the major ion spectra of ion signals at several other m/z values show that the
signals in the mass spectra of each product, and (3) measuring ion signals at these m/z values arise from a decomposition product
TOF velocity spectra of ion signals at m/z values representing in addition to RDX that evaporates from the reaction cell without
each decomposition product to determine the molecular weight undergoing decomposition. Contributions from both RDX and
of the respective thermal decomposition product. Explicit details its decomposition products are found at m/z values associated with
of this procedure have been described previously for the case of CO (m/z = 28), CH 20 (m/Z = 29, 30), NO (m/z - 30), and
HMX decomposition.26  NO 2 (m/z - 46). Finally, the TOF velocity spectra show that

Qumatificatdo Procedure. The procedures used to convert the ion signals at several m/z values are daughter ions formed in the
ion signals measured with the mass spectrometer to rates of mass spectrometer from thermal decomposition products (e.g.
gaseous decomposition product formation have also been described 132). These include the ion signal at m/z - 58 that probably
previously. 25.27 After the mass spectrometer sensitivity factors originates from the N-methylformamide dimer (MW - 118), the
are determined, the results are expressed as either the number ion signal at miz = 70 that originates from the C 3H3N30 product,
density, partial pressure or the rate of molar gaseous product and the ion signal at m/z - 132 that originates from 1-nitroso-
formation of each species as a function of time. For decomposition 3,5-dinitrohexahydro-s-triazine (ONDNTA) (MW - 206).
products that are present only in the gas phase and have low Several of the TOF velocity spectra displayed in Figure 3 show
solubilities in the condensed phase, the rates of release from the that the major ion signals recorded at several m/z values are
reaction cell are equal to the rates of formation of these decom- formed solely from evaporating RDX. These spectra were col-
position products. For products that are present in both the gas lected during the isothermal decomposition of RDX under the
and condensed phases, the rate of release from the reaction cell conditions listed for experiment V! in Table I. The TOP velocity
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TABLE I1; Ion Formulas, m,/ Values from Isoiop0cally Labeled Analogues. and Pyr~lysis Product Molecular Weighis and Formulas from tbe
Thermal Decomposition of RDX

m/Z values" pyrolysis product pyrolysis

ion formula ul d( -C "'Ne molecular weight' product formula

HO 18 20 18 18 Il H2O
HCN 27 28 28 28 27 HCN

CO 28 28 29 28 28. 222 CO, RDX
CHO 29 30 30 29 30, 222 CH.O, RDX
CH1O 30 32 31 30 30, 222 CH,O, RDX
NO 30 30 30 31 30, 222 NO. RDX
NCO 42 42 43 43 206, 222 ONDNTA. RDX
NO 44 44 44 46 44 N. O

H,NC-0O 45 48 46 46 45 HNCHO

NO, 46 46 46 47 46, 222 NO.. RDX

HONO 47 48 47 48 47 HiONO

CHNHCIIO S9 64 61 60 118 (CHNHCHO)-
CH.N:O 70 72 72 72 97 CHNO
CHN 3 O 97 100 100 100 97 C,HNO
C.HN,(NO)(NO:) 132 136 134 136 206 CHNO,

'The m/z values measured in thermal decomposition experiments with unlabeled (ul), deuterium-labeled (d,), ''C-labeled, and "N-labeled ana-
logues of RDX. The experimental parameters used for 'C- and "5N-labclcd samples were identical to those used for experiments I-III in Table I
'The molecular weights of the compounds contributing to the ion signal at each ml: value are determined from TOF velocity spectra.

miz = 27 n/z = 28 m/z = 29 mrJz = 30

mtzo=t44 tmz=t45 . =a47

o m/z =58 rn/z =70 m/z =97 z=13

toa

22 3 1 2 2 2 3 22 2 30

Time (ins)
Figure 2. Time-of-flight velocity spectra of ion signals at various m/z values measured with the mass spectrometer. The signals are formed from the
mixture of products evolving from the reaction cell during the decomposition of RDX, The symbols represent the measured data, the error bars denote
the I n standard deviation, and the solid and dashed curves represent the contribution to the ion signals rrom the various species (denoted by their molecular
weights) that are contained in the mixture of products flowing out of the reaction cell during the decomposition. The details of the deconvolution procedure
to fit the data a~e described in ref 26. TOF velocity spectra at ,n/z values of 30. 44, 46. 70. 97, and 132 were collected in experiment VI where the
sample temperatore was 192 0C. The remaining spectra were collected in experiment VII where the reaction cell temperature was 197 0C for m/z
values of 27, 28, mrd 29 and 201 °C for rn/z values of 45, 47, and 58.

spectra at mn/a values of 74, 75, 1 20, 128, and 148 clearly show the kinematics of the dissociation reaction to separate the de-
that these ion signals originate from the electron-bombardment composition products from RDX in the molecular beam and
ionization of RDX followed by the fragmentation of the RDX therefore has been able to detect short-lived decomposition species
molecular ion into its daughters. If thermal decomposition from RDX such as methylenenitramine (CH 2=N--N02 ).
products are I'resent at any of these rn/z values, they are masked In addition to the more commonly observed thermal decom-
by the large signals originating from evaporating RDX. In light position products rrto RDX (HCN, CO. CH2O, NO, N20, and
of the low electron energies (18.4 eV) used in these exineriments NO2), several other products have been observed. Most of the
and the significant fragmentation of HMX found in experiments conventional mass Spectrometry t -<s and infraredi7 measurements
with HMX, 6s this limitation is likely to be present in any thermal made on the decomposition of RDX have not usually reported
decomposition experiment that utilizes electron-bombardment the formation of water as a major decomposition product, due
ionization mass spectrometry to measure the mixture of decom- to interference of background water in the instrument. The use
position products directly from a sample of RDX. In contrast, of the modulated molecular beam mass spectrometry detection
the IRMPO elxperiments23 with a molecular beam of RDX util, s technique along with the use of deuterium labeled RDX have

rr~~z = 44 rn/z 45 f/=4 z=4



M11 = 42 m/z 74 . i 59). and a smaller ion ,ignal corresponding to MCH \( lio
(rpi: = 73) The TO[- vecloit, spectra displayed in Figure 2 shoA

X2622 
that the molecular weight of the thermal decomposition product
forming the ion signal at ml: = 45 is consistent with the form-
amide product. The TOF velocitt spectra of the ion signal at ni :
= 58 shiw that this product has a molecular vteight of approx-

t2_ aimately lI I and together with the formula of the ions as deter-

mined from the correlation of the r,: value, between the various"_______ _ __ isotopic analogues of RDX suggest that ths product is .-5 /z = 75 m~z =120 methylformamide that evolves as a dimer frr, 'he recution cell

The ion signal at ,,,,z =73 is small. and TOU-SiO spectraS222were not collected The itructural assignments of these prIAuct,
are consistent with the previous tandem mass spectrometr), studics

M of Snyder et at.," One product that -,, formed during the de-
"@ composition, and not observcd %kith the mavs spectrometer, is an
C orange-brown residue thqt c:tats the inner w ,W of the r:actwon
0) cell.

Rates of Formation of Thermal Decomposition Products. In
S m/z = 128 m/z = 148 addition to providing the idcntities of the decomposition pri.duc,,N
0 22 222 formed from RDX, the results 11m, pros ide the rates of r61ck,~cof each individual product from the reaction ccli a.. described above

under the -Quantification Procedure-
The results from four experiments (expcriment, I 1\1 illustrate

the effect of melting on the decomposition of RrDX ind show the
presence of several different reaction branches that cintrol the

thermal decomposition of RDX The series of experimentrs inciude
two thermal ramp experiment, %.ith pure R DX (experiment I withpcre RDX and experiment I1 %kith RI)X.J, t one thermal rampTime (ms) experiment with an RDX/,'4¼; lMX misturc ievpertment ill)

Figure 3. Time-of-flight velocity spectra of ion signals at various n,': that forms a lower melting eutectic. and two isothermal epert-
values measured with the mass spectrometer. The signals are formed ments with pure RDX (experiments IV and V) held below, it,
from the mixture of products evolving from the reaction cell during the melting point. The analysis of the data from experiments 1-1%
decomposition of RDX. The symbols represent the measured data, the was carried out in the manner described above, and the resulth
error bars denote the ta standard deviation, and the solid and dashed are presented in Table Iil. As shown in Table 111, the mass
curves represent the contribution to the ion signals from the various balance for carbon. hydrogen. nitrogen, and oxygen is within 2-
species (denoted by their molecular weights) that are contained in the of nominal for experimenti, I111. Table Ill also lists the amount
mixture of products flowing out of the reaction cell during the decom- of each product formed during each expcriment and the ratio of
position. The TOF velocity spectra at m/c" values of 42. 75. 120, 1 ' the total amount of each product formed to the amount of RDX
and 148 were collected in experiment VI where the sample temperature
was 192 *C and the spectra at mr/ = 74 was collected in experiment VII that decomposed.
at a temperature of 195 *C. The temporal behaviors of the gas formation rates of the

thermal decomposition products from pure RDX (experiment I)
shown that water is a major thermal decomposition product. and RDX-d, (experiment II) are shown in Figures 4 and 5, re-

The C3H3N3O (rn/z = 97) product is one of the higher mo- spectively. The gas formation rates of the decomposition products
lecular weight thermal decomposition products formed from RDX. are divided into three groups for each experiment based on dif-
Since it was first observed,2 1 a subsequent study using tandem ferences in their temporal behaviors. The products in the first
mass spectrometry' 9 has claimed that two structures (IV and V) group are shown in the panel A of Figures 4 and 5 and consist

0 NO of the OST, HO, NO, and HCN thermal decomposition products.
. 0 The general behaviors exhibited by these products include a very

N N' N NH N N rapid rise from zero in their gas formation rates as the RDX melts.
.N 1 LNN, N' , NO, the maximum rate of gas formation immediately after melting.

and a decrease in the rate of gas formation of OST, HO. and
Iv v vi vII NO as the amount of RDX in the reaction cell diminishes.

are consistent with the above formula, to which a third structure Furthermore, in these two experiments, and many other experi-
(VI) may, in fact, be added. Since the exact structure of this ments with pure RDX, the following general features were ob-
compound is not presently known, it is referred to as oxy-s-triazine served in the OST. H2O. and NO gas formation rates: (I) the
(OST). OST, H2O, and NO showed a sharp peak after the sample melted;

Another higher molecular weight thermal decomposition (2) following the sharp peak, the OST gas formation rate gradually
product formed from RDX is ONDNTA (VII). The two largest declined as the amount of RDX sample remaining diminished;
ion signals formed from ONDNTA are at miz values of 42 a-id and (3) following the sharp peak. the HlIO and NO gas formation
132. The TOF velocity spectra for these two rn/z values, which rates rose to form a second broader peak or a shoulder and then
are displayed in Figures 2 and 3, clearly show that the molecular also declined as the amount of RDX sample remaining diminished.
weight of the thermal deccmposition product associated with these The products in the second groip are shown in panel B in
ion signals is approximately 206. Furthermore, a small ion signal Figures 4 and 5 and consist of NO, CHO, CO, NO, and
at m/z = 206 that is temporally correlated with the ion signals NH 2CHO. The general behaviors exhibited by these products
at mr/z = 42 and 132 is the ONDNTA molecular ion. Previous include a rapid rise from zero in their rates of gas formation as
mass spectrometry studies of RDX decomposition have observed the sample melts followed by a more gradual rise to a very broad
ion signals at m/z = 13 211 but were unable to identify the thermal peak or plateau in their gas formation rates as the amount of RDX
decomposition product leading to the formation of this ion in the remaining decreases. The gas formation rates of NO and CH 20
mass spectrometer. remain at high levels even when the amount of RDX has greatly

The final group of products that we have identified consists of diminished near the end of the experiment. It is clear that the
several different formamides. We have observed ion signals gas formation rates of these products are not simply proportional
corresponding to NH 2CHO (m/z = 45), (CH-)NHCHO (m/z to the amount of RDX present as is the case with OST, HO, and
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Figpre 4. Gas formation rates of the thermal decomposition products Figure 5. Gas formation rates of the thermal decomposition products

formed during experiment I using pure unlabeled RDX and a heating formed during experiment 11 using pure RDX-d 6 and a heating rate of

rate of 0.58 'C/min. The gas formation rates of the products are divided 0.58 °C/min. The gas formation rates of the products are divided into

into three groups with similar temporal behaviors: Panel A shows three groups with similar temporal behaviors: Panel A shows products

products whose gas formation rates peak after the sample melts and then whose gas formation rates peak after the sample melts and then remain

remain approximately proportional to the amount of sample left in the approximately proportional to the amount of sample left in the reaction

reaction cell, panel B shows products whose gas formation rates peak cell, panel B shows products whose gas formation rates peak between the

between the onset of decomposition and the depletion of the sample, and onset of decomposition and the depletion of the sample, and panel C

panel C shows products whose gas formation rates keep increasing shows products whose gas formation rates keep increasing throughout the

throughout the experiment until the sample is depleted. The weight experiment until the sample is depleted. The weight fraction of the

fraction of the original sample (I - X) remaining in the reaction cell is original sample (I - X) remaining in the reaction cell is shown in panel

shown in panel D. D.

NO. Since products formed from the decomposition of RDX in since the fraction of gas-phase RDX is small (-',2 x 10-3) in these
the gas phase would be proportional to its vapor pressure (3-6 experiments. Consequently. it appears that the rates of formation
Torr in these experiments), it is possible that NIO and CH2O are of products in this group may be a result of either "autocatalytic"
formed by this rout-. Results from previous gas-phase decom- reactions or reactions between RDX and its own decomposition
position studies of RDX30 (A = 1016, E. = 40.4 kcal/mol) indicate products.
that between 5 and 10% of the N 20 formed after the RDX melts The products in the third group are shown in panel C of Figures
may arise from decomposition in the gas phase. However, these 4 and 5 and consist of ONDNTA, HONO, and N-methylform-
same results and the assumption that each gas-phase RDX amide. The general behaviors of the products in this group differ
molecule decomposes to form two N20 molecules show that the from the previous two groups. The products in this group do not
formation rates of N20 prior to melting is overestimated by at exhibit a rapid rise in their rates of gas formation when the sample
least a factor of 2 when compared to the N20 gas formation rates melts. Instead their rates of gas formation rise slowly from zero
prior to melting in our experiments. This is illustrated in Figures to a peak when the sample is almost completely depleted. This
4 and 5 by the relatively low gas formation rates of N20 prior suggests that these components may be soluble in, or derived from
to melting (panel B) compared to the smaller change in the vapor a product that is soluble in, RDX and that their release rates from
pressure of RDX as the sample melts (panel A). This is r'asonable the reaction cell may be dependent on their vapor pressures which
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N02Othis experiment is ONDNTh

2U 2
"NHCHO However in contrast to the behaviors of the gas formation rates0 ewith thc pure RDX and RDX-d6. the temporat behaviors of the00products within the groups differ. The first difference is that the

0C evolution of products in all of the groups Starts at lower the-
0.8 C peratures than those observed in the experiments with pure RDX

U 0.5ONNTA and RDX- d t For example, the evo ution of OST. HO. and NO
0.6 starts at 188 o and the evolution of CO, CHrO.u Nf. NO., and

NHCHO starts at 193 *C. Another dtfference between the gas
. HONO evolution rates is the absence of an abrupt increase in the gas
0 tformation rates of the products that coincides with melting of the

"C0 NHCHO sample as seen in the experiments with pure RDX and RDX-d.
0.2 3 Since the mixture of RDX/4% HMX is known to form a lower

0.0 melting eutectic that melts over a wider temperature range, the
0results are consistent with the thermal decomposition rate of RbX

1.00 being much higher in the liquid phase than in the solid phase.
Tu dComparison of the behaviors of the gas formation rates of the

0.75 decomposition products from pure RDX and RDX-uc with the
I behaviors of the gas formation rates oft the products from RDX /4%

0.50 1HMX in the vicinity of the melting point of RDX (201 C raises

0.25 Min the solid phase. For example, in the experiment with pure RDXF it is possible that RDX undergoes decomposition in the solid but
0.00 that the products are trapped within the solid and not released

135 195 205 215 225 at significant rates until the sample melts. To check whether there

Temperature drnC) was decomposition within the solid prior to melting, an isothermal

Fitgue 6. Gas formation rates of the thermal decomposition products decomposition experiment with pure RDX was conducted at 193
formed during experiment Ill using RDX that contains approximately wC (experiment IV) where no significant melting would have
4% HMX and a heating rate of 0.54 'C/m. The gas formation rates occurred. The results from this experiment arc summarized in
of the products are divided into shice groups with similar temporal be Table III and shown in Figure 7. The only product observed in
haviors Panel A shows products whose gas formation rate rises from this experiment is ONDNTA, and it was formed at very low rates.
zero at 188 9C, gradually increases and peaks first during the decom- The data from experiment IV were analyzed for all of the other
position, panel B shows products whose gas formation rates peak later products observed in experiments 1-1 i.stnd no other products
than the tirt group but prior to the depletion of the sample, and panel were observed. Thus, these results show tat the decomposition
C shows products whose gas formation rates keep increasing throughout rate of RDX is very much lower in the solid phase than it is in
the experiment until the sample is depleted. The weight fraction of the the liquid phase. Furthermore, the results of experiment IV do
original sample e - A) remaining in the reaction cell is shown in panel not exhibit the accelerating decomposition rate observed previously

. twith HMVn This is due to the shorter length of time that the
in turn are dependent on their mole fractions in the solution. RDX sample used in experiment IV had to dtheliqnose in com-

The gas formation rates of the products formed during the parison to the previous experiments with HMXs To ascertain
decomposition of the RDX/4% HMX sample (experiment [ill) whether RDX exhibits the same type of decomposition behavior
are shown in Figure 6. In a manner similar to experiments I and in the solid phase as HMX, larger samples of RDX were used
11, the results are also divided into the same three groups as in in several experiments. The results of the isothermal decomposition
Figures 4 and 5 that depend on the temporal behaviors of the of a 29.2-mg sample of pure RDX at 190 'C are shown in Figure
products. The general sequence of release of the products in each 8. In this experiment only the ion signals at the rn/: values
group is the same as that for the pure RDX and RDX-d6 . The representing each decomposition product are shown because as
products in the first group are released first, and their gas for- the larger samples start to decompose some of the liquid splatters
mation rates are proportional to the amount of RDX remaining and blocks the exit orifice making quantification of the results
in the experiment. The gas formation rate of products in the not possible. However, the results clearly show that RDX un-
second group increase later than the first group and gradually dergoes an accelerated release of the decomposition products. The
increase and remain at a constant gas formation rate until the products that are released during the induction period are
sample is depleted. The gas formation rates of the third group ONDNTA, N 20, and a small amount of formaldehyde. At
of products increase constantly until the sample is depleted. approximately 20000 s the decomposition rate accelerates and
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50 ,1.0 CH.O, N.O, NO, CO, and HCN) from RDX decomposition

closely parallel those from HMX. In RDX small amounts of three

40 0.8 additional ones. namel), NHCHO. NO, and HONO were de-

30 0 tected. These were probably formed in the decomposition of HMX
30 0.6 X but were not observed because of secondary reactions within the

N 2 0 HMX particle. Among the gaseous products, CHO and N:O

20 0.4 V- are the largest ones in both ROX and HMX but the ratio of
"NO:CHO is larger in HMX. The amount of HeN formed is

10 0.2 also larger in HMX. However, judging from the general simi-

10 OST - larities in products and the closely related structures of RDX and

o 0.0 HMX, the reaction pathways previously suggested for the gaseous
_ _ _ __ products from HMX should also be valid for RDX. To recall,

E 1.0 it has been assumed that CHO and NO. which are the major
products. arise by a concerted process from each methylene,

C 0.8 nitramine unit in HMX:

0-;_ -N-4-O 0 wN.Q
0~ Iti +inl

0.6 c0 id llII + Il •Hla;CH'. CH .,1 - NCl

S0.4 H NHCHO CH,-N-NO, -- CH,-=N + NO, (Rib)

0 ONDNTA CH,.N-NO, - HCN+ HONO (Ric)
05 0.2 [ JIn both RDX and HMX the amount of N 2 0 formed correspond

Capproximately to the collapse of one less methylenenitramine unit
than present in the respective molecules. This is consistent with

C -the conclusion that the decomposition process probably commene
2 cH20 nOwith the "least energy" pathway, namely, the cleavage of an NO,

1CH .0 NO2  group after which the rest of the methylenenitramine units collapse
mostly to CHO and N 20. This requires that the rates of for-

6 mation of CH2O and N:O should be proportional to the amount
of RDX at any given time. However, in Figure 4, panel B. the

4 OST shapes of the gas formation rate curves are inconsistent with the
expected decline in rate with the RDX consumed. This suggests

2 /that there are other sources for N 20 and CH 2O formation which
n2 0 will be discussed later (see below). The rates of formation of NO

0 4 and H20, however, do exhibit the expected decline as RDX is
.1 2 3 4 5. 10 consumed (panel A. Figure 4), suggesting that they are products

from a different reaction pathway.
Tirrm (sac) Larger Molecular Weight Products In addition to the gaseous

Figure 1. Ion signals associated with the thermal decomposition products products, RDX forms three larger products. ONDNTA, OST,
formed during experiment V using pure unlabeled RDX at an isothermal and methylformamide. discussed briefly in Results. In the next
temperature of 190 OC. I - X is the fraction of sample remaining. The paper,21 ONDNTA is shown to be formed by N-N bond cleavage
ONDNTA, N2 0, CH 20,. and CHINHCHO signals all show a gradual followed by the recombination of the residual radical with NO
increase prior to the onset of the appearance of the signals associatedf with
the liquid-phase decomposition (OST. HzO. and NO2). Ion signals past from another reaction as shown in the following:
30000 s are not shown due to clogging of the reaction cell orifice. NO 2

the evolution of OST, H 20, NO, and NO 2 commences. Although NO, +. o r N,,] (R2)
the data from experiment V is not strictly quantitative, it is clear NO,' NN, No N v, N. 2
that the amount of N 20 formed compared to OST is much greater
in the solid-phase decomposition than it is in the liquid-phase I vI
decompubition (since the relative ion formation probability is
smaller for N 2 0 than OST, the ratio of N 20 to OST will be larger No
than the ratio of the ion signals of these two products shown in N
Figure 8). r N No rR3)

Dlscanim N02NN V , NN N07 N 'NO 2

As stated in the Introduction, we discuss here the identity of V11
the decomposition products of RDX above its melting point, their The source of NO in (R3) may be either NO 2 or HONO as shown
rates of formation, and the temporal correlations among them. in the following. (R4) was previously reported in the literature.3"
Following this, four primary branches of the decomposition CHO + NO, - H20 + CO + NO (R4)
mechanism will be identified and discussed. Pyrolytic reactions
predominantly occur via free radical pathways, but it should be (R* (Rib) or CR2)
borne in mind that during the later stages of the decomposition 0, N.0
the presence of water produced during the reaction may give rise I
to contributions from ionic processes. More definitive conclusions f ,-, N . H
about the mechanisms involved in the four primary branches and r r HONO (R51
comparison to the previously published1 2 HMX decomposition NO-" N, N02 N02 N .O< N, NO2
chemistry will be deferred to the next paper,2 4 in which insights HONO -. HO + NO (R6)
into the bond-breaking processes are derived from additional 2HONO - H2 0 + NO + NO 2  (R7)
experimental data on isotnpic scrambling and deuterium kinetic
isotope effects. ONDNTA is structurally similar to ONTNTA formed in the

Lower Molecular Weight (Gueoew) Prodwm The nature and decomposition of HMX in that they both represent net loss of one
distribution of the low molecular weight (up to 47) products (1-11O, oxygen atom from their respective structures. In the case of HMX,



TABLE III: Quimtltsai- 1esadts from the Thermal DecOlpOstio. of RDX-

experiment no.

I If III
speciesb amount (mg) molar ratio amount (mg) molar ratio amount (mg) molar ratio amount (mg)

HlO 0.054 0-70 0058 0,74 0.192 0.85 0
HCN 0,008 0.07 c na 0.035 0.10 0
CO 0.026 0.22 0.027 0.22 0 156 0.45 0
CHO 0.128 0,99 0.127 0.97 0.366 0.98 0
NO 0.1 0.77 0.082 0.63 0.422 1 13 0
N2 0 0.221 ,I.7 0.206 1.07 0,68 1 24 0
H2NCHO 0.057 0.29 0.095 0.48 0.039 007 0
NO, 0.037 0.19 0.144 0.72 0.146 025 0
HONO 0.004 0.02 c na 0.009 0.02 0
CHNHCHO 0.007 0.03 0,006 0.02 0.006 0.01 0
OST 0,157 0.38 0.201 0.48 0.485 0.40 0
ONDNTA 0.118 0.13 0.079 0.09 0.232 0.09 00o6
RDX 2.993 3.13 6.302 6.51 5036 1.82 6 484
mass balance

%H 1016 98.6
%D 100.8
%C 101.2 100.8 101.0
%N 98.5 99.3 98.8
%0 98.4 100.3 100.6

"The conditions for each experiment are given in Table 1. bThe species refer to either the listed species or its deuterium-labeled analogue where
appropriate. cThese relatively minor species are masked by overlap of ion signals from CO and H2NCHO that occur at the same m//z valuc as the
deuterium-labeled analogues of these products.

it was suggested by the incomplete nitrogen isotope scrambling starts to melt at a lower temperature (188 C) and melts over
that ONTNTA formation was the result of N-N bond cleavage a broader temperature range. The more gradual increase in the
followed by reaction of NO 2 to form NO and recombination of amount of liquid RDX present as the sample is heated manifests
the NO with the residual amine radical in the HMX lattice cage. itself in a more gradual increase in the rate of formation (and
However, this does not rule out the contribution from simple N-O release) of the decomposition products (Figure 6).
bond cleavage in HMX. Solid-Phase Decomposition. The results from the isothermal

Oxy-s-triazine (OST), repr.sented by one of the three structures decomposition of solid-phase RDX (experiment V, Figure 8)
IV-VI. is a unique and significant (0.38 mol/(mol of RDX de- exhibit the classic induction and acceleratory features that are
composed), Table i1) product from RDX with no counterpart characteristic of solid-phase decomposition reactions. This be-
in solid-phase HMX decomposition. Structures V and VI actually havior is similar to that found in the decomposition of solid-phase
represent tautomers. A plausible reaction scheme to rationalize HMX.1 The temporal behaviors of the gas formation rates of the
the formation of OST via the elimination of HNO and HONO various products are controlled by condensed-phase decomposition

RDX -- OST + HNO + 2HONO (R8) reactions and changes in the physical state of the sample and can
be summarized as follows:

is presented in the following paper. Rx (s)
Methylformamide is a minor product in the decompositions of

both RDX and HMX, but it is, nevertheless, indicative of an
important reaction pathway leading to a polyamide type of residue o -DNTA W
formation in both:

CH1O + [CH2=N] - "CH 2NHCHO (R9)

"CH2 NHCHO -. -[CH 2NHCO--]tCH- (RIO) NQ0 (tmpped in RDX) + CH0 (dissolved in RDX)

polymer - (N2o)

*CH 2 NHCHJO Habrtn CH 3NHCHO (RI1) RDX(s) + COHIO(dissolved in DX)

-[CH 2NHCO--],CH- -• NH 2CHO (RI2)| Molten RDX

Decomposition Patlways. The temporal behaviors of the gas
formation rates of the thermal decomposition products formed
from RDX provide insight into the reaction pathways that lead ONDNTA (molmn) Ptoducts asstocisisd with
to the formation of the various products. First we compare the fiqwd-ptlise demo'vois

rates of deoomposition in the solid and liquid phases of RDX, and (we Iero )

then we discuss the primary decomposition channels that lead to
the formation of the observed products in both phases. N2o (g) + Ol0 (5)

Lquid vs Solid-Phase Decomposition. The results clearly show The solid-phase RDX forms ONDNTA that subsequently de-
that the rate of decomposition is much higher in the liquid phase composes predominantly to N20 and CH20 that remain trapped
than in the solid phase. For example, in the experiments with in the solid. As the build up of CH20 and N20 continues, N20
both pure and RDX-d6, essentially no products appear until the is released from the sample and CH2O disperses in the solid RDX
sample starts to melt, at which time there is a rapid increase in causing the lattice structure of RDX to weaken, leading to the
the rate of formation of the decomposition products. The rate formation of molten RDX and the more rapid reactions asaociated
of increase in the gas formation rates of several of the products with the liquid-phase decomposition. This decomposition pathway
is determined by the increasing amount of liquid RDX present is consistent with the appearance of only ONDNTA, N 20, and
as the sample melts over a temperature range of approximately CH 20 prior to the start of the acceleratory stage. In addition,
I "C. Further evidence for the rate of decomposition being the fact that the release rate of N2O is greater than that of CH2O
proportional to the amount of liquid is observed in the decom- during the induction stage (see Figure 8) is consistent with the
position of the RDX/4% HMX sample. In this case the sample dispersion of CH 20 in the RDX lattice. The formation of
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Figare 9. Gas formation rates of the products formed in experiment I with unlabeled RDX along with the fits to the data based on the four primary
decomposition pathways. The bold line (-) in all of the graphs represents the total contribution from all of the reaction channels. The bold line (-)
in OST and the square-dot lines for H20, HCN, and NO represent the contribution by reaction pathway PL. The thin dashed (- -) lines shown in N20,
CHO. NO 2, CO, HCN. and Nt 2CHO represent the contributions from reaction pathway P2. The bold dashed lines (- -) represent the contribution
from the ONDNTA decomposition pathway P3. The thin solid lines (-) that peak near the highest temperature correspond to the contribution from
the catalytic decomposition pathway P4. The fit to the CH20 data uses the same coefficients as those used to fit the N20 data thus assuming that
CH2O and N20 are formed in equal amounts. The difference between the calculated and measured gas formation rates for CHO indicates the amount
of CH 2O that reacts prior to leaving the reaction cell.

ONDNTA in the solid is analogous to the formation of ONTNTA requires the following four primary reaction channels to predict
in the solid-phase decomposition of HMX. In isotopic scrambling the main features of the temporal behaviors of the gas formation
work with solid-phase HMX, 2 it was found that only 25% of the rates of the decomposition products.
ONTNTA product formed participated in scrambling of the NO OST + H20 + NO + NO2  (PI)
group that replaced the NO 2 group. This lack of complete
scrambling in HMX contrasts with the complete scrambling
observed in the formation of ONDNTA in liquid RDX and was N02 + H2CN + 2N20 + 2CH10 M)

ascribed to the formation of ONTNTA in the crystal lattice of
HMX. Thus, from similarity of the results from experiment V RDx

and those of HMX, it appears that RDX also forms a mononitroso
analogue, ONDNTA, in the crystal lattice. ONDNTA - N20 + CH20 - other (PM)

The acceleratory behavior of RDX, like that observed in the
experiments with solid HMX. has been observed in many previous
studies3 on HMX and RDX decomposition. In much of this work NZO + 0120 + NOý + N1t1CHO (R4)

the effect has been described as "autocatalysis". However, from The reaction pathways, P1 -P4 denote the products that are as-
our results it appears that a large part of the acceleratory effect sociated with each channel. The products associated with each
in the solid-phase decomposition most likely arises from a phase pathway may be formed by a series of reactions. For example.
change from solid to liquid and not from catalysis of the reaction the products in pathway P1 may be formed via reaction R8
in the conventional sense. followed by the reaction of HONO by either reaction R6 or R7.

Liquid-Phase Decomposition. The temporal behaviors of the Since the reactions that comprise these four reaction pathways
gas formation rates of the decomposition products formed during occur in the liquid phase and generate products that can undergo
the decomposition of RDX in the liquid phase exhibit a complex further reactions prior to their measurement, it is not possible at
behavior that is determined by the formation of products from this time to determine their exact details. However, the data do
several different parallel reaction channels. 7_he temporal be- establish these pathways as major deconmposition routes that
haviors of the data have been examined in light of the various control the decomposition of RDX in the liquid phase.
reaction channels (reactions RI-R 12) that were developed on the Simple Model for the Four Primary Reaction Pathways. The
basis of the identity of the decomposition products. This effort contribution of each of these reaction pathways to the various
has led to the development of a simple decomposition model that decomposition products is shown in Figure 9 for pure RDX
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Figure 10. Gas formation rates of the products formed in experiment I1 with RDX-d, along with the fits to the data based on the four primary
decomposition pathways. The bold line (-) in all of the graphs represents the total contribution from all of the reaction channels. The square-dot
lines for OST, D20, and NO represent the contribution by reaction pathway PI. The thin dashed (- -) lines shown in NO. CD 20. NO,, CO, and
NDCDO represent the contributions from reaction pathway P2. The bold dashed lines (-.) represent the contribution from the ONDNTA decomposition
pathway P3. The thin solid lines (-) that peak near the highest temperature correspond to the contribution from the catalytic decomposition pathway
P4. The fit to the CD 20 data uses same coefficients as used to fit the N20 data thus assuming that CDO and N20 are formed in equal amounts.
The difference between the calculated and measured gas formation rates for CD 20 indicates the amount of CD2O that reacts prior to leaving the reaction
cell.

(experiment 1) and Figure 10 for RDX-d 6 (experiment 11). From that OST also decomposes in the reaction cell and eq 1 should
Figures 9 and 10, it can be seen that OST and ONDNTA exhibit contain a term to represent the decomposition of OST. Unfor-
relatively simple temporal behaviors and are representative of tunately, although the decomposition of OST to HCN is likely,
reaction pathways PI and P3, respectively, whereas the other it is not readily apparent from the data what fraction of the HCN
products have temporal behaviors that are determined by more originates from the decomposition of OST, and thus, an appro-
than one reaction channel. priate expression to account for its decomposition has not been

OST. The rate of formation of OST and, to a certain extent, included in the analysis.
the rates of formation of H20 and NO decrease in direct pro- ONDNTA. The increasing rate of ONDNTA release from the
portion to the amount of RDX remaining in the reaction cell. This reaction cell as the quantity of RDX decreases seems contrary
behavior indicates that the decomposition reaction is first order to initial expectations. However, since ONDNTA is very similar
in the amount of RDX and supports a possible unimolecular to RDX, we assume that it will form an ideal solution with RDX.
decomposition mechanism. The rates of formation of H 20 and Furthermore, if we assume that its vapor pressure is approximately
NO are similar to OST except for the presence of a shoulder on equal to that of RDX, then we may express its release from the
the curve that originates from reaction pathway P3. The calcu- reaction cell as
lated rate of formation of OST, shown in Figures 9 and 10, is based d(noNONTA), dnRDx nIONDNTA
on the simple first-order rate expression = (2)

dnosT/dt = kjnRox(I) (I)

where nos-r is the amount of OST, k, is the rate constant, and where dnRox/dt is the rate of release of RDX from the reaction
npox(i) is the amount of liquid RDX present. The amount of liquid cell and noNTA is the amount of ONDNTA in solution. The

RDX present during melting is assumed to be a linear function amount of ONDNTA present in the reaction cell at any time

of time between the onset and completion of melting, and it is during the experiment may be expressed as

determined by optimizing the fit to the data. The fits to the OST d(noNDNTA)c dnRox
data shown in Figures 9 and 10 predict the general trend in the di kafnRDx[NOJ - k3d4tONDNTA - "-_dtXontA
formation of OST quite well. However, the fits overpredict the (3)
amount of OST present as the sample is heated, and they also
assume that the rate constant is independent of temperature. This where k3f is the pseudo-rate constant for formation of ONDNTA,
behavior indicates that eq I does not adequately represent all of km is the rate constant for decomposition of ONDNTA, [NO]
the reactions that involve OST, For example, it is quite possible is the concentration of NO in the reaction cell. and XONDNTA is
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the mole fraction of ONDNTA in the liquid. The first term on HCN, and NH:CHO are characterized by a rapid increase in

the right side of eq 3 represents the rate of formation of these signals when the sample melts, followed by a more gradual
ONDNTA. and since the isotopic scrambling results (see next increase in the gas formation rates, and a continuation of relatively
paper) indicate that it is formed via reactions R2 and R3, it has large gas formation rates near the end of the experiments when
been made first order in both RDX and NO. Since the reactions the sample is almost entirely depleted. The rapid increase in the
occur within the liquid RDX, the rate of formation of ONDNTA gas formation rates as the sample melts is attributed to the
is actually proportional to the amount of NO in the liquid. n.,,o,,. unimolecular decomposition of RDX according to the reaction
Therefore. A f includes a term that relates the amount of NO in shown as pathway P2. The more gradual increase in these
the liquid to its concentration in the gas phase in the reaction cell products is attributed to the decomposition of ONDNTA, by
in addition to the rate constant for the reaction. The second term reaction pathway P3. However, these two decomposition pathways
represents the decomposition of ONDNTA. Our preliminary alone cannot account for the large amounts of these products that
studies of the decomposition of ON DNTA show that its major are formed at the end of the experiment when little RDX remains
decomposition products are N0 and CHO. Since specifics of Therefore, three other reaction pathways were considered to ex-
the decomposition mechanism of ONDNTA are presently un- plain this behavior. First, gas-phase decomposition of RDX was
known, it is assumed a priori that the decomposition is first order considered since its vapor pressure within the reaction cell is
in ONDNTA The third term represents the loss of ONDNTA independent of the amount of pure liquid-phase RDX present in
from the reaction cell through the orifice. The constants k~f and the cell and its decomposition would explain the observed temporal
k~d are varied to give the best fits to the ONDNTA data shown behaviors of these products. However, this pathway was rejected
in Figures 9 and 10. because gas-phase decomposition does not play a significant role

It is interesting to note that even though the isotopic scrambling in our experiments as discussed above. Also considered was the
experiments 24 with pure RDX and RDX-d6 do not exhibit a DKIE decomposition of ONDNTA in the gas phase. With this pathway
in the formation of ONDNTA, the rate of formation of it was not possible to obtain a fit to the data that matched even
ONDNTA is significantly higher for unlabeled RDX (Figure 9) the general features of their temporal behaviors. The third path
than it is for RDX-d, (Figure 10). The maximum rate of for- considered, and finally used, was a catalytic channel. Since the
mation of ONDNTA for unlabeled RDX is 4.5 X l0-5 mol/s per decomposition of RDX in the reaction cell produced a small
mole of RDX present at the start of the experiment compared amount of brownish residue on the walls of the reaction cell, it
to a maximum rate of 1.4 X 10- mol/s for RDX-d6 . This large was assumed that this coating may catalyze the decomposition
difference is most likely due to the lower rate of formation of NO of the liquid- or gas-phase RDX as it comes in contact with the
from pathway P1, which exhibits a primary DKIE, resulting in walls of the reaction cell. The following simple expression was
the formation of less ONDNTA in the experiment with RDX-d5 . used to characterize the rate of gas formation of the various
In contrast, since the isotopic scrambling experiments24 were products from the catalytic reaction pathway P4
conducted with solutions of unlabeled RDX and RDX-d6, the dn,,,,(t)/dt = d,k,(t)[RDX(t)J (6)
concentration of NO avaiiable for reaction R3 was the same for
both the unlabeled RDX and RDX-d 6, and hence a DKIE was where 4i represents the product formed from reaction pathway
not observed for the formation of ONDNTA. This behavior P4, d, is the stoichiometric factor that relates the number of
further illustrates the complexity of the thermal decomposition molecules of product i formed per molecule of RDX decomposed
of RDX, since not only are there several parallel reaction pathways by pathway P4, k4(t) is the time-dependent rate constant that
that lead to the products, but the reaction pathways are also characterizes both the growth in the amount of catalyst present
coupled. in the reaction cell and its rate of reaction with RDX, and

H20, NO. The gas formation rates of water and NO, shown [RDX(:)] is the concentration of RDX in contact with the catalyst
in Figures 9 and 10, also exhibit temporal behaviors that indicate at time t. For the fits to the data shown in Figures 9 and 10, k 4(t)
that their rates of formation are first order in RDX. This behavior was assumed to have a linear growth rate starting at zero when
is consistent with their formation via pathway PI in which RDX the sample melted. The value of the growth rate was determined
decomposes via reaction R8 to OST and HONO followed by the from the best fit to the data. This simple treatment of the catalytic
subsequent reaction of HONO via reaction R7 to form H20 and pathway is used since it seems reasonable that the amount of
NO. The gas formation rates for this reaction pathway are simply catalyst present in the reaction cell may accumulate as it is formed
expressed as by reaction of the RDX decomposition products. The reaction

dnH~o dnos-i dn,4o dnos-r between the RDX and the catalyst may very well not be char-
dt -- t " -a0 dt (4) acterized by the linear rate assumed here, but there is not sufficient

evidence to warrant any more sophisticated treatment. The main

where aH0o and ao are stoichiometric factors, and the results are point of invoking the catalytic channel is that this type of behavior
shown as the square-dot lines in Figures 9 and 10. is able to account for the formation of the N20, CH 20, NO2. CO,

The results for H20 and NO also indicate that a portion of these HCN, and NH 2CHO products during the later stages of the
products originate from reaction pathway P3. Since the mech- decomposition. Reaction pathway P4 is the least well-defined.
anism for the decomposition of ONDNTA is unknown at present, and further studies would be required to determine more details.
the gas formation rates of the products formed from pathway P3 The fits to the data using reaction pathways P2-P4 are shown
are simply expressed as in Figures 9 and 10.

dn,od/dt = Ck3dnoNDNTA (5) It is interesting to note that, unlike HMX 2 in which it was
postulated that HO may act as a catalyst in its solid-phase

where 3N represents the product formed from reaction pathway decomposition, water does not appear to catalyze the decompo-
P3 and c, is an empirical constant. The contributions of H20 and sition of RDX in the liquid phase. If water catalyzes the de-
NO formed by reaction pathway P3 to the total gas formation composition of liquid-phase RDX, then one would expect the rate
rates of H20 and NO are shown in Figures 9 and 10. Note that of gas formation of the products formed from this channel to ke
the contribution to the H20 and NO gas formation rates from dependent on the amount of water present in the reaction call.
pathway P3 is greater for the unlabeled RDX than for RDX-d6. From the data in Figures 9 and 10, it is clear that the water preet
As was the case for ONDNTA, this is consistent with reaction in the reaction cell decreases as the experiment progresses and
pathway P1 exhibiting a DKIE and thus producing less NO that one would expect a decreasing amount of products formed via the
is needed to form ONDNTA via reaction R3. Consequently, catalytic pathway if water was the catalyst. However, this does
RDX-d, forms less ONDNTA by pathway P3 which in turn not rule out the possibility that water acts as a catalyst of HMX
produces less H20 and NO. because in the solid phase the concentration of the water in contact

NO, CH2O, NO,, HCN, CO, NHfCHO. The temporal be- with HMX will be much higher than in the liquid-phase RDX
haviors of the gas formation rates for N 20, CH 20, NO 2, CO, since it ;s trapped within the HMX particles.
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TABLE IN: Fraction of RDX DetrniPosed b) Each Reaction of DMNA is ',.A-dimcthyinitrosaminc iDMNO) J(C(Hi):\ N-
Pathway 0!. The studies by Fluornoy-• and Lin explained this product

(raCtion of by the reaction of NO with the dimeth~lamino radical whereas
decompo•ed tj•) Nigenda et al.' invoked additional channels including nitrt-nitrate

pathway reaction RDX Rt)X-d• rearrangement and displacement of the nitrite b> NO to explain

P um c D T 3.1 their results. Melius and BinkJeyl on the other kland ,uggest thatP2 unimolecular RDX --- , OST I3t 14 radical addition to one of the mtro group oxygen. leads to theP2 unimolecular RDX N-NOk bgnd 10 14 formation of DMNO. In our experiments the reaction kt NObreaking
P3 RDX - ONDNT-A - products 35 25 with the amino radical left after the N-.NO, bond scission to torm
P4 catalysis ot RDX 25 28 ONDNTA is similar to the decomposition of DMNA and i,

consistent with the complete isotopic scrambling of the N-NO
CHNHCHO. The gas formation rate of CHNHCHO nitrogens observed (see next paper) in the ONDNTA product

gradually grows during the experimenw and peaks as the sample The isotopic scrambling also preludes the formation of ONDNTA
nears complete depletion in a manner similar to ONDNTA. This via radical addition to one of the nitro group oxygens followed
behavior may arise from either the decomposition of a polyamide by the direct abstraction of the o0,kgen atom Since reaction
that is formed during the decomposition or from an increasing pathway P1 produces NO during the decomiposition of RDX. the
concentration of the amide in the solution in the reaction cell, source of NO that participates in the recormbination reactioin %kith
Since the vapor pressure of N-methylformamide (NMFA) is the amino radical is not in question as it is fr "c frmation of
relatively high, this suggests that little NMFA will remain in DMNO from DMNA.2 :
solution. However, the results from the TOF velocity spectra Further comparison of the decomposition of RDX with that
measurements indicate that the molecular weight of the species of DMNA shows that the primary first-order reaction pathway
that evolves from the reaction cell and produces the ion signals for RDX that produces OST and exhibits a DKIF does not have
associated with the NMFA product has a molecular weight that an analogous pathway in the decomposition of DMNA Conse-
is approximately twice that of NMFA, suggesting that NMFA quently. although the ýludý of the simpler DIvINA molecule
is present in the form of a dimer. The vapor pressure of this species provides insight into certain aspects of mtramine decomposition
may be sufficiently low that its release rate may be determined that are applicable to the more complicated RDX molecule, our
by its mole fraction in the solution. Since neither of these sources results on RDX show that DM NA does not mimic all of the
of NMFA can be ruled out, it is not possible to determine whether reaction pathways that occur during the decomposition of RDX
NMFA originates from reaction R9 or the decomposition of the and that it is necessary to study RDX itself to fully understand
polyamide that leads to the formation of the residue. its decomposition.

The relative amounts of RDX that decompose by each of these Comparison of our results on the thermal decomposition of
different reaction pathways, as estimated from the fits to the data RDX in the bulk with the results from the unimolecular IR MPD
shown in Figures 9 and 10 using the simple model, are given in of RDX under collision-free conditions in a molecular beam
Table IV. These results illustrate that the lower molecular weight provides intriguing contrasts and raises the question of how
products formed during the thermal decomposition of RDX or- molecules that surround a decomposing RDX molecule affect its
iginate from four different primary reaction channels. The reaction decomposition. The most dramatic difference between these two
channels involving unimolecular decomposition of RDX appear types of experiments is the decomposition of approximately 307
to account for only 40% of the total amount of RDX that de- of the RDX (70-75% of the RDX whose decomposition is solely
composes. The other 60% decomposes either through the first order in RDX) in the liquid phase via pathway Pt to form
ONDNTA intermediate or by the catalytic decomposition of OST and the apparent absence of this decomposition pathway in
RDX. the IRMPD experiments. This difference could readily be ex-

Comparison with Other Earlier Work. The results of this study plained by the occurrence of secondary reactions between the
are consistent with previous TGA32 and DSC3' measurements that decomposition RDX and its decomposition products if it were not
have shown, through the use of DKIE studies with RDX, that for several important aspects of its formation. First, the rate of
hydrogen is involved in the rate-limiting step. However, due to formation of OST is first order in RDX and independent of the
the limited amount of information obtained in TGA and DSC concentration of any other species. Second, as discussed in the
experiments, these studies were unable to identify the products following paper, OST does not undergo isotopic scrambling of any
associated with the rate-limiting step, the presence of concurrent of its elements (i.e.. all of the atoms in one OST molecule originate
decomposition pathways that do not involve hydrogen in the from one RDX molecule). These results imply that the ring from
rate-limiting step, nor where the rate-limiting step occurs in the the RDX molecule remains intact and the oxygen atom and three
reaction pathway. The first-order reaction behavior observed in hydrogen atoms on the ring all remain from the original molecule.
the DSC experiments is consistent with reaction pathway PI The ion representing OST (m/z = 97) was not reported in the
observed in the present study. Unfortunately, the DSC and TGA IRMPD results. Possible explanations for this discrepancy are
experiments cannot account for a concurrent reaction pathway (1) the reaction 'temperatures" in the IRMPD experiments are
P2 that does not exhibit a DKIE since the extent of the DKIE between 200 and 300 *C higher than the thermal decomposition
for a given reaction is dependent on several different parameters. temperatures used in our experiments thus precluding this channel
Furthermore, the very subtle manner in which the DKIE manifests in the IRMPD experiments; (2) the analysis of the IRMPD data

itself in reaction pathway P3 is not typically considered in in- may not have considered the formation of OST by reaction R8
terpretation of results from DKIE experiments. In the case of which is somewhat similar to reactions A and II in ref 23; or (3)
pathway P3, the DKIE expresses itself by limiting the amount the close proximity of adjacent RDX molecules in the liquid phase

of ONDNTA that is formed by controlling the amount of NO may alter the unimolecular decomposition mechanism due to
that is produced by reaction channel Pl. As discussed in the effects such as hydrogen bonding. At this time it is not clear which
following paper, neither the formation of ONDNTA nor its de- of these three explanations are more likely.
composition to CH 2O and N20 exhibit a DKIE. Consequently, Another difference between our results and those from the
reaction pathway P3, which produces a large fraction of the CH 2O IRMPD experiments is the large fraction (0.67) of RDX that
and N 20 in thermal decomposition experiments with RDX, is decomposed through the concerted symmetric triple fission
overlooked in interpreting the DKIE results from conventional (CSTF) to form three methylenenitramine fragments that sub-
DSC and TGA experiments. sequently decomposed in secondary reactions to HCN, HONO,

A comparison of the decomposition of RDX with that of di- NO, and CHO in the IRMPD experiments. In our thermal
methylnitramine (DMNA) illuminates the contrasting features decomposition experiments only about 10% of the RDX that
of their decomposition reactions. The studies with DMNA2 ' U decomposes (25% of the RDX whose decomposition is solely first
have found that the major product formed in the decomposition order in RDX) produces products (N2O and CHO) that may
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be formed through the CSTF mechanism. The CSTF mechanism breaking followed by the subsequent decomposition of the re-
may be responsible for this 10% of the RDX that decomposes, maining fragment of NO and CHO, possibly via the CH=2,
However, our results are also consistent with reaction N-NO, intermediate and also via the concerted symmetric triple

RDX -" H2CN + N02 + 2CH,---N--NOz fission of RDX to three CH.-N--NO, fragments, and their
N-subsequent decomposition to NO and CIHO However, the

followed by the decomposition of the two methylenenitramine formation of CH 3NHCHO may possibly originate by reaction

fragments. H2CN is a species that is likely to form the NMFA of CHO with the H 2CN radical left from the unraveling of the

observed in the decomposition. The NO 2 that originates from RDX ring after the breaking of the N-NO, bond, thus indicating

unimolecular RDX decomposition may be formed by either that the N-NO2 bond breaking channel may be the more likely

pathways P1 or P2. Thus it is not clear whether N-NO 2 bond explanation for this reaction channel.

breaking or the CSTF mechanism leads to the N20 and CHO Our experiments with solid-phase RDX have shown that its

products formed in reaction pathway P2. decomposition rate is much slower than that of liquid-phase RDX.

It is clear from the results that neither experiments with simpler ONDNTA is the only product that appears to be formed during
nitramines such as DMNA nor elegant unimolecular decompo- the early stages of its decomposition. As the decomposition of

sition experiments fully address the reaction mechanisms that solid RDX continues, NO and smaller amounts of CH,,O start

control the decomposition of RDX in the solid and liquid phases. to evolve from the sample. After the evolution rate of these two
It is evident that the formation of ONDNTA and its subsequent products increases, the products associated with the liquid-phase
decomposition to final products and the catalytic decomposition RDX decomposition appear and their rate of gas formation rapidly
of RDX both play important roles in determining the identities increases. This strongly suggests that the decomposition of solid
and rates of formation of the products from the thermal decom- RDX occurs through formation of ONDNTA within the lattice,
position of RDX. Controlling these decomposition pathways the subsequent decomposition of ONDNTA within the lattice to
through the use of additives or the synthesis of nitramines with N20 and CHPO, followed by the dispersion of CH 20 in the RDX
slightly different molecular configurations may provide avenues leading to its eventual liquefaction, and the onset of the liquid-
for developing propellants with better combustive properties. phase decomposition reactions.

From our results showing the presence of four primary pathways The complexity of the decomposition pathways that control the
that control the thermal decomposition of RDX in the liquid phase, identities of the decomposition products and their rates of for-
it is readily apparent why there have been so many conflicting mation and the changing nature of the decomposing sample itself
results on both the identities of its decomposition products and illustrate the necessity of correlating the identities and rates of
its rate of decomposition. When this is combined with the different formation of the various products with the composition of the
decomposition behavior observed in the solid phase, the inter- sample at any given time during its decomposition. If this is not
pretation of the results from experiments that either identify done, the products that are detected cannot be correlated with
reaction intermediates, measure the distribution of final products, the individual reaction pathways, thus making the interpretation
or measure thermochemical behaviors, in terms of various simple of their appearance ambiguous.
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