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Pyrolysis-atmospheric pressure chemical ionization was used to study the thermal decomposition of the energetic 
material cyclotrimethylenetrinitramine (RDX) and characterization of the individual molecular ion products was 
accomplished by tandem mass spectrometry. The analysis was aided with pyrolysis mass spectra of the (''N)- and 
perdeuterated RDX isotopes, and molecular formulae were derived for the m/z 46, 60, 74, 75, 85 and 98 molecular 
ions in the RDX pyrolysis mass spectrum. Equivalent fragments between the daughter ion mass spectra of the 
unlabeled and labeled RDX were determined in order to define a structure for each pyrolysis feature. Daughter ion 
mass spectra of pure reference compounds confirmed the identity of five of the six molecular ions, Perdeuterated 
RDX analyses provided evidence that m/z 74 and 75 are N,N-dimethylformamide and N-nitrosodimethylamine, 
respectively; m/z 46, 60 and 85 were identified as the protonated forms of formamide, N-methylformamide and 
dimethylaminoacetonitrile, respectively. 

INTRODUCTION 

Reaction rates and chemical mechanisms are two key 
topics that are fundamental to an understanding of the 
ignition/combustion process and product distribution of 
compounds used in propellants and explosives. Even 
more important are questions that address the ther- 
modynamics, kinetic parameters and catalytic influences 
on the rate and end-product distributions in the igni- 
tion, combustion and detonation of solid propellants.' 
A structural analysis of the key fragments and interme- 
diates resulting from the controlled heating of energetic 
compounds can yield important information relative 
to the understanding and enhancement of thermal 
processes. For this purpose, analytical pyrolysis/ 
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concentrator-gas chromatography was used to generate 
nitramine thermal decomposition  profile^.^-^ Further- 
more, a large body of information exists on decomposi- 
tion products of nitramines in the form of molecular 
formulae obtained by accurate mass measurements with 
high-resolution mass  spectrometer^.^-^ However, few 
studies can be found that have produced direct, unam- 
biguous analyses that delineate the structural identities 
of the end products. 

Two compounds which are commonly used as ingre- 
dients in explosives and propellants are the nitramines 
cyclotrimethylenetrinitramine (RDX) and cyclo- 
tetranitramine (HMX). The former compound was 
chosen as a model for a structural analysis of the 
product molecular ions produced under oxidative 
pyrolysis-atmospheric pressure chemical ionization 
(Py-APCI) conditions. 

Perdeuterated and (15N)RDX were used in isotopic 
analyses of the key RDX mass spectral features, as well 
as collision-induced dissociation of the molecular ion 
products for comparison with daughter ion mass 
spectra of pure standard compounds. Some of the RDX 
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Figure 1. Py-APCI mass spectra of (a) RDX, (b) (''N)RDX and 
(c) ('H)RDX. The structure of RDX is shown as an inset in (a). 

Py-APCI mass spectral features can be found in the 
Py-mass spectrometry literature for a number of impor- 
tant propellant  ingredient^.^ - I 2  

_ _ _ _ _ ~ ~  

RESULTS AND DISCUSSION 

Molecular formulae by isotope analyses 

Figure l(a) presents the Py-APCI mass spectra and 
structure of RDX. Molecular formulae and structural 
interpretations of the individual features in the 
Py-APCI mass spectrum of RDX are indeed formidable 
challenges. Therefore, isotopic analyses were performed 
in order to provide information to characterize each of 
the separate mass spectral features. Figure l(b) and (c) 
depict the Py mass spectra of ('H,15N)RDX and 
(,H,14N)RDX, respectively. Note that Figs l(a) and (b) 
show six main molecular ion features, but the perdeu- 
terated RDX mass spectrum has only five main features. 
Table 1 summarizes the equivalent features for each of 
the RDX isotopes. For example, m/z 46 in Fig. l(a) is 
observed as the mfz 47 ion in both (I5N)- and deuterium 
RDX isotopes, indicating that the mfz 46 feature con- 
tains one nitrogen and one hydrogen atom that orig- 
inate from RDX. An m/z 74 analysis (Fig. 1 and 
Table 1) shows that it contains one nitrogen and seven 
hydrogen atoms, and a similar treatment with m/z 75 
yields two nitrogen and six hydrogen atoms that orig- 
inated from RDX. 

Isotope analysis of each molecular ion from RDX 
produced a CHNO working formula (first column in 

~~ 

Table 1. Primary Py-APCI mass spectral features for RDX 
and corresponding signatures for the ("N)- and 
('H)RDX isotopes (see Fig. 1) 

RDX isotope m h  

14N,'H 46 60 74 75 85 98 
15N,'H 47 61 75 77 87 101 
14N,'H 47 64 81 81 93 101 

Table 2. Determination of the molecular formula for each 
molecular ion in the RDX Py-APCI mass spectrum 
(Fig. W )  

Protonated 
Working working Molecular 

rn h formulaa formulab formula" 

46 C,HNO, CnH2NOx [CH3NO]H+ 
60 C"H,NO, CnH5NOx [C2H,NO] H+  
74 C"H7N0, CnHeNOx [C3H ,NO] H + 

75 CnH6N20x C"H,NZO, [C2H6N201 H + 

85 CnHeNZOx CnH,NzOx [C4H,N2IH+ 
98 CnH3N30, CnH4N3Ox [C3H3N30] H + 

a Derived from the isotope analysis in Table 1. The n and x sub- 
scripts are not necessarily the same values for each m/z. 

Protonated form of the working (isotope-derived) formula. 
Molecular formulae were derived by matching the protonated 

formula with each respective list of possible CHNO molecular for- 
mulae for a given m/z in Ref. 13. 

Table 2) highlighting the number of hydrogen and 
nitrogen atoms that must be a part of the molecular ion 
and derived from RDX. The table of different CHNO 
molecular formulae for a given mass found in Silver- 
stein et ~ 1 . ' ~  was consulted for a tentative match to each 
of the six main features in the Py-APCI mass spectra. 
None of the molecular formulae in Silverstein et ~ 1 . ' ~  
contained H N  combinations equivalent to the working 
formulae in Table 2 for each respective mass. Therefore, 
it was proposed that some of the RDX features were 
actually protonated forms of the working formulae. The 
protonated working formulae are listed in Table 2 and 
indeed, from Silverstein's tables,13 m/z 74, 75, 85 and 98 
each had only one molecular formula consisting of the 
respective number of RDX-derived hydrogen and nitro- 
gen atoms with an extra proton. With this information, 
the number of carbon and oxygen atoms were auto- 
matically known for each formula, and the protonated 
molecular formulae for m/z 74, 75, 85 and 98 can be 
found in the last column of Table 2. However, m/z 46 
and 60 did not result in similar analyses, hence the 
formula that had the least number of hydrogen atoms 
over that from the protonated working formula of the 
respective feature was chosen as a tentative molecular 
formula. These analyses of m/z 46 and 60 produced for- 
mulae of [CH3NO]H+ and [C2H5NO]H+, respec- 
tively. Structural analysis of the six Py-APCI mass 
spectral features from RDX are detailed in the following 
discussion. 

m/z 46. The perdeuterated RDX isotope mass spectrum 
(Fig. l(c)) portrays a negligible amount of the m/z 46 
feature. This leads to the elimination of nitrogen dioxide 
(NO,) as a candidate for m/z 46 (Fig. l(a)) in the posi- 
tive ion mode. Furthermore, m/z 46 contains not only a 
nitrogen but also one hydrogen originating from RDX 
as is evident from the m/z 46 shift to m/z 47. It is well 
documented6-'*12 that heating of RDX produces NO, 
under many different conditions and an intense m/z 46 
feature has been observed in the negative ion mode 
under Py-APCI conditions (data not shown). 

In the daughter ion spectra for m/z 46 and 47 (Fig. 2), 
it appears that m/z 18, 28 and 29 in the unlabeled com- 



CHARACTERIZATION OF CYCLOTRIMETHYLENETRINITRAMINE (RDX) 17 

0 

i ia  

l a  

n 
. . . . ! . . .  : , . . . . , . . . !  f . . . . l . . . . , . . . . i ! . . .  

i 2.3 I 

m/r 

Figure 2. Py-APCI daughter ion mass spectra of (a) m/z 46, 
RDX, (b) m/z 47, (15N)RDX, (c) m/z 47, ('H)RDX, (d) m/z 46, 
protonated formamide. 

pound (Fig. 2(a)) result in m/z 19, 29 and 30, respec- 
tively, for both 15N and 2H isotopes of RDX (Fig. 2(b) 
and (c)). No oxygen or carbon atom can be part of the 
m/z 18 feature because of the 1 u shift from m/z 18 to 
m/z 19 in both isotopes. This leads to the conclusion 
that NH,' is the only possible structure, because (i) the 
nitrogen and one hydrogen atom originate from RDX 
and (ii) the other hydrogens must originate from the ion 
source. The 28 u fragment increases by 1 u for both 
RDX isotope species, which suggests the [CNH]H+ 
and/or [HCNIH' ions, where one proton originates 
from RDX and the other is an ion source proton. The 
m/z 29 ion in Fig. 2(a) is observed to remain at m/z 29 in 
both isotope daughter ion mass spectra (Fig. 2(b) and 
(c)) and can be represented by the [COH]+ fragment, 
where the liberated carbon monoxide is associated 
with a source proton. From this analysis, two possible 
structures with a molecular formula of CH,NO can 
be considered: a protonated isocyanic acid 
derivative, [OCNH3]H+, or protonated formamide, 
[HC(O)NH,]H+. 

Figure 2(d) shows the daughter ion mass spectrum of 
protonated formamide. In a comparison of Fig. 2(a) and 
(d), protonated formamide is indeed the m/z 46 feature 
in the Py mass spectrum of RDX. A paradox exists, 
because the proton (Fig. l(a)) and deuterium (Fig. l(c)) 
isotope analyses indicate only one RDX-derived hydro- 
gen, while formamide contains three inherent protons. 
Possible explanations for this observation are that (i) 
free-radical hydrogen atom reactions could occur in the 
melt and/or gas phase and (ii) formation of HCN from 
RDX pyrolysis followed by hydrolysis with atmo- 
spheric/RDX decomposition-derived water and sub- 
sequent protonation in the ion source. 

m/z 60. An analysis of the daughter ion spectra of the 
m/z 60 molecular ion from RDX and its isotopes (Fig. 
3(aHc)) reveals key fragments for this ion. A methyl 
function is obvious and m/z 28 consists of one nitrogen 
and one hydrogen from RDX (Fig. 3(d)). The m/z 28 
fragment appears to be [HCNIH' where one hydrogen 
comes from RDX and the other is a source proton. The 
m/z 42 daughter ion feature contains one nitrogen and 
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Figure 3. Py-APCI daughter ion mass spectra of (a) m/z 60, 
RDX, (b) m/z 61, (15N)RDX, (c) m/z 64, ('H)RDX, (e) m/z 60, 
protonated N-methylformamide. Figure 3(d) presents the m/z 
value for each major, unlabeled RDX daughter ion fragment and its 
equivalent fragment in the nitrogen (N) and hydrogen (H)-labeled 
RDX isotope. 

m/z 

four hydrogen atoms from the RDX molecule (Fig. 
3(d)), and the [H,CN(H)C] +' and [CH,NCH] +' frag- 
ments appear to be logical candidates. A consistant 18 u 
difference appears between each respective primary 
molecular ion and highest mass daughter fragment, i.e. 
60 - 42 (Fig. 3(a)), 61 - 43 (Fig. 3(b)) and 64 - 46 (Fig. 
3(c)) and strongly suggests the presence of an oxygen 
atom. Possible candidates for m/z 60 can be 
[H,CNHC(O)H]H', [H,CNCH]+'H,O or a mixture 
of the two. Figure 3(e) shows the daughter ion mass 
spectrum from protonated N-methylformamide. A com- 
parison of Fig. 3(a) and (e) shows that m/z 60 is indeed 
pro tonated N-met hy lformamide, [ H CNHC( O)H] H + . 
An explanation can be invoked for the presence of the 
two extra hydrogen atoms that is similar to that of the 
m/z 46 analysis. 

m/z 74. Figure 4(a)-(c) presents the m/z 74 daughter ion 
mass spectra of RDX and its isotopes. Because of the 1 
u proximity of m/z 74 and 75 (Fig. l(a)), daughter ion 
spectra of both species were obtained where the cali- 
bration of the m/z 73, [H,O],H+, reagent ion produced 
a baseline-to-baseline profile from m/z 72.5 to 73.5 and 
a peak width at half-height of 0.7 u. This procedure 
minimized daughter ion contribution of m/z 75 to the 
mass spectrum of m/z 74 and vice versa. The molecular 
formula of [C,H,NO]H+ (Table 2) reveals that it is a 
protonated ion containing one nitrogen and one oxygen 
atom and seven hydrogen atoms originating from RDX. 
This molecular ion contains one more hydrogen than 
the RDX molecule itself, which strongly suggests inter- 
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Figure 4. Py-APCI daughter ion mass spectra of (a) m/z 74, 
RDX, (b) m/z 75, (15N)RDX, (c) m/z 81, ('H)RDX, (e) m/z 74, 
protonated N,N-dimethylformamide. Refer to Fig. 3(d) for expla- 
nation of Fig. 4(d). (*) unclear m/z assignment. 

molecular interactions in the melt state as well as 
reduction chemistry taking place during decomposition. 

Figure 4(d) summarizes the daughter fragment ion 
distribution in Fig. 4(a)-(c), and it is clear that at least 
one methyl moiety is present. An m/z 30 analysis tenta- 
tively indicates a [H,CN]H+ moiety, and m/z 42 
appears to be a [H,CNCH]+' fragment. Protonated 
carbon monoxide can account for the m/z 29 fragment 
(Fig. 4(a)-(c)). The m/z 46 feature appears to have one 
nitrogen (Fig. qd)); however, the ('H)RDX mass spec- 
tral interpretation of this fragment is unclear (Fig. qc)). 
Figure l(c) and Table 1 show that both m/z 74 and 75 in 
the unlabeled compound produce an m/z 81 feature in 
the perdeuterated sample. Therefore, structural interpre- 
tations of the unlabeled RDX m/z 74 and 75 species 
based on the perdeuterated derivative were interpreted 
with caution because of the two different m/z 81 molec- 
ular ions contributing to the same daughter ion 
mass spectrum (Fig. 4(c)). The [H,CCHNO]+' or 
[H,CNCHO]+' structures can account for the m/z 58 
fragment while ether and hydroxy structural fragments 
were rejected. 

Possible structures for m/z 74 include N-oxide 
compounds such as [H,CN(O)CHCH,] +' or 
[H,CN(O)CH,CH,] +.. However, because of the inher- 
ent charge on the former species, a source proton would 
not bind to it, and this interpretation would leave the 
molecular ion at m/z 73. The latter compound would be 
expected to yield an intense m/z 29 ethyl daughter ion 
fragment since NO is a good leaving group. The daugh- 
ter ion mass spectrum of protonated N,N-dimethyl- 
formamide, [(H 3C),NC(0)H]H+ (Fig. qe)), shows a 
satisfactory relationship with that of Fig. qa). Note that 
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the m/z 74 ion is indeed composed of an m/z 73 molecu- 
lar ion with an ion source proton attached to it 
(Table 2). 

m/z 75. Figure 5(a) and (b) presents the m/z 75 and 77 
daughter ion mass spectra of (I4N)- and ("N)RDX, 
respectively, and the isotope fragment analysis (Fig. 
5(c)). The perdeuterated RDX mass spectrum of m/z 81 
was already presented in Fig. qc). Relatively few daugh- 
ter ion fragments are observed as compared to m/z 74. 
A methyl group is present, an m/z 43 analysis reveals 
WCHNH,]", [HNCNH,]+' and [H,CNN]+' as pos- 
sible structures (Fig. 5(c)), and the features in the vicin- 
ity of m/z 30 were neglected owing to their low 
abundance. The m/z 58 fragment could be represented 
by the [H,CNCHNH,]+', [H,CNHCNH,]+' and 
[(CH,),NN]+' structures, and the remaining 17 u (to 
produce m/z 75) can come from an oxygen and 
ion source proton. Structures that best satisfy the 
daughter ion mass spectral information are 
[H,CN(O)CHNH,]H+, [H,CNHC(O)NH,]H+ and 
[(CH,),NNO]H+'. An m/z 75 daughter ion mass spec- 
trum of protonated N-nitrosodimethylamine 
[(H,C),NNO]H+ (Fig. 5(d)) was identical to that of m/z 
75 in RDX (Fig. 5(a)). This structure is similar to that 
for m/z 74, with the formyl group being replaced by an 
NO group. 

m/z 85. The molecular formula as proposed in Table 2 is 
unusual in that it contains one carbon and two hydro- 
gen atoms more than the RDX molecule itself (Fig. l(a) 
inset). The daughter ion mass spectra of m/z 85 and the 
corresponding isotopic molecular ions are presented in 
Fig. 6(a)-(c). Figure 6(d) presents an analysis of each of 
the fragment ions in terms of equivalent, respective frag- 
ments for the unlabeled and labeled molecular ions. 

At least one methyl group is observed and m/z 30 
appears to be a [H,CN]H+ moiety with an ion source 
proton (Fig. 6(d)). The m/z 44 ion contains one nitrogen 
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Figure 6. Py-APCI daughter ion mass spectra of (a) m/z 85, 
RDX, (b) m/z 87, (''N)RDX, (c) m/z 93, ('H)RDX, (e) m/z 85, 
protonated dimethylaminoacetonitrile. Refer to Fig. 3(d) for ex- 
planation of Fig. 6(d). 

and five RDX-derived hydrogen atoms and appears to 
be any one of a number of fragments with a chemical 
formula of [C2H,NJH+. The m/z 45 ion contains one 
nitrogen and six RDX-derived hydrogen atoms with 
structural permutations having the [C2H6N]H+ chemi- 
cal formula. The m/z 69 ion (Fig. 6(a)) contains two 
nitrogens and only four hydrogens derived from RDX 
and is 16 u apart from the molecular ion. This difference 
suggests an oxygen atom; however, this atom is not 
found in the protonated molecular formula (Table 2). 
Alternative sources of the 16 u loss are either a methyl 
group and source proton or an NH group with a source 
proton, [NHIH'. With the aid of the isotopic analyses, 
a small suite of compounds was selected, and their 
daughter ion mass spectra were obtained. Protonated 
dimethylaminoacetonitrile, [(CH3),NCH2CN]H+ (Fig. 
qe)) produced a better match with Fig. qa )  than that of 
the other test compounds. Note that (CH3),NCH2CN 
has one carbon and two hydrogen atoms more than 
RDX itself. This indicates that its formation is the result 
cif intermolecular reactions among primary products 
and implies that reduction reactions are involved. 

m/z 98. The molecular ion [C,H,N,O]H+ (Table 2) 
consists of only three RDX-derived hydrogen atoms 
and strongly suggests a high degree of unsaturation in 
the molecule. Figure 7(a)-(c) presents the daughter ion 
mass spectra of m/z 98 and its nitrogen and hydrogen 
m/z 101 isotope equivalents. The methyl group is not 
observed, and m/z 28 appears to be protonated hydro- 
gen cyanide as shown by the fragment analyses in Fig. 
7(d). A structural analysis of the minor m/z 16 feature 
suggests the [NH]H+ group. The m/z 44 ion is most 
likely protonated cyanic acid, [HOCNIH' or the iso- 
meric structure [HCNO]H+, and m/z 54, in consider- 
ation of the structure of RDX, can be the 
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Figure 7. Py-APCI daughter ion mass spectra of (a) m/z 98, 
RDX, (b) m/z 101, (l5N)RDX. (c) m/z 101, ('H)RDX. Refer to Fig. 
3(d) for explanation of Fig. 7(d). (e), (f) Possible structures for 
mJz 98, RDX. 

[NCHNCH]" fragment. Adding 17 u to the m/z 54 
fragment would yield m/z 71, suggesting an oxygen/ 
proton combination. Possible structures for this frag- 
ment can be [CHNCHNO]H+, [CHN(O)CHN]H+, 
[NCHNCHOIH' or [NCH(O)NCH]H+ where the 
oxygen atom is located on an internal or external 
carbon or nitrogen atom. 

To the best of the authors' knowledge, compounds 
with the chemical formula C3H,N,0 are not com- 
mercially available, and therefore Fig. 7(e) and (f) pre- 
sents two possible structures that best fit the isotope 
fragment analyses of m/z 98. Figure 7(e) is a protonated 
triazine-N-oxide and Fig. 7(f) represents an equivalent 
structure except that the oxygen is situated on a carbon 
atom. An inter- or intramolecular oxidation reaction 
could take place on the RDX molecule, which would 
lead to the proposed structures. The latter structure is a 
more attractive candidate in that it could act as a direct 
intermediate in the formation of the m/z 46 and 60 
formamide-derived products. 

Comparison of RDX mass spectral response with 
Py-APCI and thermal desorption electron ionization (EI) 
and chemical ionization (CI) 

The chemical formulae and structural identities of the 
m/z 46, 74, 75, 85 and 98 features generated under 
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Py-APCI conditions are in contrast with many of the 
experimental findings in the l i t e r a t ~ r e . ~ - ~ ~ ~ - ' ~ ~ " ~ ~  
Sample conditions such as field desorption5 and direct 
insertion and solids probes with water, methane and 
isobutane C16*7,9*'1-22-25 and E16*79'09'1 have yielded 
an m/z 74 feature that with accurate mass measurement 
(AMM)6,7 corresponds to [CH N 0 1''. In the above 
studies, nitroformimine, [CH,$N&,j+', was proposed 
as the compound, and this species was also observed 
with infrared multiphoton dissociation of an RDX 
molecular beam.26 AMM of m/z 75 produced a chemi- 
cal formula of [H,CN202]+, and this species was 
rationalized as protonated nitroformimine. Spangler et 
al.14 have shown that with flash evaporation of RDX 
on a solids probe in a heated atmospheric pressure ion- 
ization source a mass-identified ion mobility peak was 
found for m/z 75, and the authors assumed the identity 
of the ion was protonated nitroformimine. In the 
present report, however, under similar pyrolysis and 
ionization conditions, tandem mass spectrometry 
isotope analyses yielded the formamine and nitro- 
soamine derivatives for m/z 74 and 75, respectively. 

RDX fragment analyses by EI and CI ( -1  Torr) 
AMM have shown that m/z 46 and 85 are represented 
by the NO2+ and triazine (C3H,N3), r e spec t i~e ly .~*~*~  
In this study, atmospheric pressure thermolysis of RDX 
also yielded these mass spectral features; however, their 
identities are diflerent in that protonated formamide 
and protonateld dimethylaminoacetonitrile are 
responsible for the m/z 46 and 85 features, respectively. 
In addition to Py-APCI, thermal desorption EI and 
C1637,10 and Knudson cell, molecular beam EIZ1 of 
RDX have also produced the m/z 98 feature with an 
AMM-derived chemical formula of [C3H4N30]+'. A 
structural determination of m/z 98, however, is less 
definitive in that only protonated triazine oxide (Fig. 
7(e)) has been proposed in the literature while the 
Py-APCI daughter ion analysis tends to support the 
carbon-oxygen analog in Fig. 7(f). 

The type of thermal treatment (e.g. heating rate or 
maximum temperature), pressure (e.g. vacuum v. 
atmospheric) or ionization type (e.g. EI v. APCI) could 
potentially be responsible for the apparent differences in 
structures between this study and previous mass spec- 
tral studies of RDX. However, the conditions of this 
study favored ionized products from thermally induced 
fragments, while in most of the previous mass spectral 
studies of RDX the conditions were such that RDX was 
probably vaporized with little or no decomposition 
during the thermal treatment, then ionized, and subse- 
quently fragmented by the excess internal energy 
imparted during the EI/CI process. Therefore, the 
thermal dissociation pathway and resulting products 
from the neutral RDX molecule may be different from 
those for the excited state ion. Further effort would be 
required to distinguish between condensed-phase and 
vapor-phase decomposition in our experimental 
arrangement. 

CONCLUSIONS 

radation of the energetic material RDX. Structural 
characterization of the pyrolysis products was achieved 
using ("N)- and ('H)RDX with triple quadrupole mass 
spectrometer instrumentation. Py-APCI tandem mass 
spectrometry thus revealed important insights into the 
decomposition of RDX under the selected experimental 
conditions. These studies emphasized thermally induced 
fragmentation processes and the transport of the result- 
ant species into the APCI source. The combination of 
Py-atmospheric pressure ionization triple-quadrupole 
techniques with isotopically tagged samples was shown 
to be a powerful tool for structural elucidations and 
provided structural assignments that had not been 
reported in the previously cited mass spectrometric 
studies of RDX decomposition. 

EXPERIMENTAL 

A Sciex (Toronto, Canada) TAGA 6000 APCI triple- 
quadrupole mass spectrometer was used as the analyzer 
and detector for mass spectra collection. Background 
methods and general operating procedures for an APCI 
mass spectrometer system have been discussed by 
Dawson et al.27,28 and the operating conditions for the 
present study can be found e l ~ e w h e r e . ~ . ~ ~  Normal oper- 
ating pressure in the conventional mass analyzer mode 
was 2.5-3.0 x Torr, and all daughter ion analyses 
were obtained with a 6.0 x lo-' Torr pressure of argon 
collision gas. 

Pyrolysis of the solid samples was conducted with a 
Pyroprobe Model 122 controller (Chemical Data 
Systems, Oxford, Pennsylvania), with a platinum coil 
desorption probe. Pyrolysis was conducted with the 
temperature ramp (rise time) in the off position and the 
final set temperature was 360°C. All runs used -0.5- 
1.0 mg of powdered sample positioned in a quartz tube 
with quartz wool. The tube was placed into the desorp- 
tion probe, and the latter was inserted into the ion 
source of the mass spectrometer. Details and a sche- 
matic of this interface are presented e1sewhe1-e.~ All 
pyrolysis experiments were performed with an 80 cm3 
min-' air flow from a compressed air cylinder (MG 
Industries, Valley Forge, Pennsylvania). Samples of 
("N)RDX and perdeuterated ('H)RDX were obtained 
as gifts from S. Bulusu, Armament Research and Devel- 
opment Center, Dover, New Jersey. In preliminary 
experiments, all RDX samples were observed to contain 
acetone (m/z 59) in the pyrolysis mass spectra, and 
therefore they were vacuum-dried for one week to elimi- 
nate the solvent. Formamide, N,N-dimethylformamide, 
N-nitrosodimethylamine and dimethylaminoacetonitrile 
were obtained from Aldrich Chemical Co. Inc., Mil- 
waukee, Wisconsin, and N-methylformamide was 
obtained from Eastman, Rochester, New York in high 
purity, and all were used without further purification. 
Mass spectral analysis of these liquid compounds were 
obtained by direct vapor sampling. 
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