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I. INTRODUCTION

Very high burning rate (VHBR) propellants are needed for such
applications such as the monolithic charge and the traveling charge. These
propellants generally contain HMX or RDX, and/or triaminoguanidine nitrate
(TAGN) together with a borohydride such as one of the HIVELITES (Teledyne-
McCormick-Selph). The borohydride greatly accelerates the burning rate of the
propellant. The purpose of the present work is to elucidate the chemical
mechanisms responsible for the burning rate acceleration, with the ultimate
goal of optimizing propellant formulations for actual use, e.g., maximum
"catalytic” effects with minimum sensitivity.

This report describes gas chromatography-mass spectrometry (GC-MS)
studies of thermal decomposition of nitramines and nitramine propellant
formulations, both uncatalyzed and catalyzed with B, H,n= and By Hy = salts.
The compositions being studied are experimental VHBR formulations being tested
as part of the BRL VHBR and monolithic charge programs. The goal of the
present work is to correlate observed pyrolysis behavior with performance.
This report describes GC-MS studies on some HMX propellant compo.itirns and
their ingredients. The present author has previously described! GC-Ms studies
on RDX and on mixtures of RDX with KyBjoH)5. Reference 1 is considered to be
Part I in this series of reports.

The approach employed involves GC-MS studies on the pyrolysis products of
pure RNDX and HMX, of propellant compositions and of mixtures of HMX and RDX
with KyRigHyg and K9BjoHjo. A number of previous studies (reviewed in
References 2-9) have reported detailed analysis of the permanent gaseous
products from HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) and RDX
(hexahydro-1,3,5~trinitro~1,3,5-triazine) decomposition. Therefore, the
present work concentrates mainly on the less~volatile products, namely those
whose retention times and volatilities are intermediate between those of the
more-commonly-studied permanently gaseous products and those of unreacted
RDX. Because of their possihle mechanistic significance, the effect of such
factors as temperature and catalyst on formation of 1,3,5~triazine and Uunknown
A (1,2 ,4-oxadiazole?) were also studied.

II. EXPERIMENTAL

The HMX-GAP and HMX-PEG compositions were prepared at Teledyne-McCormick-
Selph by Dr. Abdul Helmy, and contained 10% by weight of the indicated binder
(glycidyl azide polymer (GAP) or polyethylene glycol (PEG)); as oxidizer a
mixture containing five parts by weight HMX and three parts TAGN; and between
0% (uncatalyzed) and 15% KyBinHyp - Thus the PEG formulation identified as PEG
5-3-0 has 10% PEG, 56.3%7 HMX, 33.8% TAGN, and 9% (none) of KyBigH;, while the
formulation identified as PEG 5-3-1%5 has 10% PEG, 46.9%7 HMX, 23.1%7 TAGN, and
15% K7BinHig+ The GAP formulations are lesignated in a similar way.

The apparatus used consists of a Hewlett-Packard 589N GC, coupled to a
5970 Mass Selective Detector. Pyrolysis is carried out by means of a Chemical
Data Systems (CDS) Pyroprobe, which is interfaced to the GC-MS apparatus with
a Chemical Nata Systems (CDS) 330 concentrator.

To carry out a run, a small amount (ca 0.1-1 mg) of the sample is placed
botween two quartz-wool plugs in a quartz tube 25 mm long, and pyrolyzed in a




coil Pyroprobe at a known temperature, generally in the range 250 to 800°C,
and usually either 325 or 800°C, in the desorber inlet of the CDS 330
concentrator. Temperatures given are Pyroprobe set temperatures and are
believed to be somewhat (possibly as much as 100-200°) higher than the actual
temperature. The products pass to trap A of the concentrator, where the less
volatile ones are held at -50° (liquid N, cooling) until the pyrolysis event
is complete. Then trap A is heated and the products are directed to trap B of
the concentrator; this is a cryofocuser which focuses them onto the GC
column. The GC column (crosslinked methyl silicone gum, 12 meter x 0.2 mm,
0.33 ym film thickness) is programmed from 70°C to 250°C over 9 minutes with
an initial 3 minute hold time. The products are held on trap B at -50°
(liquid nitrogen cooling) for several minutes to assure that as many products
as possible are carried over from trap A; this adds ca 5-6 minutes to the
apparent retention time, since the mass spectrometer was kept on during this
time in order to obtain any information that might become available as the
gaseous and other poorly-retained products passed through trap B and the GC
column,

The runs involving RDX and RDX-K mixtures were carried out in the
course of the work reported previous%y, u51ng the apparatus and procedures
described.

IIT. RESULTS

The results of this part of the study are summarized in Figures 1-136 and
in Tables 1-27.

Typical chromatograms for catalyzed and uncatalyzed PEG and GAP
compositions at each of the two temperatures (325 and 800°C) employed are
given in Figures 1-8. Typical chromatograms for each of the pure ingredients
PEG, TAGN, HMX, and H498 at 325 and 800° are given in Figures 9-16. The
retention times given should be corrected by subtracting five minutes in order
to take account of the trap B cooling time, A sample of pure GAP is on order
but was not received in time to be included here.

It can be seen that these chromatograms ( Figures l-16) are extremely
complex., Note that the chromatography is greatly improved over that described
in our previous report;1 this is a result of the cryofocusing provided by trap
B of the concentrator.

The formation in this work of two compounds seems particularly
significant. These include: (a) 1,3,5-triazine, the formation of which from
RNX decomposition we have previously described; 1 and (b) an unknown compound ,
possibly 1,2 ,4-oxadiazole, whose mass spectrum has its highest-mass peak at
m/e 70.

The 1,3,5-triazine was formed in all of the runs on the compositions
(Figures 1-16, Table 27), regardless of temperature or catalyst content.

Although it was formed to a quite noticeable degree in most of the runs
on pure HMX and RDX, the m/e 70 unknown (Unknown A) was much less noticeable
in the runs on the formulations, and in many cases was not seen in these
runs. The cases in which a peak at m/e 70 was discernible at 5-6 minutes were




mostly low-tenperature (325°C) runs, although it was weakly discernible 1in a
very few catalyzed runs at 800°C.

Tables of retention times (and for the more obvious or important peaks,
spectral information and/or comments on possible identitiies) for the less-
volatile products, compiled with the aid of the software from chromatograms
such as those given in Figures 1-16, are given in Tables 1-21 and Figures
18-136. The numbers in the first columns of these tables give the retention
times in minutes; note that five minutes should be subtracted from these
numbers to allow for the cooling time of trap "B" of the concentrator. The
letters following these numbers are abbreviations denoting the relative
intensity of the respective peaks and have the following meanings: s -
Strong; m - Medium; w — Weak, v — Variable; vi - Variable Intensity; vo -
Variable Occurrence. The spectra from all peaks are on hand and further work
on identification is in progress.

Formation of Unknown A (1,2,4-oxadiazole?) in the runs reported earlierl
was studied by reconstructing m/e 70 ion chromatograms, integrating the peak
at ca 0.5.~1.0 minute and normalizing these integrated intensities against the
integrated intensities of the total gaseous—product peak and the gaseous-
product peak at m/e 44 (N,0 + COy) (Tables 22-26).

The information in Tables 22-26 suggests that formation of the m/e 70
unknown (1,2,4-oxadiazole?) exhibits an interesting dependence on both
decomposition temperature and presence of catalyst: First, the extent of its
formation appears to first increase, then decrease with temperature; and
second, the effect of KyBoH} o varies with temperature. At low temperatures,
borohydride causes a decrease in formation of this material and at high
temperatures an increase in its formation is observed over what is observed in
the absence of catalyst.

Table 27 represents an attempt to roughly quantify trends in formation of
1,3,5-triazine from decomposition of the formulations; the heights of the
1,3,5-triazine peaks at m/e 54 and m/e 81 (columns 4 and 5) were normalized by
dividing them by the heights of the most intense peaks in the respective
chromatograms; the results of these normalizations are given in columns 6 and
7. The first three columns give respectively the run number, the sample and
the pyroprobe set temperature at which the decompositions were carried out.

Note the large run—-to-run variations in both the original (columns 4 and
5) and the normalized (columns 6 and 7) peak heights; these are apparently due
to the approximate nature of the data. Nevertheless it is possible to discern
that the presence of K,B;nH{y as catalyst appears in most cases to decrease
the amount of 1,3,5-triazine formed (Table 27). Any effects of temperature
and of binder (PEG vs. GAP) are apparently obscured due to the approximate
nature of the data in Table 27.

An attempt was made at checking for the possibility of destruction of
1,3,5-triazine by K2BIOH10; this involved vaporization of 1,3,5~triazine in a
pyroprobe at 400°C in the presence and absence of KyB|gH|; and analyzing the
effluent by gas chromatography-infrared spectroscopy %GC—IR). In some runs,
both with and without KqBi4Hy, the effluent appeared to be reasonably pure
1,3,5-triazine. However, the results are still considered inclusive because
of the use of unweighed samples, and because in many runs, both with and




without KB, the samples appeared to have decomposed while being
prepared, possigly as a result of atmospheric moisture. However, injection of
liquid samples of acetone solutions of 1,3,5-triazine invariably gave good
GC-IR and GC-MS chromatograms of 1,3,5-triazine.

IVv. DISCUSSION

A. Identification of Chromatographic Peaks

Among the most noticeable features of the chromatograms (Figures 1-16)
from thermal decomposition of HMX, RDX, and the formulations are the
relatively intense peaks at the beginning of the temperature~programmed region
of the chromatogram. Substances emerging in this region include 1,3,5-
triazine, N,N-dimethylaminoacetonitrile and some possibly related compounds,
and an unidentified material (Unknown A) apparently having a molecular weight
of 70 (1,2,4~oxadiazole?). Since these are also probably among the most
mechanistically significant of the less-volatile products, it seems worthwhile
to describe in some detail the evidence for their structures.

1,3,5-Triazine., Identification of 1,3,5-triazine from RDX decomposition
was described in our previous report. In the present work, the occurreunce of
1,3,5~triazine with retention time ca 0.5~1.0 minute after release of the
products from trap B was detected by carrying out ion chromatograms for its
characteristic peaks at m/e 54 and 81; this was confirmed by comparing its
spectrum with spectra1 of authentic 1,3,5~triazine obtained on our
instrument. 1,3,5-triazine was found in nearly all runs involving
decomposition of HMX and HMX-containing propellant formulations. Possible
mechanisms for its formation in these systems will be discussed below.

N,N-Dimethylaminoacetonitrile and Related Compounds. A peak of variable
intensity with retention time of ca 5.9-6.0 minutes (ca 0.9-1.0 minutes after
correction for the 5-minute cooling time of trap B) was tentatively identified
from mass spectra (see for example Figures 76, 82, 91) as (CH3),)NCH,CN
(N,N-dimethylaminoacetonitrile) . This was confirmed by the spectrum and
retention time obtained from injection of an authentic sample (Figure 137).
This peak occurs 1in many runs, and appears to be strongest in those carried
out in the presence of K;B, as catalyst (Tables 1-10), although it does
occur in runs on HMX alone ?Tables 11-15).

There are several other peaks which may be related to (CH3)2NCH2CN. Some
of these appear to be characterized by components with highest-mass peaks at
m/e 70 and strong M-1 peaks at m/e 69. These include peaks with retention
times 6.98 - 5.0 = 1.98 minutes (Table 6, Figure 58); 6.46 — 5.0 = 1.46
minutes (Table 8, Figure 70); 6.64 - 5.0 = ]1.64 minutes (Table 8, Figure 71);
and 6.38 - 5.0 = 1.38 minutes (Table 9, Figure 77). In addition, there is at
least one peak (7.70 — 5.0 = 2.70 minutes) (Table 14, Figure 100) with highest
mass at m/e 109; and finally a second (7.34 - 5.0 = 2.34 minutes) peak with
highest mass at m/e 84 (Table 11, Figure 88). All of these chromatographic
peaks are characterized by M - 26 (loss of CN), M - 42 (loss of CH,CN) and in
some cases M - 15 (loss of CH4 ). Possible structures include (CH3 oN-CN and

NH—CHZ CN for M= 70, CH3 NH CHZCHZFN and CH3CH2 NH- CHZCN for M= 84 and
CH3 N(- CHy CN)Q for M= 109 Authentic comparison samples of the first three
rompounds are on order; unfortunately the last two are apparently not
commercially available,




Unknown A (1,2,4-Oxadiazole?). Another strong peak at the beginning of
the temperature-programmed region of the chromatogram has the spectrum shown
in Figure 17. The structure of this material is at present uncertain.

However it seems worth mentioning that unknowns containing peaks at m/e 70
have been reportedlo-la previouslx among the products from HMX and RDX
decomposition. In some casesl0s! )13 the structure 1,2 ,4-o0xadiazole has been
mentioned in connection with these peaks. This seems at least consistent with
the following:

(a) 1lon chromatograms for m/e 70 for the pure—-HMX and pure-RDX rums in
which this compound occurs show a single strong peak at a point about one-half
minute after release of the products from the cryofocuser.

(b) The isotope peak at m/e 71 had an intensity 2.93% of that of the
apparent parent—ion peak at m/e 70; this is in reasonable agreement with the
value of 2.99% calculated!® for CyHyNy 0.

(c) The index of hydrogen deficiency15 (equal to total number of rings
and double bonds) for this molecular formula is 3, in agreement with the
1,2 ,4-oxadiazole structure which has one ring and two double bonds.

(d) By analogy with the mass spectra of 3,5-disubstituted 1,2,4~
oxadiazoles,lf”17 the unsubstituted parent compound should be capable of
cleaving in two possible ways, one yielding an m/e 29 (HCO) and an m/e 4]
(NCHN) fragment and the other yielding an m/e 27 (HCN) and an m/e 43 (HCNO).
There is a problem here, since while the m/e 43 peak of our spectrum is the
strongest in that part of the spectrum, the other strong peak in the region
occurs not at m/e 41 but at m/e 40; however it does not seem unreasonable to
suppose that increased resonance stabilization in NCN (m/e 40) might be a
driving force for loss of a hydrogen from m/e 41 (NCHN).

(e) 1In the pure-HMX and pure-RDX runs, which were less "busy” than the
composition runs, the peak which we tentatively attribute to 1,2,4-oxadiazole
appeared homogeneous; the spectra were the same throughout the peak.

(f) 1Integration of ion chromatograms for m/e 26, 27, 28, 29, 30, 38, 39,
40, 41, 42, and 43 showed peaks in the 5.5-6 region within ca 0.001 minute of
each other and of the only intense peak in the m/e 70 chromatogram.

(g) 1In a footnote in Reference 13, it is stated that a fragmeut of m/e
70 appeared in gyrolysis/ms studies on HMX at 573 K (300°C). When ring-
labeled (with 1 N) was used the peak shifted to m/e 72. It was stated
(experimental details not given) that the mass spectrum of this compound was
similar to a known spectrum of 1,2,4-oxadiazole. The present work apparently
differs from this in that we used chromatography to separate the products.

It seems unlikely that the m/e 70 peak reported by Juhasz!! is
identifiable with the m/e 70 peak mentioned here. This follows from the fact
that the substance reported earlier!! had a peak at m/e 69 as well as 70; no
such peak appeared in our Unknown A (Figure 17). We did see at least one
other unknown with m/e 70 that was accompanied by a peak at m/e 69 (Tables 8
and 9, Figures 71 and 77); the structure of this peak is under
1nvesti%2tion. 1t is also unlikely that the m/e 70 peak mentioned by
Behrens is identifiable with Unknown A from the present work, since that




peak appears to result from decomposition of a compound with parent ion at 97,
whereas the parent ion of Unknown A in the present work appears to be 70.

Identification of the compounds responsible for the remainder of the
peaks in the chromatograms pictured in Figures 1-136 is in progress.

B. Prelimi~ary Observations Conerning Catalyst and Temperature Effects on
Formation of Products

1,3,5-Triazine. In Table 27 are presented the results of an attempt to
quantify at least the trends in formation of 1,3,5-triazine. Ion
chromatograms for the 1,3,5-triazine mass peaks at m/e 54 and m/e 81 were
taken, and the heights of their peaks at ca 5.8 = 5.0 = 0.8 minutes (retention
time of 1,3,5~-triazine) were normalized by dividing them by the heights of the
highest peaks in the respective chromatograms.

Several trends emerge from the data in Table 27. First, although 1,3,5-
triazine is formed from decomposition of HMX, there seems to be much more
1,3,5-triazine formed from RDX decomposition than from HMX decomposition (Runs
107-113, 172-175 and 186). This is as expected, since RDX and 1,3,5-triazine
both include six-membered ring structures while in the case of HMX the six-
membered structure must be formed from the eight—-membered ring present in HMX.

Second, at least for consecutive runs there seems to be a tendency for
1,3,5-triazine formation to be reduced in the presence of catalyst (Rums 11l4-
156 and 161-166), although runs 114, 155 and 162 are exceptions. This is in
agreement with results obtained earlier® on RDX and RDX—K2312H12 mixtures.
However it is harder to discern any effect of temperature.

It is interesting to note that while at 800°C even less (none at all in
many runs) of the 1,3,5-triazine peaks at m/e 54 and m/e 81 are seen from
decomposition of TAGN than from HMX, these peaks become a little more intense
when decomposition of TAGN is carried out at 325°C (Runs 157-60, 167-71, 184-
185). There is no obvious explanation as to why HMX at 325°C, in contrast to
the higher temperatures, forms little if any 1,3,5-triazine. Possibly (see
below, Section IV.C.) the 1,3,5-triazine forms from HMX via an intermediate
1,3,5,7-tetraazacyclooctatetraene which decomposes only at higher temperatures
than reached by our samples at a set temperature of 325°C. It is also hard to
see why, in contrast to pure TAGN and pure HMX, some runs on the compositions
seem to give appreciable amounts of m/e 54 and m/e 81 on decomposition at
325°cC.

Unknown A. Tables 22-26 show some further results taken from total ion
chromatograms (plots of total {ion intensity vs. time) obtained in the course
of our earlier work,1 as well as results obtained from single-ion
chromatograms, A single ion chromatogram is a plot of intensity vs. time for
a single ion mass; these can be obtained using the software that came with our
equipment.

Columns 4-6 of Tables 22-26 contain summaries of integrated total
intensities of the almost—unretained (retention times less than ca 0.8 minute)
products, as well as of the peaks at ca 0.5 minute corresponding to m/e 44
(believed to be mostly N,0 and CO,), and 70 (used as an index of Unknown A
(1,2 ,4-oxadlazole?) formation). The last three columns of Tables 22-26




contain the racios of the areas of the peaks of m/e 44 and 70 to the total ion
area and of the integrated area of the m/e 70 ion chromatogram to that of the
m/e 44 ion chromatogram. The object of the ratioing was to compensate at
least partially for the fact that the samples were unweighed, thereby
obtaining at least a crude normalized estimate of the relative amounts of
Unknown A (1,2 ,4-oxadiazole?) formed in the varifous runs. This seemed
worthwhile because of the possible mechanistic significance of the formation
of Unknown A (1,2,4~oxadiazole?). Note however the uncertainty due to such
factors as possible changes with temperature or degree of catalyst in the
rclative amounts of gaseous products.

Increasing the decomposition temperature (Tables 22-26) in the absence of
catalyst caused some increase until at least the 600°C region is reached, but
by the time 800°C is reached, the intensity ratios for m/e 70 have decreased
to a fraction of their value at 250°C. This suggests that in the absence of
catalyst, formation of Unknown A decreases at the higher temperatures,
although it is also possible that the decrease is due to boron-hydride
catalyzed decomposition of Unknown A (1,2,4-oxadiazole?) after formation.

In the presence of Ko B catalyst (Tables 22-26), the temperature
effect appears to be the foilowin Inknown A (1,2 ,4-oxadiazole?) formation
seems to remain more or less constant with temperature, with some signs of a
maximum in the 400°C - 600°C region.

The effect of catalyst at the various temperatures appears to be as
follows. At 250°C and at 400°C, added KyBy,H;, causes a decrease in Unknown A
(1,2,4-0oxadiazole?) formation., At 600°C, the situation does not seem clear-
cut and at 800°C, there is actually some increase in Unknown A (1,2 ,4-
oxadiazole?) formation due to added KoBipHyp. This shift with temperature in
the effect of presence of catalyst on the amount of Unknown A detected seems
of considerable interest, since it could indicate a change in catalysis
mechanism as temperature increases. This is true regardless of the exact
nature of any chemical structure that may ultimately be assigned to Unknown A.

C. Chemical Mechanisms

Mechanisms for 1,3,5-Triazine Formation from HMX. Most if not all of the
1,3,5-triazine observed from the decomposition of the HMX formulations
presumably results from decomposition of HMX, since decomposition of HMX alone
gives some | ,3,5-triazine and none of the other ingredients contain any
ohvious source or precursor for 1,3,5-triazine. Mechanisms that should be
considered for its formation include (a) further decomposition of 1,3,5,7-
tetraazacyclooctatetraene formed from HMX decowposition by mechanisms similar
to those written! for formation of 1,3,5~triazine from RDX decomposition
(Scheme T1); and (b) trimerization of HCN formed®™8 in HMX decomposition
(Scheme T11).
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It seems unlikely that more than a small amount of the 1,3,5-triazine
could have been formed from pathway (b), HCN trimerization. It formed in
almost every decomposition of HMX, RDX, and of the formulations. However when
TAGN, the decomposition products of which include HCN,18 was decomposed at
800°C under the same conditions, the runs gave very little 1,3,5-triazine as
measured by the peaks at m/e 54 and 81. The runs at 325°C on TAGN did give a
little more intensity at m/e 54 and 81, but still much less than did the
formulation runs at the same temperature., The compositions were only about
30% TAGN. Thus it appears that while it is possible that at 325°C a little of
the 1,3,5-triazine may have been formed by HCN trimerization, little if any of
the 1,3,5-triazine seen at 800°C was formed via this route. However, it seems
difficult to rule out HCN trimerization conclusively except by scrambling
studies on mixtures of fully-ring-labeled and unlabeled RDX; such studies are
planned.

Most, and at the higher temperature (800°C) essentially all, of the
1,3,5-triazine formed in these runs presumably arose from further
decomposition of 1,3,5,7-tetraazacyclooctatetraene formed in decomposition of
HMX. HMX would give this species after loss of the elements of four molecules
of HONC by pathways (Scheme I) analogous to those involved in formation of
1,3,5-triazine directly from RDX. By analogy with the known chemistry of
cyclooctatetraene, azocine and di- and triazocines (which are known 9 %o yield
respectively benzene and azahenzenes on thermolysis), 1,3,5,7-
tetraazacyclooctatetraene should decompose further with formation of 1,3,5-
triazine,

Possible Chemical Mechanism for Formation of Unknown A (1,2,4-
Oxadiazole?). The structure of Unknown A is not yet established firmly.
However the possibility of its heing identifiable with the earlier!3 m/e 70
unknown (which was described as having a mass spectrum similar to that of
1,2,4-oxadlazole) seems sufficiently reasonable to at least mention a possible
mechanism by which 1,2,4-oxadiazole might be formed, as well as its possible
implications for combustion catalysis by borohyrdide catalysts. Another
reason for such a discussion is to help make the point for the importance of
continued study of Unknown A, including its true structure, the mechanisms by
which it is formed, and the factors affecting its formation. This importance
is based mainly on the fact that the shift with temperature in the effect of
K,B 2H1 on its formation suggests a difference in catalysis mechanism between
hig# ans low temperatures,

A possible mechanism for formation of 1,2,4-oxadiazole is given in Scheme
ITI.

According to this mechanism, the HMX (or RDX) loses NO, by N-NO,
cleavage, then recombines with attack by oxygen instead of nitrogen. N-0
cleavage of the resulting hydroxylamine nitrite leaves a nitroxide; nitrggides
of this type have actually been observed in HMX and RDX decompositions.”’




The nitroxide could have a hydrogen and its adjacent nitro group stripped away
either inter- or iatramolecularly (the position next to the nitroxide should
be favored for this due to resonance) and loses one (RDX) or two (HMX)
molecules of Hy C=N-NOy possibly by ring-opening and beta~cleavage. The
resulting nitroso-containing radical could cyclize with attack of the radical
center on the nitroso oxygen to give a cyclic radical which could yield 1,2,4-
oxadiazole hy loss of a hydrogen atom,
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Nitroxides of the type shown have actually been observed?? in HMX and RDX
decomposition., The mechanism of Scheme TIII also accounts for the fact1 )13
that the m/e 70 peak sometimes written as !,2,4-oxadiazole is replaced by one
at m/e 72 when the decomposition is carried out on fully ring-labeled HMX:
both nitrogens in the species must therefore have been ring nitrogens of the
original HMX or RDX molecule.

The following sugmestions are obhviously highly speculative. They are
heing put forward at this time for two reasons: First, there seems to be
considerable interest in understanding the chemical mechanisms responsible for
borohydride catalysis of HMX and RDX decomposition and combhustion. Second, it
seems worthwhile to make a case for the importance nf continued study of
Unknown A.

The effects of temperature and of K ByoHyp or KpBigHn catalyst on the
amount of Unknown A (1,2,4-oxadiazole?) Setected were discussed above. They
included the following: At high temperatures, the amount of Unknown A
detected was decreased. Addition of K2812H12 or KZBIOHIO catalyst causes a
decrease in amount of Unknown A detected at low temperature, and an increase
in amount detected at high temperature. The temperature effect can be
explained in terms of increased reaction of NO, with, for example, CH bonds in
molecules such as H,(=0 or unreacted WMX/RDX at higher temperatures relative
to the recombination mechanism that according to Scheme IIT would lead to
formation of oxadiazole. This makes sense since such reactions as H-
abstraction might be expected to have higher activation energies than a simple
recomhination mechanism such as the first step of Scheme TIT.

Possibly the most obvious way for added KoBypHyo ot KoBigHjn to influence
the formation of oxadiazole would he for it to influence the amount of NOy

present, possibly either by (a) reacting with it or by (b) promoting or
retarding a reaction in which it is formed.

The following, highly speculative suggestion is based on the preceding
three paragraphs. Possibly added KyBioHy2 or KyBinHig accelerates HMX/RDX
decomposition at low temperatures by reacting with NO,, possibly to give




radicals which acclerate decomposition, for example by reacting with unreacted
HMX/RDX faster than does NO, itself. At higher temperatures, possibly the
added KoByoH) 9 or KyBigH|y causes a mechanism shift in which the added
KyByoHyo or KyBinH 4 induces generation of more NOy. To give only one
example, the shift might be from the low-temperature thermolysis mechanism to
a mechanism involving an initial hydrogen transfer or electron transfer
followed by steps which generate NO, faster than the low-temperature
mechanism,

V. SUGGESTIONS FOR FUTURE WORK

Many possibilities for future work suggest themselves. A number of these
actually arise out of the fact that funding for this work ended too suddenly
for the examination and interpretation of the data to be completed
satisfactorily. For one thing, there is considerable room for further work
simply analyzing the chromatograms from which Tables 1-21 and Figures 18-137
were made, examining spectra and library searches from each peak.

Another possibility would involve identification of the material referred
to above as "Unknown A". Two aids in identification might involve (a) use of
a concentrator similar to that used in this work, together with Gas
Chromatography-Fourier Transform Infrared Spectroscopy (GC-FTIR) equipment to
provide high-resolution chromatograms based on infrared spectra. This would
be useful if a reference infrared spectrum of 1,2,4-oxadiazole could be
located. (b) Another possible approach might be to prepare an authentic
sample of 1,2,4~oxadiazole and obtain its mass spectrum for comparison with
that of Unknown A. The preparation of 1,2,4~oxadiazole has been described,
but we have not been able to locate an authentic mass spectrum of 1,2,4-
oxadiazole.

Another way of obtaining information on mechanisms operating in catalysis
of nitramine decomposition and combustion would involve studies of isotope
scrambling during decomposition of mixtures of unlabeled and fully—lSN—labeled
HMX or RDX, followed by analysis of the products (NZO’ sz nitrosoamines, and
unreacted RDX). This approach has been discussed earlier’*’»’ for the case of
uncatalyzed HMX or RDX; information on the effect of boron hydride catalysts
such as K9BjgHjp and KoByoHyo could be obtained by comparing results obtained
presence and in the absence of such materials,

Another variation on this general theme would involve scrambling studies
on mixtures of ring—lsN-labeled and unlabeled HMX and RDX; this would make it
possible to distinguish between intermolecular (e.g., HCN trimerization) and
intramolecular formation of 1,3,5-triazine.

Finally, it would be of considerable interest to check for deuterium
isotope effects by carrying out decompostion and combustion studies on
KyB109D10 and KoByoDpgs and comparing the results with those from parallel
studies on K2BiqH1g and OLIPLIPE Hopefully this would yield information on
the role of the hydrogen atoms in K,B|gH|y and KyBj,H;, in catalysis of HMX
and RDX decomposition and combustion. Deuterium isotope-effect studies (see
for example References 13 and 22) on decomposition of pure HMX and RDX have
revealed that the hydrogen atoms play a significant role in the combustion and
explosiun behavior of these materials. However, as far as this writer is
aware such studies have not been carried out on mixtures involving deuterated
boron hydrides.
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Figure 2. Total Ion Chromatogram from PEG 5-3-0 Decomposed 20 Sec at 800°C
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Figure 3. Total Ion Chromatogram from PEG 5-3-15 Decomposed 20 Sec at 325°C
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Figure 17. Spectrum of Unknown A (1,2,4-Oxadiazole?), from HMX Decomposition
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Figure 18. Typical Mass Spectrum of Chromatographic Peak at ca 5.6 Minutes,
GAP 5-3-0, 325°C
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Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, GAP 5-3-0, 325°C
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Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, GAP 5-3-0, 325°C
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Figure 21. Typical Mass Spectrum of Chromatographic Peak at
ca 6.3 Minutes, GAP 5-3-0, 325°C
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Figure 22. Typical Mass Spectrum of Chromatographic Peak at
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Typical Mass Spectrum of Second Chromatographic Peak at

ca 5.7 Minutes, GAP 5-3-0, 800°C
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Figure 25. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, GAP 5-3-0, 800°C
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Figure 26. Typical Mass Spectrum of Chromatographic Peak at
ca 6.8 Minutes, GAP 5-3-0, 800°C
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Figure 27. Typical Mass Spectrum of Chromatographic Peak at
ca 7.1 Minutes, GAP 5-3-0, 800°C
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Figure 28. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, PEG 5-3-0, 325°C
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Figure 29,

Typical Mass Spectrum of First Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-G, 325°C

Scan 228
2530:

)
2200
1300 1

1000

PP

S001

(3.793 min) of GCMS128.0

!IIl il . e

L
40

- v T

1] €0 rd~ B aérg,

Figure 30,

Typical Mass Spectrum of Second Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-0, 325°C
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Figure 31. Typical Mass Spectrum of First Chromatographic Peak at
ca 6.0 Minutes, PEG 5-3-0, 325°C
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Figure 32. Typical Mass Spectrum of Second Chromatographic Peak at
ca 6.0 Minutes, PEG 5-3-0, 325°C
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Figure 33. Typical Mass Spectrum of Chromatographic Peak at
ca 6.3 Minutes, PEG 5-3-0, 325°C
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Figure 34. Typical Mass Spectrum of Chromatographic Peak at
ca 6.5 Minutes, PEG 5-3-0, 325°C
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Figure 35.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.8 Minutes, PEG 5-3-0, 325°C
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Figure 36.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.9 Minutes, PEG 5-3-0, 325°C
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Figure 37. Typical Mass Spectrum of Chromatographic Peak at

ca 6.2 Minutes, PEG 5-3-0, 325°C
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Figure 38. Typical Mass Spectrum of Chromatographic Peak at

ca 10.1 Minutes, PEG 5-3-0, 325°C
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Figure 39. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, PEG 5-3-0, 600°C
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Figure 40. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-0, 600°C
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Figure 41.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, PEG 5-3-0, 600°C
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Figure 42.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.5 Minutes, PEG 5-3-0, 600°C
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Figure 43,

Typical Mass Spectrum of Chromatographic Peak at

ca 5.6 Minutes, PEG 5-3-0, 800°C
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Figure 44.

Typical Mass Spectrum of Chromatographic Peak at

ca 5.7 Minutes, PEG 5-3-0, 800°C
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Figure 45. Typical Mass Spectrum of First Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-0, 800°C
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Figure 46. Typical Mass Spectrum of Second Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-0, 800°C

31




Scan 244 (5.944 min) of GCMS140Q.0
287

a‘l|l| |
@

T T

s@ 60 20

Figure 47.

Typical Mass Spectrum of Chromatographic Peak at
ca 5.9 Minutes, PEG 5~3-0, 800°C
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Figure 48,

Typical Mass Spectrum of Chromatographic Peak at
ca 6.1 Minutes, PEG 5-3-0, 800°C
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Figure 49,

Typical Mass Spectrum of Chromatographic Peak at

ca 6.5 Minutes, PEG 5-3-0, 800°C
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Figure 50.

Typical Mass Spectrum of Chromatographic Peak at

ca 7.0 Minutes, PEG 5-3-0, 800°C
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Figure 51. Typical Mass Spectrum of Chromatographic Peak at
ca 7.3 Minutes, PEG 5-3-0, 800°C
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Figure 52. Typical Mass Spectrum of Chromatographic Peak at
ca 6.6 Minutes, PEG 5-3-0, 800°C
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Figure 53. Typical Mass Spectrum of Chromatographic Peak at
ca 5.5 Minutes, GAP 5-3-15, 325°C
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Figure 54. Typical Masgs Spectrum of Chromatographic Peak at
ca 5.6 Minutes, GAP 5-3-15, 325°C
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Figure 55. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, GAP 5-3-15, 325°C
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Figure 56. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, GAP 5-3-15, 325°C
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Figure 57. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, GAP 5-3-15, 325°C
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Figure 58. Typical Mass Spectrum of Chromatographic Peak at
ca 7.0 Minutes, GAP 5-3-15, 325°C
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Figure 59. Typical Mass Spectrum of Chromatographic Peak at
ca 5.5 Minutes, GAP 5-3-15, 800°C

Scan 224 ($5.872 wmtnl of GCMS138.0
2000
4
2000
1000 1
4

<+

oY) SRR S R ; —~ . . —t )

Y-} 42 .4 4 48 1] 32 sS4 36 -1:]

Figure 60. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, GAP 5-3-15, 800°C
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Figure 61.

Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, GAP 5-3-15, 800°C
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Figure 62.

Typical Mass Spectrum of Chromatographic Peak at
ca 5.9 Minutes, GAP 5-3-15, 800°C
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Figure 63.

Typical Mass Spectra of Chromatographic Peak at

ca 6,6 Minutes, GAP 5-3-15, 800°C
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Figure 64,

Typical Mass Spectra of Chromatographic Peak at

ca 6.8 Minutes, GAP 5-3-15, 800°C
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Figure 65. Typical Mass Spectrum of Chromatographic Peak at
ca 8.8 Minutes, GAP 5-3-15, 800°C
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Figure 66. Typical Mass Spectrum of Chromatographic Peak at
ca 5.6 Minutes, PEG 5-3-15, 325°C
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Figure 67. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, PEG 5-3-15, 325°C
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Figure 68. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, PEG 5-3-15, 325°C
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Figure 69. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, PEG 5-3-15, 325°C
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Figure 70. Typical Mass Spectrum of Chromatographic Peak at
ca 6.5 Minutes, PEG 5-3-15, 325°C
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Figure 71. Typical Mass Spectrum of Chromatographic Peak at
ca 6.7 Minutes, PEG 5-3-15, 325°C
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Figure 72. Typical Mass Spectrum of Chromatographic Peak at
ca 5.3 Minutes, PEG 5-3-15, 600°C
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Figure 73. Typical Mass Spectrum of Chromatographic Peak at

ca 5.5 Minutes, PEG 5-3-15, 600°C
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Figure 74. Typical Mass Spectrum of Chromatographic Peak at

ca 5.6 Minutes, PEG 5-3-15, 600°C
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Figure 75. Typical Mass Spectrum of Chromatographic Peak at

ca 5.7 Minutes, PEG 5-3-15, 600°C
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Figure 76. Typical Mass Spectrum of Chromatographic Peak at

ca 6.0 Minutes, PEG 5-3-15, 600°C
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Figure 77. Typical Mass Spectrum of Chromatographic Peak at
ca 6.4 Minutes, PEG 5-3-15, 600°C
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Figure 78. Typical Mass Spectrum of Chromatographic Peak at
ca 6.6 Minutes, PEG 5-3-15, 600°C
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Figure 79.

Typical Mass Spectrum of Chromatographic Peak at
ca 5.6 Minutes, PEG 5-3-15, 800°C
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Figure 80. Typical Mass Spectrum of First Chromatographic Peak at

ca 5.7 Minutes, PEG 5-3-15, 800°C
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Figure 81. Typical Mass Spectrum of Second Chromatographic Peak at
ca 5.7 Minutes, PEG 5-3-15, 800°C
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Figure 82. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, PEG 5-3-15, 800°C
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Figure 83,

Typical Mass Spectrum of Chromatographic Peak at

ca 6.5 Minutes, PEG 5-3-15, 800°C
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Figure 84,

Typical Mass Spectrum of Chromatographic Peak at

ca 8.8 Minutes, PEG 5-3-15, 800°C
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Figure 85. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, HMX, 325°C
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Figure 86. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, HMX, 325°C
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Figure 87. Typical Mass Spectrum of Chromatographic Peak at

ca 7.2 Minutes, HMX, 325°C
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Figure 88, Typical Mass Spectrum of Chromatographic Peak at

ca 7.3 Minutes, HMX, 325°C
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Figure 89. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, HMK, 400°C
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Figure 90. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, HMX, 400°C
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Figure 91. Typical Mass Spectrum of Chromatographic Peak at
ca 6.1 Minutes, HMX, 400°C
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Figure 92. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, HMX, 600°C
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Figure 93. Typical Mass Spectrum of Chromatographic Peak at
ca 5.9 Minutes, HMX, 600°C
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Figure 94. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, HMX, 600°C
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Figure 95. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, HMX, 800°C
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Figure 96. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, HMX, 800°C
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Figure 97. Typical Mass Spectrum of Chromatographic Peak at

ca 6.0 Minutes, HMX, 800°C
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Figure 98. Typical Mass Spectrum of Chromatographic Peak at

ca 7.5 Minutes, HMX, 800°C
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Figure 99,

Typical Mass Spectrum of Chromatographic Peak at
ca 7.6 Minutes, HMX, 800°C
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Figure 100,

Typical Mass Spectrum of Chromatographic Peak at
ca 7.7 Minutes, HMX, 800°C
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Figure 101,

Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, RDX, 600°C
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Figure 102,

Typical Mass Spectrum of Chromatographic Peak at

ca 5.9 Minutes, RDX, 600°C
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Figure 103. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, PEG, 325°C
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Figure 104. Typical Mass Spectrum of Chromatographic Peak at
ca 5.9 Minutes, PEG, 325°C
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Figure 105. Typical Mass Spectrum of Chromatographic Peak at

ca 6.0 Minutes, PEG, 325°C
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Figure 106. Typical Mass Spectrum of Chromatographic Peak at

ca 6.1 Minutes, PEG, 325°C
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Figure 107.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.2 Minutes, PEG, 3°:"C
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Figure 108.

Typical Mass Spectrum of Chromatographic Peak at
ca 6.3 Minutes, PEG, 325°C
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Figure 109. Typical Mass Spectrum of Chromatographic Peak at
ca 6.5 Minutes, PEG, 325°C
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Figure 110. Typical Mass Spectrum of Chromatographic Peak at
ca 7.9 Minutes, PEG, 325°C
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Figure 111. Typical Mass Spectrum of Chromatographic Peak at
ca 9.6 Minutes, PEG, 325°C
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Figure 112. Typical Mass Spectrum of Chromatographic Peak at
ca 12.6 Minutes, PEG, 325°C
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Figure 113. Typical Mass Spectrum of Chromatographic Peak at

ca 5.7 Minutes, PEG, 800°C
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Figure 114. Typical Mass Spectrum of Chromatographic Peak at

ca 5.86 Minutes, PEG, 800°C
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Figure 115. Typical Mass Spectrum of Chromatographic Peak at
ca 5.95 Minutes, PEG, 800°C
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Figure 116. Typical Mass Spectrum of Chromatographic Peak at
ca 6.0 Minutes, PEG, 800°C
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Figure 117. Typical Mass Spectrum of Chromatographic

ca 6.1 Minutes, PEG, 800°C

Peak at

Scan 289 (7.3B8 wtn) of GCMS17B.0

L IIL-. .L
T

- ; ;I.I
&0 30

100

R
il

-

110

] ED

~3 |-

Figure 118. Typical !lass Spectrum of Chromat sgraphic Peak at

ca 7.4 Minutes, PEG, 800°(C
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Figure 119. Typical Mass Spectrum of Chromatographic Peak at
ca 7.9 Minutes, PEG, 800°C
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Figure 120. Typical Mass Spectrum of Chromatographic Peak a*
ca 9.3 Minutes, PEG, B800°C
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Figure 121, Typical Mass Spectrum of Chromatographic Peak at
ca 9.9 Minutes, PEG, 800°C
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Figure 122. Typical Mass Spectrum of Chromatographic Peak at
ca 5.6 Minutes, TAGN, 325°C
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Figure 123. Typical Mass Spectrum of Chromatographic Peak at
ca 5.7 Minutes, TAGN, 325°C
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Figure 124, Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, TAGN, 325°C
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Figure 125. Typical Mass Spectrum of Chromatographic Peak at
ca 6.5 Minutes, TAGN, 325°C
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Figure 126. Typical Mass Spectrum of Chromatographic Peak at
ca 6.7 Minutes, TAGN, 325°C
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Figure 127. Typical Mass Spectrum of Chromatographic Peak at
ca 6.8 Minutes, TAGN, 325°C
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Figure 128. Typical Mass Spectrum of Chromatographic Peak at
ca 6.85 Minutes, TAGN, 325°C
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Figure 129. Typical Mass Spectrum of Chromatographic Peak at
ca 6.93 Minutes, TAGN, 325°C
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Figure 130. Typical Mass Spectrum of Chromatographic Peak at
ca 7.1 Minutes, TAGN, 325°C
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Figure 131. Typical Mass Spectrum of First Chromatographic Peak at
ca 5.6 Minutes, TAGN, 800°C

Scan 218 (5.BB7 min) of GCMS184.0

p.BE4:

v g

20 23 -] 33 40 43

Figure 132, Typical Mass Spectrum of Second Chromatographic Peak at
ca 5,7 Minutes, TAGN, 800°C
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Figure 133. Typical Mass Spectrum of Chromatographic Peak at
ca 5.8 Minutes, TAGN, 800°C
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Figure 134. Typical Mass Spectrum of Chromatographic Peak at
ca 5.9 Minutes, TAGN, 800°C
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Figure 135. Typical Mass Spectrum of Chromatographic Peak at
ca 5.6 Minutes, KyBi43H;,, 325°C
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Figure 136. Typical Mass Spectrum of Chromatographic Peak at
ca 5.6 Minutes, K,B,4H,,, 800°C
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Figure 137. Typical Mass Spectrum of Authentic Sample of
N,N-Dimethylaminoacetonitrile
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Table 1. Table of Peaks in Total Ion Chromatograms from GAP

Average Time
Min.

5 .64m
5.70s
5.83m
597w

6 .02w

6 .30s,v
6 .33w
6.52w
6.61vi
6.70w
6.81w

6 .96w

7 08w
7.18w
7.25w
7.31w

7 42w

7 49w

7 64w

7 5w

7 90w

8 .0%9w
8.l16w
8.28w,vo
8 .45w
8 .58w
8.78w

8 94w

9 .08m
9.30w
11 34w
12.19w
13.220w
14 .29w
14 41w
15.62w,vo
15 .67w,vo

Decomposed 20 Sec at 325°C

Figure Remarks
18 Strongest m/e 43,44 ,58,45,
19 Mixture: 43,58; 45.
20 Looks like 1,3,5-triazine.
21 Strongest m/e 43,45,60.
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Table 2. Table of Peaks in Total Ion Chromatograms from GAP 5-3-0
Decomposed 20 Sec at 800°C

Average Time
Min. Figure Remarks

5.63s 22 Little but m/e 44.

5.68s 23 Most intense: 44,45,43,57,58.

5.73s 24 Mainly m/e 44,43.

5.79s 25 Looks like 1,3,5-triazine.

5.93w .
5.991w

6 .50w

6 .76m,vo

6.82vi 26 Strongest m/e: 43,45,60,42,44.
6 .96m,vo

7 .06m

7 .09m 27 Mixture: 83,56; 45,43,44.
7 15w

7.25w

7 .29w,vi

7 .35w

7 43w

7 .54w

7.70w

7.93w

7 98w

8.09w

8 .20w

3.78w

11 .42w
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Table 3. Table of Peaks in Total Ion Chromatograms from PEG 5-3-0
Decomposed 20 Sec at 325°C

Average Time
Min. Figure Remarks

5.67s 28

5.76s 29

5.82s 30 Looks like mostly 1,3,5~triazine.
5.97m 31

6.02m 32 Most intense m/e: 70,43,80,42.
6 .13w

6 .23w

6.31m 33 Most intense m/e: 43,45,60.
6 .38m,vo

6 45w

6 .54m 34 Most intense m/e: 60,44,43.
6 .67w,vo

6 .73w

6.82s,vi 35

6.97s,vi 36 Most intense m/e: 60,44,43.
7 .08vio

7 4w

7 .2%9m,vo

7 .36m,vo

7.42m,vo

7.51w,vo

7.72m,vo

7 .80w

7 .88m

7 ..96m,vo

8.02w

8.15w,vo

8.21m,vo

8 .25m 37 Most intense m/e: 73,45,43.
8.31m,vo

8 .38w

8 .45w

8 .55w,vo

8.67w

8.78w

8 .96w

9.05w

10.12m 38 Most intense m/e: 73,45,43.
11.35w

11.45wvo

12 .20w
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Table 4, Table of Peaks in Total Ion Chromatograms from PEG 5-3-0
Decomposed 20 Sec at 600°C

Average Time
Min. Figure Remarks

5.68s 39 Strongest by far: m/e 44.
5.83m 40 Mostly 1,3,5~triazine.

5.96m 41 Strongest: 42,58,83,84 (CHy),NCHyCN.
6.91w

7 .00w
7 .10w
7 24w
7 34w
7 44w
7.52w
7 .88w
8 .06w
8.51m 42 Strongest: m/e 73.
8 .89w
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Table 5. Table of Peaks in Total Ion Chromatograms from PEG 5-3-0
Decomposed 20 Sec at 800°C

Average Time
Min. Figure Remarks

5.62m 43

5.68s,vo 44 Same material(s) as following peak?
5.75s,vi 45 Same material(s) as preceding peak?
5.85s,vi 46 Mostly 1,3,5~triazine (m/e 54, 81).
5.94s,vi 47 Mixt., (CH3),NCH,CN + sym-triazine?
6.02w

6.13m 48 Most intense are m/e 73,45.

6.19w

6.51vi 49

6.75w

6 .89w

7.01s,vi 50

7.12w '

7 .32m 51

7 42w

761w

7 75w

7 .88w

7 99%w

8.34w

8 52w

8 .57w,vo

8.80s,vi 52

9 .38w

9.48w

9.7%9w

10.33w

10 .86wvo

11.48w

12.11wvo

12.98wvo
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Table 6. Table of Peaks in Total Ion Chromatograms from GAP 5-3-15
Decomposed 20 Sec at 325°C

Average Time
Min. Figure Remarks

5 .54m 53 Little but m/e 44.

5.64s 54 Most intense: m/e 43,44,58.

5.75s 55 Most intense: m/e 43,58,

5 .83m,v 56 Looks like 1,3,5-triazine.

5.94m 57 Biggest: 42,83,58,84. (CH3)2NCH2CN

603w

6.15m,vo

6 .30m,vo

6 .38w

6.42w

6.52w

6.70w

6 .80w

6 .98s,v 58 Biggest: 55,42,69,44,56,70.
(CH5y) ) NCN?

7 .00w

7.11w

7 .20w

7 .56w

7.71lw

7 96w

8 .78w

9.06w

9 .2%w

11.19w

11 .46w

12.45m vo

12 24w

13.21w

14 .40m,vo
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Table 7. Table of Peaks in Total Ion Chromatograms from GAP 5-3-15
Decomposed 20 Sec at 800°C

Average Time
Min. Figure Remarks

5.61s 59 Hardly anything but m/e 44.
5.67s 60 Also has m/e 45,43.
5.75m 61 Mostly 1,3 ,5-triazine, also m/e 44,
5.091s 62 Most intense: 42,83,58,84. (CH3)2NCH2CN.
6.21w
6 .48w
6 .65m,v 63 Strongest: 44,45,59,73; 43,45,60,42.
674w
6 .82m 64 Strongest: 55,56,40,53; 83,43,56.
6 .90w
6 .96w
7 04w
7.16w
7.27w
7 34w
7 45w
753w
8 .03w,vo
8.79m 65 Most intense: m/e 43,57,71,85.
11 .4hw
12.14w,vo
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Table 8.

Average Time
Min.

5.61s
5.69s
5.83s,v
5.98s
6 .06w
6.23w
6.32w
6.46s,v

651w
6 .64s,v

6.73w
6.79w
6 .83w,vo
6 .88w,vo
6.99w
7 .08w,vo
7.l16w
7.27w
7 35w
7.50w
7 .5%w
7 66w
7.7%
791w
7.97w
8.17w
8.37w
8.76w
9.09%w
9.76w
9 .88w
10.06w
11.42w
11.59m
11.70w
12.14w

Table of Peaks in Total Ion Chromatograms from PEG 5-3-15

NDecomposed 20 Sec at 325°C

Figure Remarks
66 A: m/e 44; B: 43,58; C: 45,
67 A: m/e 43; B: 58.
68 Looks like mostly 1,3,5-triazine.
69 (CH3) ) NCH, CN,
Occurs irregularly.
71 Is this CH3NHCN20N or (CH3)2NCN?

Occurs irregularly.
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Table 9, Table of Peaks in Total JYon Chromatograms from PEG 5-3-15
Decomposed 20 Sec at 600°C

Average Time

Min, Figure Remarks
5.07w
5.30s,v 72 Strongest is m/e 44, 30 also present.
5.48s,v 73 Strongest: m/e 44.
5.59m,v 74 Strongest: m/e 27; 26,44 also present.
- 5.67m 75 Mixture: A, 27,26; B, 44.
S.78w
5 84w
. 5.97m 76 Strongest: 42,83,58,84. (CH3),NCH,CN.
' 6 .38m 77 Strongest: 42,69,44,70. (CH3),NCN or
CH, NHCH, CN?
6 .59m 78
6 .69w
7.17w
7.79%w
7 .88w
8.89w
11.58w
11.68w
11 .88w
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Table 10. Table of Peaks in Total Ion Chromatograms from PEG 5-3-15
Decomposed 20 Sec at 800°C

Average Time
Min, Figure Remarks

5 .60m 79 Almost only m/e is at 44.
5.67m 80 Highest m/e are 45,44 ,43.
5.72 81 Most intense m/e are 44,43.
5.91w

5.93m 82 Most intense are 42,58,83,84;

(CH3) JNCH,CN»

6 .06w,vo

611w

6 .22w

6 .39w

6 JALbw

6.53s,v 83 Is this styrene?

6 .62s,vi

6.78w

6 .93w

7.03w

7 .06m,vi

715w

7.27w

734w

7 44w

7 55w

7 .66w,vo

7.82w

7.91w,vo

831w

8 .56w

8 .80m 84

9 .49w

9.78w,vo

10.92w,vo

11.53w

11.79w,vo

12.22w,vo
13.36w

14 .54w,vo
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Table 11.

Average Time
Min.

5.71s
5.92w
6 .04m
6.15w
7.23s
7 J34m
7 .42w
7.61lw
7.70w
7 .95m
8.67w
8.74w

Table 12.

Average Time
Min.

5.75s
5.83m
6 .06s
6 .84w
6.96w
7 04w
7 .lb4w
7 .56w
7 .87w
R.02w
8.51lw
8 .88w

Table of Peaks in Total Ion Chromatograms from HMX Decomposed
20 Sec at 325°C

Figure Remarks
85 Unknowm A (1,2 ,4~oxadiazole?)
86 Most intense m/e 68,95,38,43.
87
88 Most intense m/e 42,58 ,83,84,40,43,41.

Table of Peaks in Total Ion Chromatograms from HMX Decomposed
20 Sec at 400°C

Figure Remarks
89 Unknown A (1,2,4-oxadiazole?)
90 Contains 1,3,5~triazine.
91 Is this (CH3),NCH,CN?
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Table 13.

Average Time
Min.

5.71s
5.86w
5.98m
6 .89w
6 .99w
7 .08w
7.28w
737w
7.51w
7 94w
8 43w
8 .87w

Table 14.

Average Time
Min.

5 .60sh
5.698
5.82w
5.92w
6.02m,v
6 .55w
6.67w
6.91lw
6 .99w

7 .04m,vo
7 .19w

7 .28w

7 38w

7 .54m,v
7 65w
7.75m,v
7 .76m

7 88w
8.02w
8 .29w

8 .58w
8.77w
8.92w
11.37w

Table of Peaks in Total Ion Chromatograms from HMX Decomposed

Figure

92
93
94

20 Sec at 600°C

Remarks

Unknown A (1,2 ,4-oxadiazole?)
1,3,5-triazine is present.
Highest: m/e 42,83,58,84. (CH3),NCH,CN,

Table of Peaks in Total Ion Chromatograms from HMX Decomposed

Figure

95
96

97

98

99
100

20 Sec at 800°C

Remarks

Mostly Unknown A (1,2,4-oxadiazole?)
Appears to be mostly 1,3,5-triazine.

(CHy) 5 NCH, CN,

Most intense: 45,44,43,42,
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Table 15. Table of Peaks in Total Ion Chromatograms from RDX Decomposed
20 Sec at 600°C

Average Time

____Min. Figure Remarks

5.68s,vi 101 Unknown A, (1,2 ,4-oxadiazole?)
5.88s 102 1,3,5-triazine.

6 .60w

6 .80w

6.97w

7 3%

8 90w
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Table 16. Table of Peaks in Total Ion Chromatograms from PEG Decomposed
20 Sec at 325°C

Averaze Time
Min. Figure Remarks

5.70m 103
5.79w

5.88m 104
5.94w

6.02sh 105 -
6.12s 106
6.22m 107
6 .25m 108
6.31w

6.41m

6 .48m 109
6.61w,vo

6.72w

6 .88w

6.95w

7 .00w

7.l4w,vo

7 .20w,vo

7.28w

7 42w

7.63m

7 .69w,vo

7.75w,vo

7.87s 110
8 .00w

8.10w

g.17w

8 .35w

8.47w

8.79w,vo

R .92w,vo

9.09w,vo

9.17w

9.31w,vo

9.37m

9.55m 111
9.70m,vo

9.81m,vo

9 .94m,vo

9.99w,vo

10.11m .
10.20w,vo

10.33w,vo

10, 40w, vo

10 .60w

10.73%w

10 .83%w

10.94w
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Table 16. Table of Peaks in Total Ion Chromatograms from PEG Decomposed
20 Sec at 325°C (CONT'D)

Average Time

Min. Figure Remarks

11.14w
11.22w
11.37w
11.58m
11.79w
12.05w
12.19w
12.41w
12.57m 112
12.70w

12 .89m
13.04m
13.23w,vo
13 .65w,vo
13.93w,vo
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Table 17. Table of Peaks in Total Ion Chromatograms from PEG Decomposed
20 Sec at 800°C

Average Time
Min. Figure Remarks

5.37w,vo

5.42w,vo

5.56w,vo

5.70s 113
5.83m 114
5.95m 115
6 .05s 116
6.148 117
6.22w

6 .30w

6.47w

6.58w

6 .75m

6 .78w,vo

6 .88w

6 .96w,vo

7.0lw

7.1lw

7.16w

7.27w

7 .36m 118
7 .50w,vo

7.70w

7.87s 119
8 .00w

8 .08m

8 .43w

8.69w

8.79w

8 .89w

9 .06w

9 .34m 120
9 .65w

9 .74w,vo

9.87m,v 121
10 .00w

10.39w

10 .81w

10.90w,vo

11.07w

11.25w,vo

11.39w,vo

11.49m,vo

11.65w

11.72w

12 .0bw,vo

12.21w,vo

12 .39w
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Table 17. Table of Peaks in Total Ion Chromatograms from PEG Decomposed
20 Sec at 800°C (CONT'D)

Average Time
Min. Figure Remarks

12 57w
13.00w
12 64w
13.94w
14 21w
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Table 18. Table of Peaks in Total Ion Chromatograms from TAGN Decomposed
20 Sec at 325°C

Average Time

Min. Figure Remarks

5.60s 122 Mostly m/e 44,

5.66s 123 Mostly 44 and 45.

5.78m 124 May have traces of 1,3,5-triazine.
5.92w

6 .55s,v 125 Mostly 43.

6 .65s,v 126 Mostly 43.

6.78s,v 127 Most intense: 44,45,43,42,59,73.
6 .86m,v 128 Most intense: 44 ,43,42,73.

6 .95w 129 Most intense: 45,43,42,83,56.
7 .01w,vo

7 .08m 130 Most intense: 44,43 ,45,42,
722w

7.30w

7 50w

7 .86w

7 93w

8.07w

8 .42w

8 .49w

8.57w

8.79w
11.24w
11.37w
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Table 19. Table of Peaks in Total Ion Chromatograms from TAGN Decomposed
20 Sec at 800°C

Average Time
Min. Figure Remarks

5.65s 131 Little but m/e 27,26,44,28.
5.67s 132 Little but m/e 44.
579w 133 Little if any 1,3,5-triazine.
5.90w 134 Little 1if any 1,3,5~-triazine.
6.01w
6.21w
6 .86w,vo
7 .00w,vo
7.16w
7 .28w
7 41w
7 .55w,vo
7 98w
8.07w,vo
8 .20w,vo
8.31w,vo
8 J44w,vo
8.70w
8.77w
9.43w
9.92w,vo
10.12w,vo
11.37w
13.22w
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Table 20. Table of Peaks in Total Ion Chromatograms from K9BgHyg
Decomposed 20 Sec at 325°C

Average Time
Min. Figure Remarks

5.45w
5.64m 135
5.81w
5.93w
6.16w
6.57w

6 . 74w
7.926w,vo
8 .68w
10.16w

11 34w
11.42w

Table 21. Table of Peaks in Total Ion Chromatograms from KoB1gHjg
Decomposed 20 Sec at 800°C

Average Time
Min. Figure Remarks

S .64m 136
5.82w,v

5.93w

6 .00w

653w

7 .20w

8.77w

9.41w

10.75w

11.59w
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Table 22. Areas and Area Ratios of Some Mass-Spectral Peaks in the
Poorlv-Retained Products, Pyroprobe at 250°C for 20 Seconds,
RDX and RDX-K2B12H12 Mixtures

Run Cat .? Peak Areas (x106) at m/e Area Ratios

Tot 44 70 44/ Tot 70/ Tot 70/ 44
462 No 5.443 2.838 0.432 0.534 7 .96 15.3
503 No 4.936 2.824 0.237 0.584 4,80 8.39
582 No 4,900 2.56 0.236 0.522 4 .82 9.22
72b No 42 .299 5.039 0.520 0.119 1.23 10.3
612 Yes 4 .490 3.014 0.106 0.677 2.36 3.52
672 Yes 6.577 4 054 0.244 0.616 3.71 6.02
74D Yes 5.247 0.763 0.0414 0.145 0.789 5.43
78b Yes  11.563 1.753 0.0670 0.152 0.579 3.82
a - Masses 35-400 scanned
b - Masses 3-400 scanned

Table 23. Areas and Area Ratios of Some Mass—~Spectral Peaks in the
Poorly-Retained Products, Pyroprobe at 400°C for 20 Seconds,
RDX and RDX-K,B;,H Mixtures
2812512

Run Cat.? Peak Areas (x106) at m/e Area Ratios

Tot 44 70 44/ Tot 70/ Tot 70/44
492 No 5.247 2.742 0.548 0.522 10 .4 20.0
513 No 4 445 2.211 0.431 0.506 9.70 19.5
568 No 5.413 2 .488 0.357 0.505 6 .60 14 .3
71b No 34 .602 3.241 0.594 0.0936 1.72 18.3
632 Yes 6.263 3.702 0.166 0.637 2.65 4 .48
662 Yes 7.824 4,770 0.299 0.610 3.82 6.27
75P Yes  11.647 1.206 0.146 0.104 1.25 12.1
a - Masses 35-400 scanned
b - Masses 3-400 scanned
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Table 24.

Poorly-Retained Products, Pyroprobe at 600°C for 20 Seconds,

Areas and Area Ratios of Some Mass-Spectral Peaks in the

RDX and RDX-KZB].ZH].Z Mixtures

Run Cat ,? Peak Areas (x106) at m/e
Tot 44 70

442 No 4.358 1.651 0.213
528 No 4.56 1.901 0.367
574 No 6.578 2.587 0.360
70P No 59.715 4.199 0.155
432 Yes 5.470 2 .420 0.253
454 Yes 5.333 2.443 0.260
642 Yes 6.722 3.585 0.271
682 Yes 7.908 3.895 0.318
767 Yes  14.563 1.333 0.179
a — Masses 35-400 scanned

b - Masses 3-400 scanned

Run

534
544
592

69P
73b

622
652

77P

Table 25,

Poorly-Retained Products, Pyroprobe at 800°C for 20 Seconds,

Cat .?

No
No
No

No
No

Yes
Yes

Yes

44/ Tot

0.378
0.428
0.398

0.0703
0.428
0.458
0.536
0.492

0.0913

Area Ratios

70/ Tot

4 .89
8.05
5.47

0.26
4 .62
4 .88
4.03
4 .02

1.23

70/44

12.9
19.3
13.9

3.69
10 .4
10 .6

7.56

8.16

13.4

Areas and Area Ratios of Some Mass~Spectral Peaks in the

RDX and RDX‘K2312H12 Mixtures

Peak Areas (x106) at m/e

Tot
4,046
5.067
3.690

44 462
49 .992

5.344
6.559

16.110

44
1.869
2.336
2.088

4.313
4.896

3.076
3.775

1.291

70
0.043
0.0549
0.0308

0.151
0.170

0.127
0.151

0.0934

a - Masses 35-400 scanned

b - Masses 3-400 scanned

100

44/ Tot
0.470
0.462
0.566

0.0969
0.0980

0.582
0.559

0.0801

Area Ratios

70/ Tot

1.06
1.08
0.835

70/44
2.30
2.35
1 .48

3.50
3.47

4.13
4.00

7.23




Table 26. Areas and Area Ratlos of Some Mass-Spectral Peaks in the
Poorly-Retained Products, Pyroprobe at Indicated Temperature
for 20 Seconds, RDX and RDX—KZBlelz Mixtures

Temp Peak Areas (x10%) at m/e Area Ratios

Run Cat.? (°c) Tot 44 70 44/Tot 70/Tot 70/44
312 Yes 600 1.25 1.02 —=——— 0.816 ———- ————
328 No 600 8.08 4.59 0.526 0.568  6.51 11.5

332 Yes 600 6.06 4.50 0.0820 0.745 1.36 1.82
343 No 600 2.25 1.24 0,02 0.551 3.92 7.12
352 Yes 600 12.92 7.79  0.402 0.603 3.1l 5.16
3635D No 600 11.80 7.26 0.05 0.621 0.4 0.7

432 Yes 600 5.66 2.42  0.249 0.428  4.40 10.29
442 No 600 4.36 1.65 0.208 0.378  4.77 12.61
452 Yes 600 5.33 2.44  0.259 0.458 4.86 10 .6

23a,¢C Yes 250 8.08 4.76 0.447 0.589 5.53 9.39
258,d No 250 9.15 5.44 0.539 0.594 5.89 9.91
272,¢€ Yes 250 11.30 7.24 0.481 0.641  4.26 6 .64
298¢ No 250 6.83 3.65 0.474 0.534  6.94 12.99

- Masses 35-400 scanned.

- Atypical run - helium leak caused broad peaks and long retention times.

Fresh tube.

- Tube used for run 23, probably contaminated with KyByoHyp residue,
therefore atypical uncatalyzed run,

e = Tube used for runs 23-25.

= ¢ T = oY
[
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Run

107
108
109
110

111
112
113

114
115
116
117
118
119
120
121

122
123
124
125

127
128
129
130

131
132
133
134

135
136
137
138

139
140
141
142

143
144
145
146

Table 27,

Sample

RDX
RDX
RDX
RDX

HMX
HMX
HMX

PEG-5-3-0
PEG-5-3-15
PEG-5-3-0
PEG-5-3-15
PEG-5-3-0
PEG-5-3-15
PEG-5-3-0
PEG-5-3-15

PEG-5-3-0
PEG-5-3-15
PEG-5-3-0
PEG-5-3-15

PEG-5-3-0
PEG-5-3-15
PEG-5-3-0
PEG-5-3-15

GAP-5-3-0
GAP-5-3-15
GAP-5-3-0
GAP-5-3-15

GAP-5-3-0
GAP-5-3-15
GAP-5-3-0
GAP-5-3~-15

PEG-5-3-0
PEG~5-3-0
PEG-5-3-15
PEG-5-3-15

GAP-5-3-0
GAP-5-3-0
GAP-5-3-15
GAP-5-3-15

Intensity of 1,3,5-Triazine Peaks, Normalized Against

Temp
(°c)

600
600
600
600

800
600
400

600
600
600
600
800
800
320
320

800
800
800
800

325
325
325
325

325
325
325
325

800
800
800
800

325
800
325
800

325
800
325
800

Highest Peaks in Chromatogram

Height of Major

1,3,5-Triazine Peaks

m/e 54

12,000
14,800

7,800
42,000

120
1,200
4,200

1,200
700
2,000
450
950
160
3,000
150

300
160
400
222

1,400
1,300
2,696
1,800

3,200
600
8,685
200

1,400
170
550
400

1,300
1,700
500
600

5,000
2,627
1,000

450

102

m/e 81

12,000
15,400

8,200
16,000

120
1,000
4,000

1,300
800
2,000
500
950
180
3,000
180

300
160
400
222

1,400
1,300
2,696
1,800

3,200
600
8,685
200

1,800
190
600
500

1,300
1,700
500
600

5,000
2,627
1,000

450

Ratio to Highest
Chromatog. Peaks

m/e 54

0.0055
0.0261
0.072

0.0231
0.0560
0.0625
0.0132
0.0194
0.0021
0.3191
0.0158

0.0667
0.0032
0.1600
0.0222

0.0933
0.0394
0.2696
0.0391

0.1143
0.0075
0.2171
0.0118

0.2333
0.0567
0.0611
0.0571

0.2321
0.2833
0.0156
0.060

0.333

0.2388
0.2000
0.0375

m/e 81

0.43
0.42
0.39
0.38

0.0055
0.0217
0.069

0.0250
0.0640
0.0625
0.0147
0.0194
0.0023
0.3191
0.0189

0.0667
0.0032
0.1600
0.0222

0.0933
0.0394
0.2696
0.0391

0.1143
0.0075
0.2171
0.0118

0.30

0.0633
0.0667
0.0714

0.2321
0.2833
0.0156
0.060

0.333

0.2388
0.2000
0.0375




Run

147
148
149
150

151
152
153
154
155
156

157
158
159
160

161
162
163
164
165
166

167
168
169
170
171

172
173
174
175

176
177
178
179

180
181
182
183

Table 27.

Sample

GAP-5-3-0
PEG-5-3-15
GAP-5-3-15
PEG-5-3-0

GAP-5-3-0
GAP-5-3-6
GAP-5-3-12
PEG-5-3-3
PEG-5-3-9
PEG-5-3-15

TAGN
TAGN
TAGN
TAGN
TAGN

HMX
HMX
HMX
HMX

PEG
PEG
PEG
PEG

K2B10H10
KyB10H10
K2B10810
K2810810

Intensity of 1,3,5-Triazine Peaks, Normalized Against

Highest Peaks in Chromatogram ( CONT'D)

Temp
(°0)

800
800
325
325

800
800
800
800
800
800

800
800
800
325

325
325
325
325
325
325

800
325
325
800
325

800
800
800
325

800
325
800
325

800
800
325
325

Height of Major

1,3,5-Triazine Peaks

m/e 54

410

600
1,000
1,800

1,200
1,800
2,400
1,500
3,000
1,700

20
40

290

4,500
6,000
1,500
6,000
1,800

500

50
206
100

70
310

1,700
800
800
100

<30
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m/e 81

350
600
1,200
1,800

1,500
1,800
2,400
1,500
3,000
1,700

30

290

4,500
6,000
1,500
6,000
1,800

500

Ratio to Highest
Chromatog. Peaks

m/e 54

0.0059
0.0214
0.0050
0.1059

0.0522
0.0300
0.0343
0.0366
0.0732
0.0243

0.0011
0.0013

0.026

0.1800
0.3539
0.0882
0.333

0.0720
0.0156

0.0038
0.034
0.011
0.0018
0.016

0.053
0.20
0.016
0.0017

<0.0007

<0.0006

m/e 81

0.0050
0.0214
0.0050
0.1059

0.0652
0.0300
0.0343
0.0366
0.0732
0.0243

0.0010
0.026

0.1800
0.3539
0.0882
0.333

0.0720
0.0156

0.0038
0.034
0.011

0.016

0.059
0.22

0.016

<0.0009

<0.0007




Run

184
185
186

Table 27,

Sample

TAGN
TAGN
HMX

Intensity of 1,3,5~Triazine Peaks, Normalized Against

Highest Peaks in Chromatogram ( CONT'D)

Temp
(°c)

800
325
325

Height of Major

1,3,5~Triazine Peaks

m/e 54

40
180
175

104

m/e 81

35
220

Ratio to Highest
Chromatog. Peaks
m/e 54 m/e 81

0.0031 0.0027
0.020 0.024
0.0025 -
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