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Laser-Induced Decomposition of NTO
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The initial decomposition products of 3-nitro-1,2,4-triazol-5-one (NTO) are characterized using laser-induced
decomposition of a solid sample. Heating of solid NTO samples is achieved by irradiation with 7 ns pulses
of 266 nm laser light while the gas-phase products are detected using 118 nm single-photon ionization in a
time-of-flight mass spectrometer. Product translational temperatures and relative product yields are obtained
by analysis of time-of-arrival scans. The translational temperature depends linearly on decomposition laser
fluence and agrees with the results of a calculation of the temperature rise in the irradiated volume using the
heat conduction equation. The relative product yields are used to determine the percent decomposition of
NTO as a function of temperature. The temperature dependence of the experimental fractional decomposition
is consistent with that obtained from an RRKM calculation of the temperature dependence of NTO unimolecular
decomposition. The temperature dependence of the relative product yields is used to identify the initial
channels. The initial reaction appears to be bimolecular with a net loss of an O atom to yield nitroso-TO.
Early unimolecular reactions include loss of N@nd nitro—nitrite rearrangement followed by loss of NO.

Introduction detected C@ and NO as the first gases evolved. In both
experiments, N@was generated subsequently. Prabhakaran et
al.® propose that ENO, cleavage is probably rate-determining
and that, while nitre-nitrite rearrangement is possible, their data
do not support this latter step as rate-determiningtn@rk et

al. 2 using electron impact ionization mass spectrometry to detect
gas-phase products of a heated solid sample, identified the
parent, products corresponding to loss of N@Yz = 83—85)

NTO (3-nitro-1,2,4-triazol-5-one) is a relatively new energetic
material with the attractive characteristics of relatively low
sensitivity and potential high performanteThe insensitivity
arises from a high barrier to reactfoand unusually stable initial
decomposition products. A high heat of reaction/{ kcal
mol~1)2 and observation of autocatalytic behavior in thermal

decomposition studiés suggest that NTO may be a high- and ring fragments witlm/z = 40—50. These same products

performance energetic material. Characterization of the rate . - .
. : ) were observed following C&laser-induced decomposition of
parameters and reaction products of energetic material decom-

8 9 -
position can lead to increased understanding of the relationshimeg .of ?hxelf%,;t ;la.c?rr:qahézs?t?o;hifgiiztzh?csaell pﬁgﬂiﬁaﬁro
between structure, sensitivity, and performance. Since the 2 P pically ’

decomposition reaction steps are temperature-, pressure-, ang>rOpOSEd decomposition steps include NI, scission and a

possibly phase-dependent, studies carried out under differentMgration of the nitro group from the carbon atom o a nitrogen

experimental conditions have led to strong disagreement aboutdtom followed by breakup of the ring.

the initial pathways. Rapid heating techniques are used to characterize the initial
Two different experimental approaches have been used toPathways of NTO decomposition. Beard and Shafhsab-
characterize NTO decomposition. Slow, thermal heating ex- 16ted solid NTO samples to various types of impact (X-ray,
periments yield information about rate-determining steps and SN0ck, heat, drop weight). The gas-phase products, identified
ultimately the long-term stability of NTO while fast temperature- USiNng mass spectrometry and XPS, include the parent NTO
jump experiments yield information about initial and intermedi- Molecule and fragments corresponding to loss of O, loss of NO,
ate decomposition products. The reported values of the global@nd loss of N@_ Brill and co-workers! rapidly heated NTO
kinetic parameters obtained from thermal heating experifiénts  On a filament and identified gas-phase products using FTIR
differ considerably. This disagreement was resolved by Wil- spectroscopy. They observe NO as the predominant product
liams and Brill7 who proposed that the sublimation and at lower pressures and GQ@s the major product at higher
decomposition processes were not always carefully isolated inpressure. N@is only seen after a significant amount of reaction
the different experiments. A deuterium kinetic isotope efiéct  has occurred. They propose that high pressure enhances
was observed in several studies suggesting that H atomsecondary reactions leading to degradation of the more reactive
abstraction occurs on or before the rate-determining step. ~ products. Wight and co-workéfsirradiated layered films of
Various experimental techniques have been used to identify NTO and an infrared absorber with the output of a.0&zer
NTO decomposition products in slow heating experiments. With and detected products using FTIR. £ the only product
EPR detection, Menapace efalbserved a hydroxynitroxide observed when the GQaser fluence is low; neither Nhor
radical following ultraviolet irradiation of dilute solutions of HONO is detected. The initial step is proposed to be bimo-
NTO while Yi et al® concluded from NMR measurements that lecular with the carbonyl group on NTO interacting with the
the acidic H atom is adjacent to the-GlO, group. Using nitro group on a second NTO molecule. McMillen and co-
infrared detection, Rothgery et Aldentified HO, NO, CQ, workers? studied the decomposition of NTO induced by shock,
CO, and NO as initial product gases and Prabhakaran &t al. slow thermal heating, and UV laser heating. Gas-phase products
were detected using single-photon ionization in a time-of-flight
* Corresponding author. e-mail: nancy.garland@nrl.navy.mil. mass spectrometer. The only product from thermal decomposi-
€ Abstract published ilAdvance ACS Abstract©ctober 1, 1997. tion hasm/z = 85 (possibly triazolone, TO) while the prominent
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Figure 1. Schematic diagram of the experimental apparatus used in
this work. The flight tube and mass spectrometer detector are
perpendicular to the plane of the laser beams. L1 is a 30 cm focal
length (fl) fused silica lens, L2 is a 20 cm fl fused silica lens, and L3
is @ 9.5 cm fl LiF lens.

products observed with laser-induced decomposition Inalze
= 114 (nitroso-TO), 71, 43, and 30. Minor products include
the fragments produced by loss of NO or NOThe proposed
reaction scheme is nitrenitrite rearrangement followed by loss
of NO. Nitroso-TO Wz = 114) is proposed to arise from
addition of a radical R to the nitro oxygen followed by
elimination of the RO group.

Clearly, there is considerable disagreement about the initial

decomposition steps. H atom transfer has been identified as

the rate-determining stefd. C—NO, bond cleavage was sug-
gested as an initial stéf® because the weakest bond in NTO
is C—NO,, but NG, has never been detected as an early evolved
gas in any of the product studies. While nitnoitrite rear-
rangement followed by loss of NO is observed in most of the

rapid heating experiments, Wight and co-workers did not see

NO in their thin-film studies. The energy required to break
the N—O bond in the nitro group is greater than 83 kcal/tol
S0 nitroso-TO I(Vz = 114) is a product of a bimolecular rather
than unimolecular reaction.

Information about the initial decomposition mechanism can

be obtained by measuring the product yields as a function of
temperature. In the present experiment, NTO is heated pho-

tothermally using laser irradiation of a solid sample. The use

of pulsed lasers to desorb species rapidly from surfaces is a

well-established analytical technigifel” The initial gas-phase
products are identified using single-photon ionization and a time-
of-flight mass spectrometer. Single-photon ionization avoids
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NTO decomposition is achieved by focusing the 7 ns, 266
nm output of a Nd:YAG laser (Quantel 660-50) normal to the
surface of the pellet. The pulse energy varied between 20 and
50 uJ/pulse with a spot size of1 x 1074 cn, resulting in a
fluence between 200 and 500 mJ ¢n Care was taken to
ensure that the decomposition laser fluence was low enough
such that ions were not produced directly at the surface.

After traveling to the ionization region of the mass spec-
trometer, neutral gas-phase products are ionized by a beam of
118 nm (10.5 eV) light directed perpendicular to the path of
the decomposition laser. At this wavelength, most (but not all)
products of NTO decomposition are ionized with a single
photon. The low energy of the ionizing photons allows parent
products to be detected without the complication of fragmenta-
tion as is observed with 70 eV electron-impact ionization. The
118 nm light is generated by frequency-tripling the 355 nm
output of a Nd:YAG laser (Quantel 581-C) in a small, stainless
steel cell containing a mixture ef16 Torr of xenon and-85
Torr of argon; the argon is added to achieve proper phase
matching!® The cell is attached to the vacuum chamber via a
flange which contains a 9.5 cm focal length LiF lens which
moderately focuses the 118 nm light through the ionization
region (to improve mass resolution). The 355 nm beam is
focused into the center of the tripling cell and diverges after
the LiF lens.

The time-of-flight mass spectrometer is of the Wiy
McLaren design (R. M. Jordan Co.). Following the photoion-
ization step, the ions are accelerated through a 0.89 m field-
free flight tube and detected with a microchannel plate detector.
To record a mass spectrum at a fixed time delay between the
decomposition and ionization steps, the signal from the detector
was captured by a digital storage oscilloscope (LeCroy 9400)
and directed to a personal computer for data storage and analysis.
Timing for the laser triggers is controlled by a digital delay
generator (SRS DG-535) and a personal computer. Time-of-
arrival scans of desorbed products after the decomposition laser
pulse are obtained by monitoring the gated ion signal of a
particular mass as the time delay between the two lasers is
increased.

One possible complication in this experiment would be if
the parent molecule is dissociatively ionized. One manifestation
of dissociative ionization would be identical temporal distribu-
tions in the time-of-arrival scans of parent and daughter species
which we do not observe. However, to confirm that dissociative
ionization does not contribute to our observed ion signals, NTO
was thermally decomposed in a Knudsen cell in the mass
spectrometer, and the relative yields of the thermal decomposi-
tion products were monitored as a function of temperature. The
Knudsen cell consisted of a glass tube with a small hole in one
end in place of the rotating shaft; NTO crystals were placed in

the com_phcatmn of Species frggmentathn often encountered the end of the tube which was resistively heated with nichrome
when using electron-impact ionization while mass spectrometry wire

provides almost universal detection of the desorbed species.
Time-of-arrival scans are used to determine the temperature ofResults

the sample surface and to obtain relative product yields. A representative mass spectrum taken with a delay f<55

between the decomposition and photoionization lasers and a
decomposition laser fluence of 380 mJ¢hs shown in Figure

The experiments were carried out in a vacuum chamber with 2. As can be seen from the figure, at these decomposition laser
a time-of-flight mass spectrometer as illustrated in Figure 1. conditions the NTO desorbed has undergone relatively little
The NTO samples were prepared by pressh@ mg of NTO decomposition. A list of the major products observed in this
powder onto a KBr pellet. The pellets were epoxied to the end spectrum and their proposed chemical formulas can be found
of the shaft of a rotating motor which is mounted on>aiz in Table 1.
translator attached to a flange of the vacuum chamber. Rotation Translational and, as we will argue below, internal temper-
of the pellet allows a fresh area to be sampled with each laseratures of the desorbed species can be obtained from time-of-
shot. The surface of the sample is approximately 4.8 cm from arrival scans. A time-of-arrival scan of the parent NTO
the center of the source region of the mass spectrometer. molecule taken with a desorption laser fluence of 350 mJ*cm

Experimental Section
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Figure 2. Time-of-flight mass spectrum of the products from NTO  Figyre 4. Translational temperature of NTO following laser desorption
laser-induced decomposition. The decomposition laser fluence is 38055 4 function of decomposition laser fluence. The points are temper-

mJ cn1?, and the delay between the decomposition and ionization lasers ayyres calculated using thermal Maxwellian fits to time-of-arrival scans
is 55us. as described in the text. The solid line, which demonstrates the
proportionality of translational temperature to laser fluence, is a fit to
T T T ' J ' ! ' i the data constrained to go through the origin.

15 |-

desorption laser fluence is consistent with a photothermal
mechanism. In addition, at a fixed decomposition laser fluence,
the fitted translational temperatures of the different products
observed are the same within experimental error. Since the
products have molecular weights that differ by a factor of 1.5,

the temporal distributions of the product time-of-arrival scans

are different.

To characterize the initial decomposition steps, we focus on
the higher molecular weight products since the lower molecular
weight products observed, such as NO andNf@e more likely
to result from a number of different secondary reactions, making

the interpretation of their behavior difficult. Thus, we have
0 50 100 150 200 measured the relative yields of products witfze = 114, 101,
. . 85, and 83 as a function of temperature. The relative yield of
time-of-arrival (us) a product is determined by velocity-weighting, to convert the
Figure 3. Time-of-arrival scan for the parent NTO molecule following measured species density to flux, and then integrating the ion
laser desorption. The fluence of the decomposition laser is 350 mJ cm Signa| of a time-of-arrival scan. No correction is made for the

The points are experimental data, and the solid line is afit to a thermal ,5ggjpe variation in the photoionization cross sections for the
Maxwellian distribution with a translational temperature of 4760

ion signal (arb. units)

300 K various products. The products yields are normalized by the
' velocity-weighted, integrated ion signal from the parent NTO
TABLE 1: Identification of Products following molecule. Figure 5 is a plot of the relative product yields as a
Laser-Induced Decomposition of NTO function of decomposition laser fluence for the four products
obsdnvz proposed product mentioned. . _ S
27-30 HCN, 2, HCO, NO _ Finally, to explore_ the possibility of d|SSOC|a_t|_ve ionization
42—46 NCO/CNH,, HNCO, 2, 2, N@ in the present experiments, thermal decomposition experiments
56 from 847 were carried out in the mass spectrometer using the Knudsen
71 CNsOH oven described above. Because we only have pulsed ionization
83-85 GN3OH,, x=1-3 available in this apparatus, the signal-to-noise ratio in a
182 %ngiﬂi continuous evolution experiment such as a Knudsen cell is
114 GN.OH, greatly reduced from our normal, pulsed decomposition experi-
130 NTO, GN,OsH, ment. Nevertheless, the mass spectrum of effluent from the

is shown in Figure 3. The solid line is a fit to a thermal Knudsen oven showed NTO and products witiz = 83 and

Maxwellian distribution with a translational temperature of 4700 85. _AS t_he temperature of the Knudsen oven was reduced, the
+ 300 K. In a photothermal decomposition process, absorbed relatl_ve mtensmes of the products decreased until, eventua]ly,
light energy is converted to internal and translational energy. only lon S|g_na_l frqm _the parent moI_ech_e was det_ected, s_howmg
The number of molecules that desorb and the translational that dissociative ionization is not significant in this experiment.
energy of the products will depend on the number of photons
whereas in a photochemical decomposition process only the
number of desorbing molecules will depend on the number of  Before discussing the decomposition channels, the mechanism
photons. Figure 4 shows the dependence of the NTO transla-of production of hot NTO molecules in the present experiments
tional temperature on desorption laser fluence. The linear is considered. Absorption of light from the 266 nm decomposi-
correlation of the measured translational temperatures with tion laser results in electronically excited NTO molecules.

Discussion
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— v T ™ TABLE 2: Comparison of NTO Translational Temperature
with Estimated Temperature Obtained Using the Heat
06 - m/z = 114+ Conduction Equation
i ) fluence (mJ cm?)  translational temp (K)  calculated temp (K)
0.3 - 188 1931 2313
L I . 263 3200 3121
376 4930 4337
0.0 |~ ‘ ‘ o 526 5192 5952
- 06} m/z = 100 . . . .
° 1 the number of modes available in NTO. To check this notion,
> i we have performed a simple RRKM calculation of the NTO
T 03 ] unimolecular decomposition rate. The observed fractional
-3 s . : decomposition is obtained by dividing the sum of the integrated
o 0.0 — s— ' p— : — product yields by the integrated total yield in the experiment
_g' i ’ as discussed in the last section. This can only be considered
@ 06 - m/iz=85 - an order of magnitude estimate since we have not corrected for
35 L - the expected variations in the photoionization cross section
£ 03k - among the products at 10.5 eV. The calculation is performed
5 using the UNIMOL suite of prograntz.
c ] l l_' The input to the RRKM program includes temperature
0.0 — t t 3 (obtained from the experimental time-of-arrival scans), critical
0.6 L m/z = 83 energy (a bond strength of-NO, of 70 kcal mot? is usedd),
and vibrational frequencies adapted from ref 6 (experimental),
i ’ ref 23 (calculated), and ref 24 (experimental and calculated).
03 - The program calculates the density of stat€E) and the
5 l I l unimolecular rate constarit(E) for energized NTO. The
0.0 L N L probability of a molecule having enerdgy is obtained by
200 300 400 500 multiplying p(E) by the Boltzmann factor. The probability of
dissociation on the time scale of the experiment is estimated
decomposition laser fluence (mJ cm'z) from k(E). To determine the fraction of NTO molecules that

Figure 5. Normalized yields of NTO decomposition products as a dissociate at.a partlcula.r temper_ature, the probala_l!lty of a
function of decomposition laser fluence. Product yields are obtained m.0|eCl.JIe. having energg is 'multl.plle.d b.y th.e probablllty of
by integration of the velocity-weighted time-of-arrival distribution of ~diSsociation, and the resulting distribution is integrated. The
each product as described in the text. At each decomposition lasercalculated percent decomposition increases from 3% at 2000
fluence, the product yields are normalized to the yield of NTO. We K to >90% at 4000 K while experimentally the percent
estimate an uncertainty af20% for each yield. decomposition increases from20% at 2000 K to~50% at
4500 K.
These excited molecules rapidly undergo internal conversion  The most direct information about initial decomposition steps
to the ground state from which decomposition occurs. There comes from analysis of the decomposition laser fluence
are two pieces of evidence to support this thermal mechanism.dependence of the higher molecular weight products since lower
First, as discussed in the previous section, the observedmolecular weight products such as NO andA\@n arise from
translational temperature of desorbed NTO and all product more than one reaction pathway. The high molecular weight
species scales linearly with the desorption laser fluence. This products observed in this experiment arise from loss of O, loss
is in contrast to expected constant translational energy if a of NO, and loss of N@from NTO. These products are also
photochemical mechanism was operative. seen in the laser-induced decomposition experiments of Beard
Second, we have performed a calculation of the temperatureand Sharm® and McMillen et al3 but Beard and Sharma
expected for desorbing NTO molecules under each of our observed different relative yields. In their experiment, NTO is
fluence conditions. The heat conduction equ&famas used introduced into the mass spectrometer by heating the solid on
to estimate the temperature rise of the irradiated sample volume.a probe so the extent of thermal decomposition is not known.
The two-dimensional equation in cylindrical coordinates was In addition, some fragmentation could occur in their mass
solved numerically by a finite element cé8easing the incident spectrometer since either electron impact or chemical ionization
laser pulse energy, duration, and spot size, a heat capacity ofof the products was used.

1.06 J _g_l K -1 and density of 1.9 g cn¥, the thermal The translational temperature and the relative yields of the
conductivity of HMX (!n the apsgnce of an extant value for products depend on decomposition laser fluence as seen in
NTO), and an absorption coefficient 6f1.15 x 10* cm™ at Figures 4 and 5, respectively. In particular, Figure 5 shows

266 nm (measured in our laboratory). The calculation assumesthe relative yield of the four major high molecular weight
all the absorbed laser energy is converted to thermal energy.products as a function of decomposition laser fluence (internal
Temperatures calculated from the model are in good agreementemperature). The four fragments exhibit three different
with those obtained from the time-of-arrival scans as seen in functional forms as the decomposition laser fluence is increased.
Table 2. The close agreement between the calculated andNitroso-TO is the most abundant observable product at the
observed translational temperatures is another confirmation oflowest laser fluence, and its yield decreases as the fluence (i.e.,
the thermal mechanism. temperature) increases. (Since the photoionization cross sections
At first glance, it seems surprising that we observe any parent of the fragments are not known, care must be taken when
molecule from the NTO samples heated as high as 5000 K. comparing the yields of different products at a given fluence.)
The survival of the parent is easily understood, however, when This is the behavior expected for an initial decomposition
one considers the short time duration of the experiment and product which then decomposes further as increased collisional
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