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a b s t r a c t

The initiation of decomposition of several energetic ionic liquids (EILs) was studied by confined
rapid thermolysis. Rapidscan FTIR spectroscopy and time-of-flight mass spectrometry were utilized
to identify the products evolved from sub-milligram quantities subjected to heating rates of about
2000 K/s. The compounds studied were 2-amino-4,5-dimethyl-tetrazolium iodide (2AdMTZI), 2-amino-
4,5-dimethyl-tetrazolium nitrate (2AdMTZN), 1-amino-4,5-dimethyl-tetrazolium iodide (1AdMTZI), and
1-amino-4,5-dimethyl-tetrazolium nitrate (1AdMTZN). Decomposition studies involving the 2AdMTZ
salts were carried out around 300 ◦C. The major decomposition pathway involves a nucleophilic transfer
to the anion leading to the formation of methyl iodide and methyl nitrate, from 2AdMTZI and 2AdMTZN,
respectively. Methyl iodide (m/z = 142) was detected both in the ToFMS and FTIR spectra. Methyl nitrate
(m/z = 77) was visible in the FTIR spectra. The resultant nitrogen-rich amino-methyl-tetrazole (m/z = 99)
was found to decompose to form primarily molecular nitrogen and methyl isocyanide. Unlike the 2AdMTZ

◦
salts, the 1AdMTZ salts were found to initiate decomposition at temperatures lower by at least 50 C.
Decomposition was found to proceed through three major pathways—formation of the corresponding
methylated anion and 1-amino-5-methyl-tetrazole, formation of ammonia by the amino group, and
expulsion of nitrogen from the tetrazole cation itself. 1-Amino-5-methyl tetrazole was found to rapidly
decompose to form mainly ammonia and nitrogen. The ammonia formed in the condensed phase during
the decomposition of 1AdMTZN was reduced by methyl nitrate, to form smaller molecular weight species,

O, CO
such as N2O, H2O, NO2, N

. Introduction

Recent interest in ionic liquids, a unique class of salts with melt-
ng points below 100 ◦C, has been sparked due to their broad range
f interesting properties [1–8]. The exceptional chemical and ther-
odynamic stability of these compounds, coupled with their low

apor pressures and low melting points have put them forth as
otential replacements of many noxious organic solvents used in
he chemical industry [9,10]. Also their easy recoverability after
sage has made them popular as “green solvents”. However, atten-
ion has recently been drawn to heterocyclic ionic liquids with
itrogen-rich cations, such as imidazoles, triazoles and, tetrazoles,
oupled with oxygen-rich anions such as nitrates, nitramides, and

erchlorates, because of their high energy density. These com-
ounds are easy to synthesize and their properties can be tailored
o suit specific requirements by minor alterations in their molecular
tructure.

∗ Corresponding author. Tel.: +1 814 863 0977; fax: +1 814 863 4848.
E-mail address: Thynell@psu.edu (S.T. Thynell).

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.11.018
2, and others.
© 2008 Elsevier B.V. All rights reserved.

The higher nitrogen content of the heterocyclic tetrazole com-
pounds has prompted numerous studies on the compounds
themselves and their derivatives. Experimental and numerical
studies have been conducted on the thermal decomposition
and combustion of tetrazole [11–14], amino-tetrazoles [15–18],
nitramino-tetrazoles [19,20], nitro-tetrazoles [21–23], and even
polymeric forms of tetrazoles [24,25]. Ab initio calculations on
decomposition of substituted tetrazoles [26,27] indicate that ring-
opening is initialized by N–N bond cleavage, instead of C–N bond
scission.

The high heats of formation of nitrate, dinitramide, azide, and
perchlorate salts of substituted tetrazoles, and production of high
quantities of dinitrogen during decomposition has generated con-
siderable interest in them as gas generators, propellants and explo-
sives. However, limited knowledge is available in the literature on
these energetic salts of tetrazoles. Shreeve and coworkers [28] syn-

thesized nitrate and perchlorate salts of 2,4,5-trimethyltetrazolium
and 4,5-dimethyl-1-aminotetrazolium cations. As observed with
the triazole salts, the perchlorate salts were thermally more sta-
ble than the nitrate salts. Replacing a methyl group with an amino
group lowers the onset of decomposition for both salts. Similar salts

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:Thynell@psu.edu
dx.doi.org/10.1016/j.tca.2008.11.018
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f 2-amino-4,5-dimethyltetrazolium cations [29] showed analo-
ous decomposition trends.

Weigand and coworkers [30] prepared 1,5-diaminotetrazolium
itrate and perchlorate, and 1,5-diamino-4-methyl-tetrazolium
itrate, dinitramide, and azide salts. The salts were character-

zed by vibrational and NMR spectroscopy, mass spectrometry,
-ray crystallography and elemental analysis. The azide salt was

ound to be the least thermally stable, and provided the maximum
olar enthalpy of formation. 1,5-Diaminotetrazolium perchlorate
as also synthesized and studied by Drake et al. [31]. Diaminote-

razolium nitrate exhibited detonation velocities and pressures
omparable to high explosives, such as HMX, RDX or PETN [32].

The slow thermal decomposition characteristics of derivatives
f 1,5-diaminotetrazole were examined using thermogravimet-
ic analysis and differential scanning calorimetry [33]. The
aseous products were identified by IR spectroscopy and mass
pectrometry. Decomposition of the 1,5-diamino-4-methyl-1H-
etrazolium nitrate involved methyl group transfer to form

eONO2, rather than proton transfer to form HNO3. At heat-
ng rates of 10 ◦C/min, this ionic liquid began to decompose at
81 ◦C, and showed a peak heat release rate at 200 ◦C. The resul-
ant 1,5-diaminotetrazole (DAT) readily produced nitrogen and
n unstable nitrene, which subsequently produced ammonia and
CN. The azide salt decomposed through deprotonation to form
-amino-4-methyl-5-imino-tetrazole and the corresponding acid
N3. The decomposition temperatures were high enough to cause

ing fracture of the tetrazole formed during the initiation step
nd led to the formation of smaller fragments, including methyl
zide and aminocyanamide. The dinitramide salt also followed
similar deprotonation reaction to form 1-amino-4-methyl-5-

mino-tetrazole and HN(NO2)2. HN(NO2)2 decomposes to N2O
nd HNO3, and HNO3 promptly reacts with 1-amino-4-methyl-5-
mino-tetrazole producing its nitrate salt, which decomposes in a

anner discussed earlier.
Flash pyrolysis of 5-amino-1H-tetrazolium halides (chloride,

romide and iodide) was carried out by Brill and Ramanathan [15],
nd the products were identified by FTIR spectroscopy under tem-
eratures ranging from 350 to 450 ◦C. The products indicated the
resence of two different reaction pathways, the first being the dis-
ociation of the salts to form molecular nitrogen. The remaining
pecies decomposed spontaneously to form mainly HCN and the
orresponding protonated anion (HCl, HBr, or HI). The second path-
ay involved deprotonation of the ring hydrogen and subsequent
issociation of 5-amino-tetrazole (5ATZ) into HN3 and NH2CN. The
rst channel of reaction is favored over the second in the order
f I− > Br− > Cl−, which is the same order as the basicities of these
nions. The burning rates of the salts were found to be dependent
n the extent of decomposition of 5ATZ molecule, rather than that
f the 5ATZH+ ion.

In another pertinent work, Brill and coworkers [34] studied the
ifferent decomposition pathways occurring due to the presence
f an amino group on the ring carbon (5-amino-tetrazole, 5ATZ)
nstead of a ring nitrogen (1-amino-tetrazole, 1ATZ). Rapid ther-

olysis of 1ATZ above 200 ◦C proceeded with the expulsion of HCN
nd N2 from the ring leaving N2H2 to produce NH3 and N2. But
he shift of the amino group prompts the scission of two weak ring
–N bonds to form HN3 and NH2CN as the principal products. As the

emperatures were increased, NH2CN trimerized to form the cyclic
zine, melamine. The decomposition of two other compounds,
,5-diamino-tetrazole and 2,5-diamino-tetrazole occurred through
ompetitive reaction pathways, the first yielded HCN, whereas the

econd produced NH2CN as the primary product. Both channels
roduced N2 and NH3 as the common species.

The concluded discussion illustrates that decomposition path-
ays of tetrazolium salts under high heating rates are not readily

vailable in the literature. The aim of the current work is to iden-
Fig. 1. Structures of 2-amino-4,5-dimethyl-tetrazolium X (X = iodide and nitrate),
and 1-amino-4,5-dimethyl-tetrazolium X (X = iodide and nitrate).

tify the mechanism determining the initiation of decomposition of
energetic tetrazolium salts under high temperatures and heating
rates. The synergistic diagnostic tools, Fourier transform infrared
(FTIR) spectroscopy and time-of-flight (ToF) mass spectrometry
(MS), have been utilized to afford better probabilities of identify-
ing the decomposition products and thus, accurately determining
the reaction pathways. The energetic salts of primary interest are
1AdMTZN and 2AdMTZN. Since the complexity of the secondary
reactions is considerably higher for the oxygen-rich anions, the rel-
atively simple iodides 1AdMTZI and 2AdMTZI have been studied
initially. The molecular structures of the molecules are shown in
Fig. 1.

2. Experimental approach

The experimental technique utilized to study the rapid ther-
mal decomposition of the energetic materials is known as confined
rapid thermolysis (CRT). The method involves rapidly heating a
small quantity, typically 0.5 mg of a solid or 0.5 �L of a liquid,
of the sample in between two heated surfaces maintained under
isothermal conditions, in a constant pressure chamber purged by
an inert gas. The decomposition products are quenched by a cool
inert atmosphere as they evolve into the gas phase. This allows the
decomposition processes occurring in the condensed phase to gain
precedence over the gas-phase reactions. The heated surfaces are
achieved by a stationary top heater and a mobile bottom heater,
both of which are fitted with a cartridge heater, while tempera-
ture control is maintained by PID controllers. The use of a small
sample volume enclosed in a confined space, roughly 300 �m in
height, enables heating rates in the range of 2000 K/s. Two syner-
gistic diagnostic tools, a Fourier transform infrared spectrometer
and a time-of-flight mass spectrometer are used to study the tem-
poral evolution of the gases from the condensed phase. Detailed
discussion of the experimental setup and the data reduction tech-
niques used to extract mole-fractions of individual species from the
FTIR spectra have been discussed is earlier works [35–37].

A typical experiment consists of placing a small amount of the
sample on a sample holder, which is brought in contact with the
top heater by the bottom heater using a pneumatic piston cylin-
der mechanism. The gaseous products released from the condensed
phase reactions are detected by the modulated beam from a Bruker
IFS 66/S FTIR spectrometer in the rapid scanning mode, scanning at
2 cm−1 and with a temporal resolution of 50 ms. The species con-
centrations of various species, such as H2O, N2O, NO2, NO, NH3,
CO2, CO, MeOH, HCN, and HNO3 are extracted by a non-linear, least-
squares method by comparison with theoretical transmittance. The
radiative properties, such as partition function, halfwidth of spec-
tral lines, and its temperature exponent, are determined from the
HITRAN data base [38]. N2 was generated by these compounds, but
it is not IR active. The gaseous species are also sampled by a ToFMS

system, equipped with a 1 m flight tube and a 44 mm microchan-
nel plate detector, via a 100 �m orifice plate. The molecular beam
entering the third stage, maintained at 10−7 Torr, is ionized by elec-
tron impact ionization set at 70 eV. The high ionization levels result
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Table 1
Vibrational frequencies of experimentally observed gaseous products.

Description Frequency (cm−1)

H2O 3657 (s), 1595 (s)
HCN 3311 (s), 2097 (w), 712 (vs)
NH3 3336 (m), 1626 (s), 968 (vs), 933 (vs)
CH3I 3060 (m), 2970 (m), 2860 (m), 1435 (m), 1252 (s), 882 (m)
CH3NC 3014 (s), 2966 (m), 2166 (m), 1466 (s)
MeONO2 2959 (m), 2917 (m), 1678 (vs), 1661 (vs), 1442 (m), 1296 (s), 1278

(s), 1017 (s), 855 (s)
MeNO2 2974 (w), 1584 (vs), 1438 (m), 1397 (s), 1378 (s), 1119 (w), 1099

(w), 918 (w), 657 (m)
MeONO 3016 (m), 2990 (m), 2950 (m), 1679 (vs), 1620 (vs), 1444 (m), 1046

(s), 991 (s), 812 (vs)
CO2 3716 (w), 3609 (w), 2326 (vs), 741 (m), 667 (vs)
N2O 2457 (vs), 2217 (vs), 1302 (vs), 1275 (vs)
NO 1876 (vs)

signal-to-noise ratios in the mass spectra, 10 consecutive spectra
were averaged. The standard deviation at any intensity due to this
procedure was found to be below the acceptable limit of 5 units.
Although the mass spectrum in Figs. 4 and 5, split in order to pro-
vide clarity, appears at a first glance as quite complicated due to
ig. 2. FTIR spectrum of species from rapid thermolysis of 2AdMTZI at 320 ◦C and
atm N2.

n severe fragmentation of the larger molecules, but this draw-
ack is circumvented by the ability to compare with existing mass
pectral and related data bases [39]. Individual mass spectra are
cquired at 1000 Hz, and time-to-mass scaling is performed using
he expressions m = a(t − t0)2, where the two constants for each

ass spectrum are obtained from known positions of helium and
rgon.

. Computational approach

The predicted reaction enthalpies and free energies were calcu-
ated using the Gaussian 03 suite of programs [40]. All geometrical
tructures were optimized using Density Functional Theory (DFT)
ith the B3LYP exchange correlation functional and 6-31++G**

asis set, with the exception of iodine, for which 6-311G* [41],
ith extra diffuse functions [42], was used. Vibrational frequen-

ies were calculated to confirm identification of the local minima
nd obtain thermodynamic properties. Enthalpies and free energies
ere calculated at 298 K and 1 atm pressure. In this study, calcula-

ions were carried out to identify the possible initiation steps during
he decomposition of the energetic ionic compounds. A detailed
tudy of the extensive set of secondary reactions as well as estima-
ion of kinetic rate parameters using ab initio methods is the subject
f future publications.

. Results and discussion

.1. Thermal decomposition pathways of 2AdMTZI

2AdMTZI is a dark brown crystalline solid under standard con-
itions, with a melting point of 124 ◦C [29]. The sample was dried

n a vacuum chamber (40 mTorr) for 24 h and prepared for ther-
olysis. Approximately 0.5 mg of the sample was found to rapidly

ecompose above temperatures of 250 ◦C, leaving a small amount
f spotted black residue on the aluminum foil. Thermolysis studies
ere carried out at temperatures around 300 ◦C. Fig. 2 shows the

aseous products from the decomposition of 2AdMTZI under 320 ◦C
nd an inert atmosphere of N2. The vibrational frequencies of the
xperimentally observed species are listed in Table 1.

The major product identifiable from the FTIR spectrum is methyl
odide (CH3I), with a strong stretch at 1252 cm−1, and several other

ovibrational bands. Lack of the –NH2 stretches near 3450 cm−1

nd the C–N stretch at 2260 cm−1 precluded the presence of
yanamide (NH2CN) among the gaseous products. The rotational
ines of the protonated anion, HI were not detected. The band near
160 cm−1 is indicative of an azide N N stretch or an isocyanide
NO2 2910 (m), 1621 (vs), 648 (w)
CH3OH 3681 (m), 3000 (m), 2960 (s), 2844 (s), 1477 (m), 1345 (s), 1033 (vs)
CH4 3019 (vs), 1306 (s)

N C stretch. Though an azide is a possible product during decom-
position of tetrazoles, the azide N N stretch is accompanied by
another prominent N–N stretch around 1150 cm−1, thus negating
its presence. Thus, the band was attributed to methyl isocyanide
(CH3NC) [39,43]. However, as seen in Fig. 3, at temperatures lower
than 320 ◦C, the N C stretch was not visible, and further insights
into its absence would be provided by the mass spectra. Also promi-
nent was the absence of the inversion doublet of NH3 (968 and
933 cm−1), HCN (712 cm−1), and CH3CN (2267 cm−1), all of which
are probable species during degradation of the tetrazole ring with
an amino group. N2, which is a common product during the decom-
position of tetrazole compounds, could not be detected due to its
IR-inactivity. Based on the results of Figs. 2 and 3, the initiation
of decomposition occurs most likely by the transfer of a methyl
group from the cation to form CH3I and the corresponding amino-
methyl-tetrazole. Proton transfer does not occur directly to form
HI.

To assist in the identification of species evolving during the
decomposition of 2AdMTZI, Figs. 4 and 5 show the results from
the thermolysis of 2AdMTZI under an inert atmosphere of Ar and
He, acquired at 320 ◦C and 1 atm. Ar, He and residual air, under an
ionization potential of 70 eV at 1000 Hz. In order to provide better
Fig. 3. FTIR spectrum of species from rapid thermolysis of 2AdMTZI at 300 ◦C and
1 atm N2.
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ig. 4. Mass spectrum (m/z = 0–110) from rapid thermolysis of 2AdMTZI at 320 ◦C
nd 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).

he fact that a high ionization potential is used, it facilitates com-
arison with available mass spectral data bases for a wide range of
hemical compounds.

The peak at m/z = 142 in Fig. 5 attests the formation of CH3I,
hich primarily accounts for the fragmented charged ion, CH3

+

t m/z = 15. A strong peak at m/z = 99 is observed in Fig. 4, which
an be formed by a methyl and an amino group attached to the
etrazole ring, thus corroborating the hypothesis derived from the
TIR spectrum that the amino group was indeed intact during the
nitiation reaction. N2 was produced in abundant quantities. The
H3NC observed in the FTIR spectra was confirmed by the peak
t m/z = 41. However, as discussed previously, the relative inten-
ity of this peak was smaller compared to the peak at m/z = 43
t lower temperatures, as shown by the mass spectra obtained
t 300 ◦C in Figs. 6 and 7, coinciding with the disappearance of
H3NC from the FTIR spectra. The appearance of peaks at m/z = 71,
9, 58, 56, 43, and 42 suggest the ring is fractured, both by the
igh ionization potentials used and the temperatures to which
he amino-methyl-tetrazole was subjected. Detailed discussions of
he possible fragmentation pathways of di-substituted tetrazoles
re well-documented by Forkey and Carpenter [44]. The resultant
mino-methyl-tetrazole dimerizes to a limited extent to form a
i-tetrazole detected at m/z = 198.
The availability of the ToFMS data facilitates the determination
f the decomposition pathways of 2AdMTZI. As discussed earlier,
he nucleophilic transfer involves the formation of CH3I and the
orresponding amino-methyl-tetrazole. Since in general the bond

ig. 5. Mass spectrum (m/z = 110–260) from rapid thermolysis of 2AdMTZI at 320 ◦C
nd 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).
Fig. 6. Mass spectrum (m/z = 0–110) from rapid thermolysis of 2AdMTZI at 300 ◦C
and 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).

dissociation energies of ring-exo C–C bonds are greater than ring-
exo N–C bonds, the methyl group attached to the N(4) atom was
preferably extracted to form CH3I and 5-methyl-tetrazol-2-amine
(2A5MeTZ). The theoretical results obtained for determination of
the initiation reactions for 2AdMTZI at B3LYP/6-31++G** level are
listed in Table 2. Reactions 1 and 3 show that the abstraction of
the methyl group attached to the ring nitrogen is favorable over
the abstraction from the ring carbon. The other explanation behind
the selection of this initial step is that the reverse of this reaction
is the synthesis procedure for 2AdMTZI [29]. As depicted by reac-
tion 2, the secondary pathway, involving deamination to form NH2I
and 1,5-dimethyl-tetrazole (dMeTZ), is also energetically sponta-
neous. However, the absence of NH2I, both in the FTIR spectra
and the ToFMS spectra, lead to the conclusion that the minute
quantities generated in the condensed phase engage in further
secondary reactions to form other products. Due to almost unde-
tectable levels of HI among the decomposition spectra, proton
transfer from a methyl or amino group as an initiation reaction has
been neglected as part of the calculations. Also neglected was ring-
nitrogen expulsion as an initiation pathway, owing to the absence
of two consecutive N atoms free from substituent groups.

It is well-established that thermal decomposition of tetrazoles
is achieved by ring opening through either N2 and/or azide elim-

ination [45–47]. But, 2,5-disubstituted tetrazoles rarely undergo
decomposition through splitting off an azide, and instead decom-
pose through a ring-nitrogen expulsion to form an intermediate
nitrilimine [48]. Besides, the formation of the amino azide would

Fig. 7. Mass spectrum (m/z = 110–260) from rapid thermolysis of 2AdMTZI at 300 ◦C
and 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).
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Table 2
Theoretical reaction enthalpies and free energies for 2AdMTZI at B3LYP/6-31++G** level.

Reactions �HR (kcal/mol) �GR (kcal/mol)

1 −9.96 −22.7

2 −12.9 −25.1

3 36.24 25.18

Pathway I. Considered secondary reaction pathways for 2AdMTZI.
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ntail the subsequent formation of ammonia, which is not observed
n the FTIR spectra. At higher temperatures, the unstable nitrilimine
tabilizes through the formation of methyl isocyanide and nitrogen.
t lower temperatures, since the byproduct methyl isocyanide is
bsent and the peak at m/z = 43 dominates, it is possible that the
itrilimine forms N-methyl methanimine or an isomer through a
econd nitrogen elimination. If, for the sake of argument, formation
f amino iodide (NH2I) is indeed a major initiation step, and CH3I is
roduced by a substitution reaction with the methyl group attached
o the C(5) atom, forming 1-methyl-5-amino-tetrazole in the pro-
ess, the FTIR spectra should have revealed NH3, in accordance with
he observations of Lesnikovich et al. [17]. If the substitution had
ccurred on the methyl group attached to the N(1) atom, form-
ng 1-amino-5-methyl-tetrazole instead, large quantities of NH3
hould have been detected too, as will be elaborated in the following
ection (Pathway II).
.2. Thermal decomposition pathways of 1AdMTZI

1AdMTZI, an orange-colored crystalline solid under standard
onditions, was thermally less stable than the 2-substituted tetra-
olium salt. With a melting point similar to 2AdMTZI (121 ◦C),

1 atm N2.

able 3
heoretical reaction enthalpies and free energies for 1AdMTZI at B3LYP/6-31++G** level.

eactions �HR (kcal/mol) �GR (kcal/mol)

−4.13 −15.69

−17.73 −28.38

−29.55 −41.56

−7.95 −20.26

22.92 12.25

26.07 14.40
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ecomposition was initiated at temperatures 50 ◦C lower than
AdMTZI. Thermolysis tests on the compound were typically con-
ucted at 250 ◦C, leaving spotted black residues on the aluminum
oil. Fig. 8 shows the species evolving from rapid thermolysis at
50 ◦C and 1 atm. As listed in Table 1, the principal product is ammo-
ia, with its prominent rotational doublet and numerous rotational

ines near 900 cm−1. Also detected in the spectrum are vibrational
ands from CH3I. The strong absorption band near 3000 cm−1 is
ue to the –CH3 group. Unlike 2AdMTZI, the important species
H3NC was not present among the decomposition products. Also
bsent were HI, HCN, CH3CN, NH2CN, and HN3. However, a weak
and near 2104 cm−1 suggests the possible formation of CH3N3,
hose rovibrational bands were listed by Fischer et al. [33]. The

ormation of CH3I indicates an initiation reaction comparable to
AdMTZI, proceeding through a methyl group transfer to the iodide
nion, and leading to an amino-methyl-tetrazole, which reduces to
maller molecular weight species in subsequent steps. However,
he prodigious amounts of NH3 liberated leads to the possibility of
he involvement of the amino group in the initiation reaction.

Results from the use of the ToFMS provide additional details
n the rapid thermolysis behavior of 1AdMTZI. Figs. 9 and 10
how the results from an average of 10 mass spectra acquired at
000 Hz. Hence the temporal resolution is 0.01 s. Careful obser-
ation of the spectra reveals that m/z = 142 (CH3I), 15 (CH3

+),
9 (an amino-methyl-tetrazole), and 17 (NH3) are the major
pecies. Also noticeable is the large peak of N2 at m/z = 28. Smaller
eaks at m/z = 113 and 198 (amino-methyl-tetrazole dimer) are
lso present, confirming similarities with 2AdMTZI. Smaller frag-
ents from the tetrazole ring were identified at m/z = 69, 56,
1, 42, and 43. Their formation can be explained through famil-
ar fragmentation pathways of 1,5-disubstituted tetrazoles [44].
he peak at m/z = 58 formed by the fragmentation of the amino-
ethyl-tetrazole detected in the mass spectra obtained during the

hermolysis of 2AdMTZI was found to be absent in Fig. 9, thus con-

Pathway II. Considered secondary re
Fig. 9. Mass spectrum (m/z = 0–110) from rapid thermolysis of 1AdMTZI at 250 ◦C
and 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).

firming the presence of the amino group on a different N atom on
the ring.

From the information revealed by the ToFMS and FTIR spectra,
it is clear that the decomposition of 1AdMTZI proceeds through
multiple reaction channels. The enthalpies and free energies of
the possible initiation reactions calculated at B3LYP/6-31++G** are
listed in Table 3. From the experimental results and theoretical
calculations, it is clear that, as opposed to 2AdMTZI, the process
of decomposition is not dominated solely by the methyl group
transfer involving the cleavage of a ring-exo N–C bond, forming

CH3I and 5-methyl-tetrazol-1-amine (1A5MeTZ), as shown in reac-
tion 1. Though the scission of the C–C bond to form CH3I and
4-methyl-tetrazol-1-amine (1A4MeTZ) via reaction 6 was found
to be energetically unfavorable and hence discarded, the copious
quantity of ammonia and molecular nitrogen detected leads to

action pathways for 1AdMTZI.
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ig. 10. Mass spectrum (m/z = 110–260) from rapid thermolysis of 1AdMTZI at 250 ◦C
nd 1 atm Ar, He and residual air extracted at 0.10 s (average of 10 spectra).

he possibility of two additional significant decomposition path-
ays. The first one, reaction 2, is initiated by the extraction of a
ydrogen atom by the amino group from the neighboring methyl
roup to form NH3 and 5-iodomethyl-tetrazol-1-amine (5IdMeTZ).
he second one, reaction 3, is instigated by the removal of N2
rom the ring, and suggested by the decomposition characteris-
ics of 5-amino-tetrazolium halides [15]. The remaining unstable
pecies decomposes rapidly in the condensed phase to produce
maller products. The relative importance of the three pathways
an be adjudged by further theoretical calculations to estimate
heir respective activation energies. As shown by reaction 4, the
bstraction of the amino group to form NH2I was also found to be
lausible.
A complete enumeration of the numerous secondary reactions
n the condensed phase is considerably challenging. However, the

ajor secondary steps are shown in Pathway II. The di-substituted
etrazole, 1A5MeTZ rapidly decomposes under these conditions,

able 4
heoretical reaction enthalpies and free energies for 2AdMTZN at B3LYP/6-31++G** level.

eactions
ica Acta 485 (2009) 1–13

aided by a ring N–N bond scission to form an isomeric azide [48,49],
which releases nitrogen and a singlet nitrene. The nitrene pro-
ceeds to form NH3 and other products, confined mainly to the
condensed phase, in a manner similar to the decomposition of 1,5-
diaminotetrazoles [17,33]. 5IdMeTZ decomposes either through the
elimination of methyl azide and iodoacetonitrile, which remains in
the condensed phase, or through the elimination of N2 and CH3I to
form similar products during the decomposition of 1A5MeTZ.

4.3. Thermal decomposition pathways of 2AdMTZN

2AdMTZN is a white crystalline solid with a melting point of
94 ◦C, considerably lower than the corresponding iodide salt. The
hygroscopic nature of the salt made it difficult to study the decom-
position behavior of the compound. The sample was dried for 24 h
under vacuum (40 mTorr) and then stored in a sealed container
to avoid contamination by moisture. Small quantities of the sam-
ple were thermolysed at temperatures near 300 ◦C, with a sooty
black residue left on the aluminum foil. Fig. 11 shows an FTIR spec-
trum of the gaseous products generated during the thermolysis of
2AdMTZN at 300 ◦C and 1 atm. Methyl nitrate (CH3ONO2), with
several rovibrational bands from 1700 to 800 cm−1 was immedi-
ately discernable as the principal species. Also detected were H2O,
CO2, and a small quantity of HCN. The common oxides of nitro-
gen, NO, N2O, and NO2 were surprisingly absent in Fig. 11. The
double bands around 2260 and 2310 cm−1 were identified as a
combination of methyl isocyanate (CH3NCO) and CH3CNO, respec-
tively. Around 1750 cm−1, a strong band due to a species containing
a C O bond was detected. Aldehydes and ketones normally show
strong features in the range from 1700 to 1750 cm−1. As found in
the FTIR spectra of 2AdMTZI, CH3NC was present with a band at
Fig. 12 shows a spectrum from the ToFMS acquired during
the pyrolysis of 2AdMTZN at 300 ◦C and 1 atm Ar, He and resid-
ual air extracted 0.12 s after the two heaters came into contact.
Although CH3ONO2 is absent from the mass spectrum at a cur-

�HR (kcal/mol) �GR (kcal/mol)

−3.42 −16.24

5.07 −6.68

42.78 31.64
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position behavior of 1,5-diamino-4-methyl-1H-tetrazolium nitrate
ig. 11. FTIR spectrum of species from rapid thermolysis of 2AdMTZN at 300 ◦C and
atm N2.

ory glance, its presence was confirmed by prominent peaks of
H3

+ (m/z = 15), NO2
+ (m/z = 46), and NO+ (m/z = 30), corroborated

y Fischer et al. during thermal decomposition of 1,5-diamino-4-
ethyl-tetrazolium nitrate [33]. The peak at m/z = 99 was confirmed

s an amino-methyl-tetrazole, and after a brief study of the frag-
ents, was identified as 2A5MeTZ. The smaller molecular-weight

pecies of N2 and H2O were also present in Fig. 12. The larger peak
t m/z = 57, in comparison to the mass spectra obtained during ther-
olysis of 2AdMTZI indicates that other species are present besides
he fragments of 2A5MeTZ. The FTIR spectra confirm that these
pecies are indeed CH3NCO and CH3CNO. The aldehyde present in
he FTIR spectrum was recognized as acetaldehyde (m/z = 44) after
eliberation.

Pathway III. Considered secondary re
Fig. 12. Mass spectrum from rapid thermolysis of 2AdMTZN at 300 ◦C and 1 atm Ar,
He and residual air extracted at 0.12 s (average of 10 spectra).

The presence of the energetic nitrate anion and the complex
structure of the tetrazole complicate the reactions leading to the
decomposition of 2AdMTZN. However, the apparent abundance of
CH3ONO2 and 2A5MeTZ indicates a similar initial reaction pathway
as 2AdMTZI. Ab initio theoretical calculations at the B3LYP/6-
31++G** level, shown in Table 4, corroborates that the major
reaction channel remains unaltered from the one observed for
2AdMTZI. The affinity of the nitrate group for the methyl group over
the amino group has also been established while studying decom-
[33].
The possible secondary reactions between the products formed

are outlined in Pathway III. Majority of the generated CH3ONO2
in the condensed phase promptly escapes into the gas phase,

action pathways for 2AdMTZN.
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Fig. 13. FTIR spectrum of species from rapid thermolysis of 1AdMTZN at 250 ◦C and
1

Fig. 14. FTIR spectrum of species from rapid thermolysis of 1AdMTZN at 250 ◦C and

T
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6

atm N2.

able 5
heoretical reaction enthalpies and free energies for 1AdMTZN at B3LYP/6-31++G** level.

eactions
1 atm N2 (H2O subtracted for clarity).

�HR (kcal/mol) �GR (kcal/mol)

0.98 −10.68

−15.86 −25.9

−16.24 −28.13

8.64 −3.31

32.19 21.72

31.18 19.4
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Pathway IV. Considered second

hile the remaining amount reacts with 2A5MeTZ and its vari-
us intermediates. Subsequent reactions between CH3ONO2 and
A5MeTZ replace the methyl group on 2A5MeTZ to form 2-amino-
-methoxy-2H-tetrazole, detected by a minor peak at m/z = 115

n Fig. 12, and methyl nitrite, CH3ONO. Similar substitution reac-
ions were observed during the thermolysis of di-alkyl-substituted
midazolium nitrates [36]. The methoxy tetrazole undergoes a
ecomposition process similar to 2A5MeTZ to form the species
H3NCO and CH3CNO through nitrogen elimination. Besides,
H3ONO2 and CH3ONO partially decompose under the tempera-
ures applied to form smaller molecules. Detailed discussions of
hese reactions, as well reactions involving partial decomposition
f CH3ONO2 are beyond the scope of this paper. 2A5MeTZ itself also
ecomposes through previously described pathways.
.4. Thermal decomposition pathways of 1AdMTZN

While the three tetrazolium salts studied prior to 1AdMTZN
ere all solids, this is a liquid under standard conditions
action pathways for 1AdMTZN.

with a melting temperature of −59 ◦C. Confined rapid ther-
molysis on approximately 0.5 �L of the sample was carried
out at temperatures around 250 ◦C. Fig. 13 depicts an FTIR
spectrum of species from rapid thermolysis of 1AdMTZN at
250 ◦C and 1 atm.

The spectrum is dominated by the rotational structures of H2O,
centered at 1595 cm−1, making it difficult to ascertain the rovi-
brational bands present in the region 1200–2000 cm−1. In order
to determine the species present with water, the concentration
of H2O was calculated using a data reduction procedure and the
amount of H2O present was synthetically subtracted to yield the
cleaner spectrum shown in Fig. 14. Consequently, the species
that were identified are CH3ONO2, NO, NO2, N2O, CH3CNO, and
CH3NCO. Also detected in smaller quantities were CO, CO2, CH4, and

CH3OH. Although not detected among the decomposition products
of 1AdMTZI, HCN with its strong Q-branch at 712 cm−1, was identi-
fied in Fig. 14. The large quantities of NH3 found in the FTIR spectra
of 1AdMTZI were oxidized by methyl nitrate formed during the ini-
tiation step. An aldehyde was identified by the prominent band near
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ig. 15. Mass spectrum from rapid thermolysis of 1AdMTZN at 250 ◦C and 1 atm Ar,
e and residual air extracted at 0.09 s (average of 10 spectra).

750 cm−1. Additionally, the N C stretch from the isonitrile, CH3NC
as found at 2160 cm−1.

Fig. 15 shows a ToFMS spectrum from the thermolysis of
AdMTZN, taken 0.09 s after initiation of heating at 250 ◦C and 1 atm
r, He and residual air. Similar to 2AdMTZN, the decomposition
roducts include CH3ONO2. Also present are 1A5MeTZ at m/z = 99,
O2 at m/z = 46, N2O and CO2 at m/z = 44, NO at m/z = 30, CO and
2 at m/z = 28, HCN at m/z = 27, and H2O at m/z = 18. The peak at
/z = 57 corroborates the presence of CH3NCO and CH3CNO.

Based on the FTIR and ToFMS data, and the previous knowledge
ained from studying the decomposition of 1AdMTZI, the primary
eaction pathways and their associated free energy changes calcu-
ated at the B3LYP/6-31++G** level have been tabulated in Table 5.
s expected, three major pathways—a nucleophilic transfer involv-

ng the methyl group attached to the ring nitrogen to form 1A5MeTZ
nd CH3ONO2 (reaction 1), ammonia formation by the amino group
hrough a proton abstraction from the neighboring methyl group
reaction 2), as well as ring nitrogen elimination (reaction 3), were
ll found to be thermodynamically feasible processes. As found
efore in the case of 1AdMTZI, the formation of 1A4MeTZ was
ound to be unfavorable in reaction 6. A detailed description of the
econdary reactions leading to the detected species portrayed in
igs. 13–15 has been given in Pathway IV. 1A5MeTZ dissociates with
n N2 ejection to form mainly ammonia. Unlike the decomposi-
ion of 2AdMTZN, where most of the generated CH3ONO2 desorbed
nto the gas phase, majority of the nitrate from 1AdMTZN oxidizes
H3 to liberate a number of smaller molecular weight species,
amely N2O and H2O, as well as CO, NO, CO2, and NO2. A portion
f CH3ONO2 reacts through the formation of 1-amino-5-methoxy-
H-tetrazole to form CH3NCO and CH3CNO, forming CH3ONO in
he process. Besides these primary reactions, numerous other sec-
ndary reactions involving the intermediate nitrenes, CH3ONO2,
nd CH3ONO also take place to form the smaller molecular weight
ases.

. Conclusions

Confined rapid thermolysis studies with FTIR spectroscopy and
oF mass spectrometry as the diagnostic tools were conducted
n four tetrazolium-based compounds, 2AdMTZI, 2AdMTZN,
AdMTZI, and 1AdMTZN. The relocation of the amino group from

he N(2) position to the N(1) position lowered the thermal stabil-
ty of the salts by 50 ◦C. While in case of 2AdMTZI and 2AdMTZN,
he nucleophilic transfer primarily involved a methyl group, despite
he presence of a more reactive amino substituent on the ring, in
ase of 1AdMTZI and 1AdMTZN, initiation reactions involved the

[

[
[
[

ica Acta 485 (2009) 1–13

methyl group extraction, hydrogen abstraction by the amino group,
and ring nitrogen expulsion. The resultant amino-methyl-tetrazoles
decomposed readily. 2A5MeTZ formed N2 and CH3NC as the princi-
pal products at higher temperatures, while 1A5MeTZ formed NH3
and N2. Methyl nitrate formed in the initial steps from the nitrate
salts participated in a series of complex secondary reactions to form
smaller species.
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