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bstract

The objective of this work is to study the behavior of an ionic liquid, 1-H-4-amino-1,2,4-triazolium nitrate, during thermal decomposition
riven by an infrared laser (10.6 �m). The focus was to understand the initial decomposition reactions and subsequent reactions that lead to ring
ecomposition and eventually to ignition. A triple quadrupole mass spectrometer with molecular beam sampling was used to obtain gaseous
ecomposition species of the sample. The principal mass peaks that may contain multiple masses were analyzed through tandem mass techniques.
he experiments were conducted at a laser heat flux of 100 W/cm2 in helium at 1 atm. To assist in interpreting the data, three other materials were

lso tested, 4-amino-1,2,4-triazolium hydrochloride, 4-amino-1,2,4-triazole, and 1-H-1,2,4-triazole. The results show that the most probable route
o initiate the decomposition of the 1-H-4-amino-1,2,4-triazolium nitrate is through proton transfer from N1 site to the nitrate forming a neutral
air, nitric acid and amino-triazole. Subsequent reactions involve decomposition of the neutral pair and their interactions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Room temperature ionic liquids are of growing impor-
ance and interest due to their potential as environmentally
riendly solvents, electrolytes, lubricants, and heat transfer
edia [1–7]. The growth in importance can be traced largely

o the significant finding that N,N′-dialkylimidazolium and N-
lkylpyridinium salts of common weakly coordinating anions
such as AlCl4−, BF4

−, CF3SO3
−) are liquids at or near

oom temperature [8,9]. Salts that have a melting point below
a. 100 ◦C are defined as ionic liquids. The phase diagram
or 1-ethyl-3-methylimidazolium chloride-aluminum(III) chlo-
ide, [emim]Cl-AlCl3, shows that melting temperatures below
90 ◦C are possible [10]. Absence of strong hydrogen bond-
ng in these ionic liquids is regarded as contributing to the low
elting points [11]. Other important aspects include asymme-

ry of the cation, delocalization of the cation charge, addition
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niversity, University Park, PA 16802, USA. Tel.: +1 814 865 4015;

ax: +1 814 865 4021.
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ass spectrometry

f solvent-like tails, and nonalignment of ion pairs [12,13].
roperties of ionic liquids include negligible vapor pressure,
igh electrical conductivity, wide electro-chemical window, tol-
rance to strong acids, and excellent thermal and chemical
tability [11]. Ionic liquids typically consist of nitrogen contain-
ng cations and inorganic anions. In addition to the previously

entioned N-alkylpyridinium and N,N′-dialkylimidazolium,
ommon building blocks of ionic liquids include the alkylammo-
ium and alkylphosphonium cations as well as water-insoluble
PF6]− and water-soluble [CH3CO2]−, [CF3CO2]−, Br−, Cl−,
−, [Al2Cl7]− and [NO3]− anions.

Recently, these materials have garnered interest in the com-
ustion community because of their unique properties including
egligible vapor pressure, high density, and high solubility in
any polar solvents. Potential applications include systems
here low toxicity and high stability are of great importance

uch as gas generation for air bags. Materials of interests include
ubstituted heterocyclic cations such as those mentioned above,
aired with highly oxygenated anions such as nitrate, perchlo-

ate, and dinitramide, to achieve appropriate stoichiometry for
he application of interest. Additional cations of particular inter-
st from an ignition and combustion point of view include
riazolium and tertrazolium.

mailto:TAL2@psu.edu
dx.doi.org/10.1016/j.tca.2007.01.013
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behind the disc orifice, has an aperture of 1.5 mm and a length of
50 mm with 55◦/60◦ interior/exterior angles. The skimmer was
obtained from Beam Dynamics, Inc. The disc-skimmer distance
is adjustable by using spacers for better beam performance.
J. Li, T.A. Litzinger / Thermo

A large number of studies are available in the literature that
nvolve compounds based on the heterocyclic triazole ring struc-
ure. Such studies have in large part been driven by the need to
nd an explosive with similar performance characteristics to
DX and HMX, but with much reduced sensitivity to exter-
al stimuli such as slow cook-off, impact, and electrostatic
ischarge. As a result of synthesis efforts, 5-nitro-2,4-dihydro-
H-1,2,4-triazole-3-one (NTO) was developed in the early
980s, and since has been the focus of numerous thermal decom-
osition studies [14–31]. Furthermore, metallized salts based
n the triazole has also been synthesized as catalysts and their
hermal decomposition behavior examined by various diagnos-
ic techniques [32–40], as well as amine [14] and arylamonium
41,42] salts of NTO. A study of the thermal rearrangement
f fused diaryl-v-trialoium salts to neutral indazole derivates
s available [43]. Additionally, novel triazolium anions have
een synthesized and discussed [44]. However, information on
ecomposition of triazolium cation appears to be limited. In
articular, little experimental data on the condensed-phase pro-
esses leading to ignition and combustion of triazolium salts has
ppeared in the literature.

This paper reports a recent experimental effort with an objec-
ive of identifying the initiation and secondary reactions in
he condensed phase that lead to ignition and combustion. An
dditional objective was to provide data for researchers perform-
ng molecular dynamics simulations of ionic liquids as well as
esearchers synthesizing these compounds. In the work reported
n this paper, a model ionic liquid, 1-H-4-amino-1,2,4-triazolium
itrate, was selected for testing. The material was synthesized
t Edwards AFB. The compound was studied using mass spec-
rometric methods during IR laser-driven decomposition.

. Experimental

The experimental setup is schematically shown in Fig. 1. The
ain facilities include a heating source, a windowed test cham-

er, a sample holder, as well as a triple quadrupole molecular
eam mass spectrometer (TQ-MBMS).

.1. Test chamber

A small test chamber is used to minimize the distance from
he sample to the sampling orifice. The chamber is marked in the
gure by a circle to show the chamber size relative to the mass
pectrometer. To reveal the details of the chamber, an enlarged
ketch is presented in the figure to show the chamber cross-
ection. The test chamber is made of stainless steel. The body
f the chamber is a 7.0 cm circular disk with a thickness of
.0 cm. One side of the chamber interfaces with the sampling
nit of the TQ-MBMS through a specially designed flange, and
he other connects to a background gas source (argon or helium).

sample holder, also made of stainless steel, brings a sample
hrough a stepped hole on the bottom of the chamber up to a

oint that is 1.5 mm below the centerline of the sampling orifice
nd 10 mm from the orifice. The sample is confined in a recessed
up (1.25 mm in diameter and 1.5 mm in depth) on the top of the
ample holder.
ca Acta 454 (2007) 116–127 117

The energy source for heating the samples is a high-power
O2 laser with a maximum power output of 800 W in contin-
ous wave mode. After passing through a collimating aperture
5 mm), the laser beam enters the test chamber along a narrow
assage and then through a potassium chloride (KCl) window,
hich is 97% transmissive to the 10.6 �m laser beam. The beam

ize in the test chamber is determined by the passage diameter
f 2.5 mm, which is selected to be twice that of the sample sur-
ace so that a largely uniform beam profile is achieved over the
ample surface.

An inert gas (helium or argon) is introduced into the test
hamber as a background as well as a carrier for the decomposi-
ion products. A standard gas handling system (a regulator and
hree valves) controls the gas flow rate.

.2. Triple quadrupole mass spectrometer

The sampling and analysis of gaseous species were performed
sing a triple quadrupole molecular beam mass spectrometer;
he method is described in further detail elsewhere [45,46]. As
hown in Fig. 1, the sampling orifice (100 �m) is fabricated on a
isc plate (12 mm in diameter and 1.5 mm in thickness), which
as purchased from Lenox Laser. A skimmer, placed 10 mm
Fig. 1. Schematic of experimental setup.
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The sample gases are drawn through the orifice and into
he mass spectrometer by two diffusion pumps and two turbo-

olecular pumps as well as their backing pumps forming a
hree-stage differential vacuum system (10−3/10−5/10−7 torr)
o meet the requirement imposed by the orifices. Ions are pro-
uced during electron impact (EI) in the ion region of an Extrel
ross-beam-deflector ionizer, which is a combination of an
xial ionizer mounted perpendicularly to the mass filter axis
nd a small quadrupole deflector energy filter. The energy-
ltering capability of this ionizer provides great improvement

n its sensitivity, because tuning the lenses of the energy fil-
er can add energies up to hundreds of electron volts (eV) to
he deflected beam. The right-angle configuration dramatically
ncreases signal-to-noise by removing unwanted components of
he sample, such as photons, neutrals and even particulates, since
hey are directly pumped away by the turbo pump behind the
onizer. This configuration also helps to reduce contamination
f the quadrupoles and the detector for better performance in
orrosive and high-particulate applications.

Two modes can be selected for the mass filtering operation of
ass spectrometer: “parent” mode and “daughter” mode. Using

he daughter mode of operation, it is possible to identify and
ifferentiate N2, CO, C2H4 at m/z 28, NO, CH2O at m/z 30, and
2O, CO2 at m/z 44. In the daughter mode, the ion of interest,
ften referred to as the “parent”, is selected in the first quadrupole
Q1). The parent ions then enter the second quadrupole (Q2)
nd are fragmented into smaller species, the daughters, by the
rocess of collision-induced dissociation (CID) with an inert gas
eparately supplied into Q2. Argon was used as the collision gas
n this study to minimize its contributions to fragmented species.
he daughters, at masses less than their parent, are detected

n the third quadrupole (Q3). For complex parent ions, some
f the daughters might overlap if the parents contain common
tructures. In the present study, however, at least one unique
aughter could be acquired for each parent.

Detection of the ions that pass through the mass filters is per-
ormed using a channeltron multiplier with a conversion dynode.
n Extrel Merlin Automation system provides full electronic

ontrol of the TQMS system and performs data acquisition and
eduction.

Several methods of calibration are used to obtain the sensi-

ivity coefficients (intensity/concentration) of each species. The
ost stable species are calibrated directly with the gas mix-

ures of known concentration. To calibrate water, water vapor is
cquired from liquid water that was vaporized by the CO2 laser.

l
u
e
s

Fig. 2. Molecular structures of 4-ATA
ca Acta 454 (2007) 116–127

ypically, the sensitivity factors are repeatable within 10%. The
alibration factor of species for which standards are not read-
ly available, e.g., HCN, is estimated by correlating the signal
ntensity to that of calibrated species with a similar appearance
otential through the ratio of their ionization cross sections [47].

For all the calibrations and in the actual tests, ionization
nergy of 22 eV is used to minimize fragmentation of molecules
nd still get a sufficient number of ions to produce acceptable
ntensities. However, this setting is still high compared to the
onization energies of 9–15 eV for most organic compounds,
hus, some fragments are formed and contributed to the sig-
als at masses other than the parent mass. In such instances,
hese signals are subtracted from the mass signal of interest.
or quantitative analysis, species information will be reported
s normalized mole fractions by totaling the measured concen-
rations of the sampled species and dividing each concentration
y this total. The normalization eliminates the effect of sample
emperature on the observed signal intensities since the temper-
ture dependence cancels out. This method also cancels out the
ffect of probe orifice blockage on signal intensity. To check if
here are any major species missing during the sampling, element
alances are performed using the measured more fractions.

.3. Sample

The material of major interest in this work is 1-H-4-amino-
,2,4-triazolium nitrate (4-ATAN). To assist in interpreting
he results, experiments were also performed with 4-amino-
,2,4-triazole hydrochloride (4-ATACl), 4-amino-1,2,4-triazole
4-ATA), and 1-H-1,2,4-triazole (hTA). The molecular struc-
ures of these materials are shown in Fig. 2. Under standard
onditions, these materials are all solids, with the chloride salt
eing yellow-greenish and the other three being white in color.
he melting points are 69 ◦C (4-ATAN), 86–89 ◦C (4-ATACl),
4–86 ◦C (4-ATA), and 120–121 ◦C (hTA). The nitrate salt was
ynthesized by AFB at Edwards; others were purchased from
igma–Aldrich Company. The sample size used in each test was
bout 0.5 mg.

Initial tests were run in a larger (16.5 cm × 16.5 cm ×
5.4 cm) windowed test chamber [48] so that the event could be
ideo-taped for observation of the behavior of a sample duing

aser heating at varying heat fluxes. The video was acquired
sing a Sony camcorder. In addition, a Pulnix video CCD cam-
ra equipped with a Nikon macro lens in conjunction with a TV
creen was used to provide real-time monitoring of the event. In

N, 4-ATACl, 4-ATA, and hTA.
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Species temporal evolution during decomposition is shown
in Fig. 5, where temporal profiles of all the detected masses are
presented in three plots to improve clarity. It should be noted that
Fig. 3. Laser-driven vaporization and bu

he initial tests, a larger quantity of sample (∼5 mg) was placed
n a quartz sample holder, and an angled microprobe (see Fig. 3)
as used to monitor the species evolution.

. Results and discussion

.1. Ignition and burning of 4-ATAN

In atmospheric air conditions, 4-ATAN starts to melt and
aporize at a laser heat flux about 35 W/cm2; ignition of the
ample is not achived until the heat flux reaches 150 W/cm2. At
his condition, an ∼4 s delay occurs between the trigger of the
aser and the appearance of a visible flame, during which “smok-
ng” is observed. In an inert environment, e.g., helium, ignition
ccurs at a higher heat flux around 200 W/cm2. Fig. 3 presents
few images showing the “smoke” and flame at a heat flux of
00 W/cm2 in 1 atm. air. It shows that prior to the appearance of a
uminous flame (5th image), the solid sample (1st image) melts
2nd image) and vaporizes (3rd and 4th images) into gaseous
pecies. Bubbles were observed to develop during melting. The
nset of ignition is about 3.2 s after triggering the laser.

A few tests were run to get a species profile through the smok-
ng region starting from the sample surface up to 6 mm above
he sample surface. The profile reveals consistency in species
etected across this region, an indicator that early decomposi-
ion ocurrs in the condensed phase. However, Dessiaterik et al.
49], who used IR lasers to ablate imidazolium salts, suggested
ecomposition would occur in the gas phase, since the laser heat-
ng usually produces high heating rates, with which vaporization
ate is higher than decomposition rate. Considering the fact that
heir laser ablation tests were conducted under a vaccum condi-
ion, it is possible that decomposition occurs in the gas phase.
lso, triazoles have a higher melting point and higher enthalpies
f phase transitions, which would reduce the vaporization rate
ersus the decomposition rate. In addition, the beam size and
ulse width of the lasers used are different, both of which would
ause the difference observed in the two studies.

.2. Measurement of species

Species measurement using the quartz microprobe provides

reater flexibility in choosing the sampling point relative to the
ample surface, but loss of species due to condensation along
he inner wall of the narrow probe (∼2 mm of i.d. and 70 mm in
ength) proved to be a major problem. For example, species at

F
C

of 4-ATAN at 200 W/cm2 in 1 atm. air.

/z 69 and 84 were missing in initial attempts to detect products
rom 4-ATAN using the microprobe. However, these species
ere seen in additional tests with molecular beam sampling.
herefore, the configuration of an orifice in a thin disc coupled
ith a cone-shaped skimmer was used for all the species data
resented in the paper.

To help eliminate m/z interference from N2 and O2 present in
n air background, helium was used as the carrier gas. Obviously,
inimizing the heating power would help to identify initial steps

eading to decomposition, but a compromise had to be made
o obtain a better signal intensity. Preliminary tests were con-
ucted to select a proper laser heat flux level by keeping in mind
hat minimum heat flux would be used as long as an acceptable
ignal intensity is achieved for each material studied. As men-
ioned above, the 4-ATAN material starts to vaporize at about
5 W/cm2, at which, however, the mass signals are very weak,
nd even at 50–75 W/cm2, the signal is still not good. Therefore,
n even higher heat flux at 100 W/cm2 was used throughout the
ests with 4-ATAN in helium. No ignition was achieved at this
eat flux.

Fig. 4 presents a typical mass spectrum of 4-ATAN taken
t the moment when the number of total ion counts reached a
aximum. The background has been subtracted from the spec-

rum. To cover all possible decomposition products, the scan
as made over a range of mass-to-charge ratio (m/z) from 1

o 150 amu (147 for the 4-ATAN molecule). The consistently
etected species were distributed within a range of m/z 14–84,
s shown in the figure. No species at m/z higher than 84 were
ig. 4. A typical mass spectrum of 4-ATAN during decompostion driven by
O2 laser heating at 100 W/cm2 in an 1 atm. helium evironment.



120 J. Li, T.A. Litzinger / Thermochimi

F

s
i
i
s
a
a
2
s
c
d

s
s

m
s
b

3

M
r
i
s
p
i
b
S
o
r
c

(
s
t
B
c
t
c
a
f
r

T
1
t
1
f
N
t
4
s

(
(
A
6
m
t
s
(
4
t

m
i

ig. 5. Temporal evolution of decompostion products of 4-ATAN at 100 W/cm2.

light variation from test to test does exist, but the general trend
n the temporal evolution of these species is the same. The plots
n Fig. 5 reveal that the decomposition proceeds in several steps:
ome species are formed mainly in early steps, for example, m/z
t 30, 44, 46, and 84; some are seen mainly in later steps, such
s m/z at 27, 40, 41, and 43, while other species like m/z 69, 42,
8, 18, and 17 are observed in a wider range of time. The time
equence in the appearance of different species indicates that the
ation ring remains intact for some time and then opens in later

ecomposition.

Assignment of each m/z value to a particular species is
traightforward in some casess, for instance, m/z at 18 repre-
enting H2O. However, additional experiments with daughter

2
t
o
4

ca Acta 454 (2007) 116–127

ode operation are needed in order to identify and differentiate
pecies that have the same m/z value, such as N2O and CO2,
oth having m/z at 44.

.3. Identification and differentiation of species

Another series of experiments were performed with the TQ-
BMS operating in daughter mode for MS/MS analysis, and the

esults are summarized in Table 1. In the table, both the parent
ons and daughter ions are listed in a decending order of inten-
ity, and a dash “–” indicates that daughter mode tests were not
erformed for that parent species. Most of the parent ions were
dentified through analysis of their corresponding daughter ions
y comparison with standard daughters from calibration tests.
ome parent species were identified by comparing the results
f 4-ATAN with that of 4-ATA and/or hTA. A few assignments
emain tentative due to the lack of standard daughter spectra or
omparison data.

The electron energy supplied to the ionizer was relatively low
22 eV), so the chance of producing doubly charged species is
mall. Therefore, the mass to charge ratio of each ion is assumed
o equal the molecular weight of the corresponding molecule.
ased on this assumption, m/z 28 is considered to have two
andidates for the parent species, namely N2 and CO. However,
he lack of daughter at m/z 16 for O indicates that CO is not a
ontributor to the peak at m/z 28. The signal of m/z 28 (N2) was
lso observed in the decomposition of hTA, indicating the routes
or N2 formation should include elimination of N–N from the
ing.

It is apparent that the peak at m/z 69 is the molecule of triazole.
able 1 lists two possible structures for triazole, one being 1-H-
,2,4-triazole and the other 4-H-1,2,4-triazole. Correspondingly,
here are two channels for generating triazole from 4-ATAN. The
-H-triazole results from a direct loss of the amino group (NH2)
rom 4-ATAN—a process similar to deprotonation, in which
H2 acts as a “big proton”. The second channel, responsible for

he formation of 4-H-triazole, requires further decomposition of
-ATA, that is, 4-ATA loses NH2 and then picks up one H at the
ite of N4.

The molecular structure of m/z 42 is considered to be HCNNH
see Table 1), which is explainable by its daughter ions at m/z 28
N2 or HNCH), 27 (HCN), 29 (NNH), 13 (CH), and 15 (NH).
s seen in Fig. 5, the curve of m/z 42 resembles that of m/z
9 so well that one might think m/z 42 is just a fragment of
/z 69 formed as a result of electron impact. Examination of

heir intensity ratio (M42/M69) reveals that this is possible. As
hown in Fig. 6 the ratio of m/z 42 to 69 is almost a constant
M42/M69 = 0.9) over the duration of 0.5–3.5 s, suggesting m/z
2 is likely formed as a fragment of the triazole (m/z 69) during
his period of time.

The NIST standard spectrum of hTA also shows a fragment of
/z 69 at m/z 42. However a smaller fraction (M42/M69 = 0.63)

s reported for an higher electron energy of 70 eV (compared to

2 eV of the current study), which may suggest that fragmenta-
ion is not the only source for m/z 42. The increase in the ratio
f M42/M69 after 3.5 s (see Fig. 6) indicates that species of m/z
2 may also include a contribution due to ring fracture resulting
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Table 1
Species from laser-driven decomposition of 1-H-4-amino-1,2,4-triazolium nitrate (electron impact of 22 eV, laser heating at 100 W/cm2, in 1 atm. helium)

Parent ions Daughter ions Probable species Notes

m/z Possibilities m/z Possibilities

84 Amino-triazole (ATA) – – Amino-triazole (ATA)

70 [hTA + H] – – [hTA + H] Protonation of triazole

69 Triazole – – Triazole

57 [ATA − HCN] – – [ATA − HCN]

46 NO2 30a NO NO2 Daughter 30 � 14,16
16 O
14 N

44 N2O 16 O, NH2 N2O Mainly N2O (trace H2CNNH2 also present in 4-ATA)
H2CNNH2 30 NO H2CNNH2

28 H2CN
14 N

43 HCNNH2 – – HCNNH2 Fragment of H2CNNH2

42 HCNNH 28 N2, HNCH HCNNH

27 HCN
29 NNH
13 CH
15 NH

41 CNNH – – CNNH Fragment of HCNNH (42)
40 CNN – – CNN Fragment of HCNNH (42)

30 NO 14 N NO HNNH also present in 4-ATA
HNNH 16 O, NH2 HNNH

29 NNH
28 N2

29 N2H – – N2H Fragment of NNH2

28 N2 14 N N2 No CO due to the lack of daughter O at m/z = 16
CO

27 HCN 12 C HCN
13 CH
14 N

18 H2O – – H2O

17 NH3 16 NH2 NH3 May also contain fragment of H2O, but quite small
15 NH

16 NH2 – – NH2 Fragment of NH3

14 N – – N Fragment of N2 and/or NH3

a Daughter ions are listed in descending order of intensity.
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Fig. 6. Examination of possible fragments of triazole and amino-triazole (data
taken from Fig. 5).
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ig. 7. Decomposition of triazole via cleavage of two single bonds of the ring.

rom laser heating, i.e., the triazole (m/z 69) releases an HCNNH
nd an HCN through homolysis of two single bonds of the ring,
s shown in Fig. 7. The HCNNH could be an open-chain or a
hree-membered ring, with the latter more stable and thus more
ikely.

Species for m/z 30 include NO and HNNH. NO is related to
he anion (NO3

−) while HNNH must originate from the cation.
dditional evidence supporting the presence of HNNH is that

he signal of m/z 30 was also observed in the decomposition

est with 4-ATA, where NO is not possible because there is no
xygen available. A typical result of 4-ATA is given in Fig. 8,
here m/z 30 is clearly seen. The curve of m/z 30 follows that
f m/z 84 so well that their intensity ratio is nearly a constant,

ig. 8. Decomposition products of 4-amino-1,2,4-triazole at 100 W/cm2 in
elium at 1 atm.

A
i
o

F
a

ig. 9. Examination of possible fragments in decomposition of amino-triazole
data taken from Fig. 8).

s shown in Fig. 9. The amino group in 4-ATA and 4-ATAN
ust be involved in the formation of HNNH because, without

he amino group, the signal of m/z 30 is not present, as shown
n Fig. 10 for the decomposition of hTA. It is interesting to note
hat the peak at m/z 27 in hTA is very small as compared to its
arger peak in 4-ATA or 4-ATAN. One possible reason for this
ifference may be that m/z 27 is fragmented into smaller species
y EI in the case of hTA but somehow survived in the cases of
-ATA and 4-ATAN. More work needs to verify this possibility.

Two species are considered to be possible for the peak at
/z 44, which are nitrous oxide (N2O) and H2CN-NH2. The
aughters at m/z 16, 30, and 14 are consistent with the calibration
esult for N2O. The presence of H2CN-NH2 is supported by its
aughters m/z 28 (H2CN) and m/z 16 (NH2). In addition, a peak
t m/z 44 observed in the decomposition of 4-ATA (see Fig. 8)
s a sign that H2CN-NH2 is also a contributor to m/z 44 in 4-

TAN decomposition. Since only a small amount of H2CN-NH2

s formed in the 4-ATA test, N2O appears to dominate the signal
f m/z 44 in the decomposition of 4-ATAN.

ig. 10. Decomposition products of 1-H-1,2,4-triazole at 100 W/cm2 in helium
t 1 atm. (condensation of gaseous triazole causing sampling orifice blocked).
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The nitrogen dioxide (NO2) represents the peak at m/z 46,
hich is confirmed by its daughter ions. It is believed that HCN

ccounts for m/z 27, because its daughter ions match well with
he standards. Clearly, HCN must be a product as a result of ring
pening. Species of m/z 14 is thought to be the fragment N from
2 and/or NH3.
Examination of the daughters for m/z 17 suggests that the par-

nt species is mainly ammonia (NH3) and a small fraction (less
han 2%) of fragments from water. It appears that EI fragmen-
ation of the ammonia produces ample amidogen radical (NH2)
etected as the peak at m/z 16. It is noted that both signals at m/z
7 and m/z 16 are also detected from 4-ATA (see Fig. 8), but not
n tests with hTA (see Fig. 10), indicative of the amino group
eing the source of ammonia.

Species at m/z 40 and m/z 41 are thought to be different EI
ragments from HCNNH, the part of m/z 42 that is formed due
o thermal decomposition. The signal of m/z at 84 is the neutral
mino-triazole molecule resulting from deprotonation at site N1
n the ring.

The nitrogen hydride (N2H) for m/z at 29 is likely to be a
ragment of HNNH (m/z 30). This is based on the facts that both
ignals are also observed in the decomposition of 4-ATA (see
ig. 8), and their intensity ratio is very close to a constant (see
ig. 9). Assignment of m/z 43 remains tentative; one possibil-

ty is HCNNH2 formed as a fragment of H2CN-NH2. Another
ossibility is that the 4-ATA ring opens releasing NNCH and
CNNH2, but this requires breaking one of the double bonds

N on the ring, which seems less likely.
Protonation of the triazole gives the low intensity signal of

/z 70. The tiny amount of signal at m/z 57 results from loss
f HCN from the neutral amino-triazole by breaking any two of
he three single bonds on the ring, which may be due to either
hermal decomposition or electron impact.

.4. Quantitative analysis

Sensitivity coefficients were obtained from calibration tests
or most of the species that are readily available. Estimation was
ade for the remaining species based on a close match in their

onization cross sections with that of species for which calibra-
ion data are available. Also, analysis of the element balance
as performed to help compensate for the loss of triazole (m/z
9) and amino-triazole (m/z 84) due to condensation. The inten-
ities (or total ion counts) of species that have significant EI
ragments were adjusted based on their standard fragmentation
atterns. Some species were omitted due to their very small sig-
al intensities. Since not all the species were taken into account
ue to difficulty in quantitative differentiation, precise element
alance should not be expected.

The analysis for element balance is based on the assump-
ion that, for each sample molecule that decomposes to form
aseous species, the mole fraction of each element in these
aseous species should be equal to its mole fraction in the sample

olecule. For a molecule of 4-ATAN (C2H5N5O3), the theoret-

cal mole fractions of its four elements are 0.133 (C), 0.333
H), 0.333 (N), and 0.2 (O). However, as mentioned above,
hen conducting the experiments, the sampling orifice was par-

s
c
N
s

ig. 11. Element balance for decomposition of 4-ATAN: (a) based on detected
aseous species; (b) re-condensed amino-triazole and triazole were taken into
ccount.

ially blocked in each test. Post-test examination of the orifice
urrounding area showed significant deposition of condensed
articles. Also, condensation was found to be occurring on the
est chamber walls. It is therefore apparent that only part of
he gaseous amino-triazole and triazole entered the orifice as
aseous species, while the remaining portions re-condensed and
emained outside the mass spectrometer. If the re-condensed
pecies (amino-triazole and triazole) are substantial, as seems
ikely, elements in the detected gaseous species would not be
alanced. Fig. 11a presents the result calculated based on the
etected species (the same data set with Fig. 5).

The deviation from the theoretical values is well beyond error
olerance. A major source for the deviation is loss of amino-
riazole and triazole due to re-condensation. Since an accurate

ethod is not readily available to determine the fraction of these
roducts that re-condensed, estimation has to be made. Another
actor leading to the imbalance of elements is that part of the
mino-triazole and/or triazole formed during early decompo-

ition of the sample salt does not vaporize but remains in the
ondensed phase, while other gaseous products (such as NO,
2O, NO2) and lighter species will preferentially leave the

ample into the gas phase plume. This may explain the larger



124 J. Li, T.A. Litzinger / Thermochimica Acta 454 (2007) 116–127

F
(

m
F
m
t
t
f
T
t
i
t

t
o
d
s
p
a
m
b

3

l
a
1
s

s
o

F
f

F
i

d
q
l
s
(
[

s
d
(
l
r
r
d
i
i
t
t
i
f
r

a
w
4
s
(
t
(
(
b

ig. 12. Quantitative analysis of major products of 4-ATAN decomposition
from the same data set with Fig. 5).

ole fractions of O and N seen in early time of decomposition.
ig. 11b is an adjusted result, which shows substantial improve-
ent in the element balance. Note that the amino-triazole and

riazole used in the calculation were both multiplied by a fac-
or of 5. With these adjustments, the quantitative data in mole
raction for some of the major products are provided in Fig. 12.
he quantitative data show formation of amino-triazole early in

he event and then consumption of itself accompanied by large
ncrease in triazole. This may imply that one route for producing
riazole is through decomposition of amino-triazole.

The large amounts of amino-triazole and triazole in the quan-
itative data show that, with the current test setup/conditions,
nly a small fraction of the sample may undergo complete
ecomposition to give final products, for example, HCN. This
tatement can be easily understood given the fact that the gaseous
roducts (intermediates) are entrained into the helium stream
nd carried away as soon as they are formed, and thus receive no
ore laser heating. Therefore, gas phase decomposition should

e limited within the current experimental configuration.

.5. Initiation reactions

From the experimental results, it appears that initiation steps
eading to decomposition of 4-ATAN may involve deprotonation
t site N1 followed by proton transfer to form neutral 4-amino-
,2,4-triazole (4-ATA) and nitric acid (NHO3). This reaction is

hown in Fig. 13.

Evidence in support of this scheme is available in the data
hown in Fig. 5, where the amino-triazole (m/z 84) was clearly
bserved in the early stage of decomposition. However, no

ig. 13. Possible initiation mechanism: deprotonation at N1 and proton transfer
orming 4-ATA and HNO3.

c
r

w
u
w
a
N
w
t
c
N

ig. 14. Mass spectrum of HNO3 resulting from fragmentation due to electron
mpact.

etection of nitric acid (HNO3, m/z 63) was found using the
uadrupole mass spectrometer. In a similar study by our col-
aborators who used both FTIR and ToF-MS to study the
ame material (4-ATAN), a considerable amount of nitric acid
m/z 63) showed up in the FTIR but none in the ToF-MS
50].

It appears that all the nitric acid molecules that enter the mass
pectrometers (both TQ-MBMS and ToF-MS) were fragmented
ue to EI in the ionizer. This was verified by a test with nitric acid
70% solution in water), which is shown in Fig. 14. In this test,
aser heating was not applied in order to avoid reactions occur-
ing outside the mass spectrometer, so the obtained spectrum
epresents the fragments of HNO3 caused by EI. The spectrum
id not show any signal for HNO3 (even in a trace amount),
ndicating it was completely fragmented in the EI process. It is
mportant to note that the fragments NO and NO2 follow a pat-
ern similar to the one seen in the test of 4-ATAN. This indicates
hat most (if not all) of the signals of NO and NO2 observed
n the test of 4-ATAN are not decomposition products but just
ragments of the nitric acid. The absence of NO2 in the FTIR
esults [50] confirms the above statement.

Additional evidence in support of proton transfer forming an
cid and a neutral amino-triazole is available from test results
ith 4-ATACl. Fig. 15 provides a typical mass spectrum of
-ATACl. For comparison, the spectrum of 4-ATAN is also pre-
ented in the figure. The presence of hydrochloride at m/z 36
with an isotopic ion at m/z 38) is a sign of proton transfer from
he cation to the anion forming acid HCl. The amino-triazole
m/z 84) is also evident. The absence of H2O, N2O, NO2, and NO
m/z 30 can only be HNNH in the case of 4-ATACl) is expected
ecause no oxygen is available in 4-ATACl. These results also
onfirm that these oxygen containing species are products of
eactions involving the nitrate (NO3

−) in 4-ATAN.
The nitric acid formed in 4-ATAN may be consumed in two

ays: part of it enters the mass spectrometer as a gas and then
ndergoes complete fragmentation to form mainly NO and NO2,
hile the remaining part remains in the condensed phase to

ttack products left in the condensed phase and form H2O and
2O. Fig. 16 lists a possible route for forming H2O and N2O,
hich is based on an analogy to the low-temperature decomposi-
ion of ammonia nitrate (NH4NO3) [51]. The high-temperature
hemistry of ammonia nitrate [52] suggests a neutral path to
2O, which involves formation of NO2. Because NO2 is thought



J. Li, T.A. Litzinger / Thermochimica Acta 454 (2007) 116–127 125

AN (l

t
p

s
i
s
I
t
r
n
e
t

F
t

d
o

i
o
s
[
i

Fig. 15. Mass spectra of 4-ATACl and 4-AT

o be formed as a fragment of nitric acid (not a decomposition
roduct of 4-ATAN), the neutral route is considered less likely.

The process used to synthesize the 4-ATAN salt [52] may also
hed light on the statement that deprotonation from the site N1
s the most likely first step of decompositon, because that is the
ite for 4-amino-1,2,4-triazole to be quaternized with nitric acid.
f 1,2,4-triazole is substituted with amino at N1, its quaterniza-
ion occurs at N4 [53]. It is tempting to think that the initiating

eaction of decomposition of the salt tends to reverse the quater-
ization process via deprotonation, as shown in Fig. 17. Schmidt
t al. [54] investigated the 1-H-4-amino-1,2,4-triazolium cation
hrough ab initio quantum chemistry calculations and found that

ig. 16. Formation of oxygen-containing species from radical-driven chain reac-
ions.

t
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aser heating at 100 W/cm2, 1 atm. helium).

eprotonation at N1 was the most likely initiation reaction based
n the energy required for deprotonation.

A remaining issue is whether the amino-group is involved
n the initiation reactions. The large signal of triazole (m/z 69)
bserved in the data of 4-ATAN (see Fig. 5) seems to suggest
o. In addition, Oxley et al. investigated 3,6-substituted tetrazine
55] and its nitrate salt [56], and found decomposition involv-
ng the substituent group is possible; in particular, when one of
he substituents is amino (NH2), formation of NH3 is through
rotonation of the eliminated NH2 from the ring.

However, the triazole observed in the data may not be the
esult of a single initiation reaction, but rather it may be formed in
ubsequent decomposition reactions. One possibility is displace-
ent of the amino group by a hydrogen radical. The released
H2 radical would then attack back at a new amino-triazole

olecule to form ammonia. This postulated process is shown in
ig. 18.

Another important issue is the formation of N2. The abun-
ance of N2 (labeled as 28 in the figures) in the decomposition of

ig. 17. Formation of salt (4-ATAN) [53] and decomposition starting from
roton transfer to form neutral pair.
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ig. 18. Formation of triazole and ammonia from neutral amino-triazole.

-ATA (Fig. 9) and hTA (Fig. 10) suggests that the main mech-
nism of decomposition includes elimination of N2 from the
riazole ring. Moreover, in tests with the chloride salt, N2 is also
vident, which further augments the possibility of N2 coming
rom the ring. Therefore, it is likely that most of the N2 in the
ata of 4-ATAN is from ring fracture.

For the amino-substituted triazole ring (for 4-ATAN, 4-
TACl and 4-ATA), the possible sources for N2 formation

nclude N-NH2 and C N N C, while only the latter for hTA.
he source of N-NH2 is more likely, because it requires scis-
ion of single bonds. The second source, C N N C, requires
leavage of two double bonds (C N) to form N2, and thus is less
ikely.

. Summary and conclusion

An experimental work was conducted to study the behavior
f an ionic liquid, 1-H-4-amino-1,2,4-triazolium nitrate, dur-
ng thermal decomposition driven by an infrared laser. A triple
uadrupole mass spectrometer with molecular beam sampling
as used to obtain gaseous decomposition species of the sam-
le. The principal mass peaks that may contain multiple masses
ere analyzed through tandem mass techniques. The experi-
ents were conducted at a laser heat flux of 100 W/cm2 in helium

t 1 atmosphere.
The experimental results indicate that the reaction that initi-

tes the decomposition of 1-H-4-amino-1,2,4-triazolium nitrate
s proton transfer from site N1 on the ring to the nitrate form-
ng a neutral pair (nitric acid and amino-triazole). Although
itric acid is not directly observed in the gas-phase products,
ts ionization fragments, NO2 and NO, are observed early
n the reaction in a ratio that is consistent with calibration
esults for nitric acid. Elimination of the amino group from
he cation ring appears to occur in subsequent decomposition
f the neutral amino-triazole, which results in the formation
f triazole and ammonia. The data also indicate that forma-
ion of N2 by direct elimination from the ring is the dominant

ath under the conditions of this study. Based on analogies to
he reactions of ammonium nitrate, an ionic route to the for-

ation of N2O is proposed. Evidence from the current study
lso shows that the decomposition process involves condensed
hase.
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