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ABSTRACT Laser-induced dissociation pathways of cyclotrimethylenetrini-
tramine have been investigated with a focused laser of 1064 nm by use of a
time-of-flight mass spectrometer. The ions produced from the cyclotrimethy-
lenetrinitramine surface were detected and the mass spectra of both positive
and negative ions were obtained. According to the possible distribution of
the decomposition products, possible dissociation paths of cyclotrimethyle-
netrinitramine were proposed. The influence of the intensity and the delay
time of the laser beam to the decomposition have also been studied. The
results may possibly throw some light on our understanding of the reactions
taking place in laser ignition.

KEYWORDS cyclotrimethylenetrinitramine, dissociation mechanism, laser
initiation, time-of-flight mass spectrometer

INTRODUCTION

Laser initiation of energetic materials is one of the most promising
methods of initiating combustion, deflagration, or detonation in energetic
materials."? Optical initiation with a laser beam offers several potential
advantages, such as high safety, precisely timed release, easy-to-realize
multipoint ignition and initiation, no requirement to sensitivity of explosives,
and more efficient energy coupling.”* Understanding the mechanism of the
interaction of laser and energetic materials is important to the reliability and
safety of laser initiators and firing systems. Cyclotrimethylenetrinitramine
(RDX) is a highly symmetric, energetic compound often used as a secondary
explosive, which has been the subject of a number of studies regarding the
sensitivity and mechanism of decomposition in energetic materials.>® There
have been studies on decomposition of RDX initiated by infrared lasers,
which is utilized as a versatile heating source. Earlier work done on molecular
gas-phase RDX exposed to CO, laser pulses were carried out by Zuckermann
and Zhao et al. The results of Zuckermann'” from laser-induced fluorescence
experiments showed the existence of OH radicals. Studies from Zhao®
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suggested that the N-N bond rupture and ring scission
are two competing reaction pathways, with the latter
one being the primary channel. Wight and Botcher
carried out experiments in which a pulsed CO, laser
(wavelength 944cm™") was used to dissociate
condensed-phase RDX. The Fourier transform infra-
red spectra of the products showed the presence of
N,O4 an NO, dimer molecule. Therefore, they pro-
posed that N-N bond fission is the initial reaction step.
They also suggested that no ring scission mechanism
took place.[9] Capellos et al"” studied the decompo-
sition of molecular gas-phase RDX induced by an unfo-
cused KrF excimer laser beam. Electronically excited
NO, and OH were observed in the emission spectra
and were postulated to derive from N-N bond rupture
and a loss of HONO group, respectively. More recently,
Bernstein’s group carried out a series of studies on
ultraviolet laser-induced decomposition of isolated
gas-phase RDX, which is produced from a combination
of matrix-assisted laser desorption (MALD) and
supersonic molecular beam techniques.""

The dissociation process of RDX under 532 nm was
studied in our previous work."? A 1064-nm laser is also
used as an ignition source of energetic materials, yet
the reaction mechanism is still not very clear. To gain
a better understanding of the various reactive transient
species and intermediates and the processes involved
in ion formation and occurring after 1064-nm laser
irradiation, in this article, we describe a study in which
RDX is heated photothermally by irradiating solid
samples with a 1064-nm pulsed laser and the ablation
products contain a lot of ion fraction, which is tested
by a time-of-flight mass spectrometer (TOFMS).

EXPERIMENT

The solid RDX sample was synthesized by
ourselves and the purity is above 99%. It was com-
pressed in a small aluminum cylindrical cup (inner
diameter =6 mm; depth=11mm) under a pressure
of about 80 MPa. The experimental setup has been
introduced in our previous study.“a] It was a home-
made reflectron time-of-flight mass spectrometer;
the length of the extraction field and acceleration field
is 20 mm, the distance between the acceleration field
and the reflectron field is 512 mm, and the distance
between the reflectron field and the detector (MCP)
is 328 mm. The time-of-flight mass spectrometer was
combined with a vacuum chamber, pumping down
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to 4 x 10~ *Pa with two turbomolecular pumps. The
fundamental 1064-nm output from a Q-switched
Nd:YAG laser (LOTIS TII [Minsk, Belarus], LS-2147,
800mJ] @ 1064nm/15ns) was focused by a quartz
lens (f =500 mm) to the sample surface, with a spot
size of about 0.8 mm®. The energy of the laser pulse
was measured with an energy meter (Ophir, Model
30A, Jerusalem, Israel). The time delay was monitored
via an adjustable time delay generator. The sample
was located outside the extraction electrodes of the
time-of-flight (TOF) spectrometer, and the laser beam
passed through the extraction zone in a direction
perpendicular to the acceleration field. After ioniza-
tion, the laser-generated plasma diffused into the
extraction zone by its initial kinetic energy and then
was accelerated by a pulsed electric field, reflected
by the reflectron field and finally detected with a dual
microchannel plate (MCP). For the positive mode,
the direct current (DC) voltages on the extraction
plate, the acceleration plate, the reflectron plate,
and the detector were +1100V, +900V, 42700V,
and —2100V, respectively. For the negative mode,
the DC voltages were —1300V, —1100V, —1900V,
and +2100V, respectively. The ions were mass
analyzed by their flight time. The TOF signals were
accumulated 128 times by a digital oscilloscope
(Tektronix, DPO7140, Beaverton, OR, USA) to improve
the signal-to-noise ratio.

RESULTS AND DISCUSSION

The typical mass spectrum of positive ions is shown
in Fig. 1. The peaks with the highest intensity in the
positive ion spectrum are at m/z = 30, corresponding
to the NO or CH,O fragments. Another relatively
strong peak appears at m/z =18 and can be assigned
to H,O or NH4. A series of peaks are observed at
m/z=40, 42, 43, 44, 46, and 47 and can be assigned
to CN, [or C,H,N], N(CH)N [or (CH,),N], NCOH,
N,O [or CO,, CH,NOJ, NO, and HONO, respectively.
The results from the thermal decomposition of the
isotopically labeled RDX showed that the formula for
the ion signal at m/z =45 is H,NCHO and is probably
formamide. Likewise, the results also showed that the
formula that corresponds to m/z =59 is CHsNHCHO
and is most likely N-methylformamide."* A series of
small peaks appear in m/z=57, 58, 59, and 60, and
these ions could be ascribed to (CO)NH(CH,) or
N(COH)N; CNO, or (COH)NH(CH,); CHNO,; and
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FIGURE 1 Typical TOF mass spectrum of positive ions of RDX
produced by laser ablation.

CH,NO, or NNO,, respectively. Some other peaks
can be seen at m/z=106, 19, 24, 27, 28, 74, 79, and
86, which may be due to CH4 or O, H30, C,, C,Hjz
or CHN, N, or CO or C,H4; or CH;N, CH,NNO,,
(HCON(CN); and (CH),NNO,, respectively.

The position of the peaks of the negative ion mass
spectrum under 1064nm is similar to that under
532nm.""? The difference is the intensity of the main
peaks. Figure 2 shows the mass spectrum of negative
ions of the pure RDX sample. The peak with the
highest intensity in this sequence of spectrum is at
m/z=106 and corresponds to the CH,(NO,), frag-
ment. Unlike at 532 nm, two small new peaks appear
in m/z=98 and 100, and these two peaks can be
ascribed to (CHp)s3N(NN) and (CHy)3Np(NO),
respectively. Some relatively strong peaks at
m/z =26, 40, 88, and 134 are ascribed to CN or C,H,,
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FIGURE 2 Typical TOF mass spectrum of negative ions of RDX
produced by laser ablation.
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NO,, (CH»NNO,, and H,C(N-NO,),, respectively.
Finally, some low-intensity peaks are observed at
m/z=42, 64, and 84 and are most likely the CNO or
(CH,);,N, CH,N,, and (CH,N); species, respectively.

The fragment ions are yielded gradually with
increasing laser energy (Fig. 3). Moreover, it is clear
that fragmentation processes are highly dependent
on the laser energy. Higher values result in an excess
of internal energy and more efficient dissociation. The
different types of spectra can also be accessed by the
appropriate choice of delay time between initiation of
a laser pulse and extraction of ions into the TOFMS
system (Fig. 4). In a certain range, with the increase
of delay time, the ion signal intensity gradually
increased, but when the delay time increased to
90 ps, the signal peaks became very wide, and part
of the ion peaks disappeared; this may be due to
the high-voltage pulse valve being closed before
these ions entered the accelerating electric field.

The products assigned in the positive and negative
spectra reflect the partial chemical structure of RDX
(m/z=222) and can be viewed as direct fragments.
The RDX (m/z=222) ring lost an NO, (m/z=406)
group to form (CHps;(NNOpN (m/z=170).
Although m/z=176 was not detected, reaction (I)
might exist. Two C-N bonds of the (CH,);(NNO,)N
(m/z=176) ring broke up to give two fragments
CH,(NNO,) (m/z=134) and (CH,),N (m/z=42);
the observed peaks at m/z=134 and 42 supported
reaction (ID. After the rearrangement and the fracture
of the bonds, the CH,(NNO,) (m/z=134) decom-
posed to form two small fragments, N, (m/z=28)
and (CH»)(NO,),. The peak corresponding to
m/z=106 was strong, and the peak of m/z=28
was obvious; this gave evidence for reaction (IID),
seen in Scheme 1.

An oxygen atom transferred from the nitramino
group to a neighboring carbon to form an eight-
member ring oxadiazole intermediate; it can ring-open
and lose N,O, CH,O, NNO,, and (CH,),NO, to give
m/z=44, 30, 60, and 88, respectively (reaction IV
and V), seen in Scheme 2.

The m/z=74 peak with the possible formula of
CH,N-NO, was most likely from concerted triple
dissociation of the RDX molecule as shown in
reaction (VI). Reactions (VIID), (V), and (XI) can be
a reason for m/z=30 and 44, corresponding to
H,CO and N;O, respectively. Behrens et al proposed
the similar reactions.' The m/z=47 and 27 peaks
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FIGURE 3 TOF mass spectra of positive ions obtained at the laser delay of 70 us as a function of laser energy.
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FIGURE 4 TOF mass spectra of positive ions obtained at the laser energy of 226 mJ as a function of laser delay.
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indicated reaction channels (VII) and (IX), which
could produce HONO and HCN, respectively seen
in Scheme 3.
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CONCLUSIONS

TOFMS with its unique advantage has been
successfully used to study the dissociation process of
RDX under 1064-nm irradiation. Both positive and
negative ions were detected, and possible distribution
of the ions was analyzed. A lot of reaction can lead to
these ions, and some possible reactions were proposed
to give a reason for their formation. Of course, some
other reaction may exist, and other methods could be
used to confirm the most possible reaction. The laser
energy and the delay time will affect the dissociation
process. It is worthwhile to pay more attention to these
dissociation mechanisms both experimentally and
theoretically due to their importance in understanding
the mechanisms of laser initiation.
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