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The exothermic decompositions of the tosyl azide 1, five substituted aryl monoazides 2—6 and two
diazides: 1-azido-4-(4-azidophenoxy)benzene 7 and 1-azido-4-[(4-azidophenyl)sulfanyl]benzene 8
were studied experimentally using DSC, weight loss TGA-FTIR and C80-FTIR techniques, and
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theoretically using the CHETAH software. Numerical modelling and electron impact mass

spectrometry (EI-MS) were also performed to investigate the nature of the intrinsic molecular
reactivity of azides 1-8, and the possible early stage rate-controlling of an oxidative self-heating

process. Significant data were obtained in the instances of 4-methylbenzenesulfonyl azide 1,
4-azido-1,1'-biphenyl-2,2-azido-1,1’-biphenyl 3 and 1-azido-2-(trifluoromethyl)benzene 6. The
most likely decomposition pathways of the azides are proposed to explain the observed thermal

behavior.

Introduction

Organic azides are a vast and important class of compounds
which, more than a century after their discovery, remain
popular due to both their easy accessibility and their incom-
parable synthetic utility."* The last two decades have seen
overwhelming interest in these compounds because of various
simple routes by which they can be prepared and transformed
into different substituents (amines, aza-ylides, isocyanates),
reactive species (nitrene, nitrenium ion) and nitrogen-contain-
ing heterocycles (triazenes, triazoles, triazolines, azirines,
aziridines).

Although the toxic and explosive properties of some metal
azides and a few organic azides,™ including tosyl azide,® are
well documented, less attention has been paid to the healthy
and safe disposal of this class of compounds. In addition, the
chemical properties of a series of nitrogen-rich covalent azides,
and their potential use as high energy-density materials
(HEDM), are presently under investigation.” The azido group
is actually a highly energetic functional group that adds
293 kJ mol ™! to the energy content of a molecule.®

The higher energetic content of these oxygen-less com-
pounds is due to the large number of molecular C-N and
N-N bonds and to the easy polarization of the N3 m-bond,
which facilitates N extrusion.”'® Many organic compounds
containing one or more azido groups requires small-scale
handling due to their heat- or shock-sensitivity.® On the other
hand, the dissociation of the azido group into a nitrene and
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molecular nitrogen is known for providing large amounts of
energy, which in the presence of high-boiling solvents (con-
trolled conditions) or large substrates is dissipated. At the
same time the arising nitrene, in both singlet or triplet state,
becomes of great synthetic utility.> Because of this, interest in
these molecules has constantly grown as researchers have
overcome their awe of the hazard posed by handling
azides.''™'?

Only a few heteroarylic azides have been studied by DSC
(differential scanning calorimetry),'* and to our knowledge, no
systematic report on the calorimetry of aryl azides can be
found in the literature. The only exception would be the DSC
analysis of the phenyl azide by T. Grever et al. published as
Technical Report (01VD 159/0329) for the Federal German
Ministry for Res. Technol., Bonn. 1986, in which the deter-
mined energy of decomposition was 1.36 kJ g~ ! at 130-260 °C,
with an energy of activation of 119 kJ mol~'.

From a theoretical point of view, explosive initiation of an
energetic compound consists of complex physical and chemi-
cal processes, whose iterative and sequential mechanistic
aspects occur over a finite time period, and proceed from
macroscopic into sub-microscopic composition levels (bulk >
crystalline > molecular > atomic). Real initiation starts
hence when these processes proceed at a rate that generates
enough amounts of energy (heat) to reach the threshold limit
in this finite period of time. The rate-controlling N-N, bond
dissociation can be taken as a significant rate-limiting feature
for thermal decomposition (TD) also at high kinetic order,
i.e. in polyazido derivatives.."®

In spite of the fact that organic azides are generally stable
toward common oxidants and acidic aqueous solutions, azides
with large positive heats of formation (AcH) are inherently
unstable. The reasons underlying a molecule’s reactivity
or lack of stability can be -elucidated by examining
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thermodynamic parameters, and also by scrutinizing kinetic
variables, critical temperatures,16 numerical protocols based
on the symmetries and geometries, spatial distributions and
energies of a few dominant orbitals, and electric polarizabil-
ities and hyperpolarizabilities.

Therefore, important information could be provided by:

(i) Enthalpies of reaction calculated from heats of formation
[ArH = ZprodAl‘H - ZreactAfH]~

(i1) Arrhenius activation energy (E,) of the reactions, from
which enthalpies [E, = AH* + RT] and entropies (AS,) of
activation could eventually be obtained.

(iii) HOMO-LUMO energies and orbital symmetry.'” Fast
reactivity may be due to a small LUMO-HOMO energy
difference.'®

(iv) The polarization of the —-N3 n-bond and —N-N, bond
energy and length. A higher electric polarizability enhances the
instability/reactivity.’

(v) Ionization energy. In the general case, this represents the
energy required to detach one electron from a neutral molecule
(or atom). Qualitative information on the chemical ionization
for a selected class of molecules can be obtained using electron
impact mass spectrometry (EI-MS)."”

In the present study, we measured various thermodynamic
variables of the tosyl azide 1, five closely related aryl mono-
azides 2—6 [4-azido-1,1’-biphenyl 2, 2-azido-1,1’-biphenyl 3,
1-azido-3-methylbenzene 4, 1-azido-4-methylbenzene 5 and
1-azido-2-(trifluoromethyl)benzene 6], and the aryl bisazides:
1-azido-4-(4-azidophenoxy)benzene 7 and 1-azido-4-[(4-azido-
phenyl)sulfanyl]benzene 8 (Scheme 1). These compounds were
selected as significant examples of a series of nitrogen-rich
covalent azides whose dangerous threshold values, given by
the molecular composition ratio (C + O + S...)/N are < 3,
and to shed light on the role of the substituent of the azido
group in the TD phenomena.

Experimental
Materials

The sensitive organic azides 1-8 used in this study (see Scheme
1) were prepared as follows. The tosyl azide 1 was prepared
according to a previously described protocol,?® the aryl mono-
azides 2—6 and the aryl bis-azides 7 and 8, were prepared
according to the Dutt—Wormall reaction by diazotization of
the corresponding amines (or diamines) and treatment with
the azido ion of the resulting diazonium salts.>!**> The general
techniques, compounds, purification and authentication, were
performed using standard methods. Chromatographic filtra-
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Scheme 1 Structure of azides 1-8.

tion was carried out on ‘Florisi’ BDH, 60-100 mesh using
petroleum ether (distillation range 30—60 °C) as the eluent.

Physical measurements and calculation

IR spectra of 1-8 were measured from films on a Perkin-Elmer
Spectrum 2000 FTI-IR spectrometer. The 'H and '*C NMR
spectra of each compound were recorded on a Varian Gemini
300 and agree with those reported in the literature.?* > The
mass spectra of all compounds 1-8 were recorded on
VG7070E instruments using electron impact (70 eV) under
the same pressure and temperature.

The initial thermochemical calculations are based on the
ASTM computer program for chemical thermodynamic and
energy release evaluation (CHETAH),?® Heats of formation
obtained by this code were compared with those calculated
using a recently released Spartan ‘06 code: the thermochemical
recipes “T1’, which was developed to fit data from G3(MP2)
calculations.*

The experimental TD measurements have been carried on
using calorimetric methods (DSC, TG-FTIR, and the Heat-
Flux SETARAM C80 calorimeter coupled with an FTIR
analyzer) under both oxidative and non-oxidative conditions.

The melting points of the solid azides 2, 3, 7 and 8, taken
from the endothermic melting peak in the DSC and C80
thermograms, were 77, 51, 74 and 86 °C, in agreement with
the literature values.?'?? Incidentally, these azides showed
DSC (each three runs) experimental values of melting enthal-
pies of 110, 110, 100 and 110 J g~", respectively.

Additional numerical modelling were performed using the
standard program Spartan 06 Windows, running on an AMD
K7 processor at 1333 MHz, by which optimized structures and
energetics of the N-N, bond dissociation have been reason-
ably obtained.”® Electron impact mass spectrometry (EI,
70 eV) was performed to investigate molecular early stage
processes and how the rate-controlling of them could affect the
rate-limiting processes in TD of azides 1-8.

Results and discussion

Thermodynamic variables (heats of formation A¢H, combus-
tion A H, and decomposition AqH) and molecular nitrogen
loss (%), calculated by using the CHETAH software® for
azides 1-8, are listed in Table 1. The so-calculated TD
enthalpies were found to be in the range —2.86 to —4.50
kJ g™', values that are higher than one might have expected.

Here, the heats of the decomposition (A4H) for azides 1-5
and 7, 8 were found to be over the threshold of —2.93 kJ g_',
above which value compounds are considered dangerous,
while for azide 6 this value was found to be just within the
limit (—2.86 kJ g™ ).

The CHETAH-calculated heats of formation (ApH) for
azides 1-8 were compared with those obtained using the less
computationally intensive thermochemical recipes ‘T1°,%*
which requires geometry optimization at the HF/6-31G* level,
revealing that the heat values obtained using the two ap-
proaches differ by less than 5%, with the only exception being
for azide 1°° (see Table 2)

The CHETAH predicted data are merely indicative®” even if
useful,?® and more realistic results can be obtained by
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Table 1 CHETAH calculated energetic parameters (A¢H, AcH, A¢H) and % N, loss for azides 1-8

1 2 3 4 5 6 7 8
AcH/KJ mol™" 317.5 4822 4822 352.8 352.8 ~295.6 658.5 837.1
AH/KT g -21.37 —32.24 -32.14 ~29.70 ~29.70 ~18.13 ~25.16 —25.43
AqHomax/J g7 —4497 —3331 —3331 —3631 —3631 —2863 —4010 —3677
N> (%) 21.29 21.51 21.51 31.54 31.54 333 31.3
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Table 2 Comparison between CHETAH® and “T1°® calculated heats
of formation (A¢H) of azides 1-8

1 2 3 4 5 6 7 8

AcH k) mol™" 317.5 4822 482.2 352.8 352.8 —295.6 658.5 837.1
AcHPJkJ mol™! 114.2 488.5 496.4 370.3 370.7 —268.1 692.2 860.4

experimental DSC, TG-DTA and SETARAM C80-FTIR
calorimetry. These techniques enabled us to characterize the
thermal (in)stability of azides 1-8 via the determination of
physical (pressures P, temperatures 7, and decomposition
rates) and energetic (activation energy FE,, enthalpies and

([f
3

40 100 160

220
entropies of decomposition) parameters. T(C)
The experimental data reported on Table 3 account for Fig. 1 Individual TD DSC profiles for DSC runs performed under

TD involving differently sensitive compounds, under oxidative
(or under nitrogen) heating. In general, the heat capacities of
azides measured using the open-vessel in static air (AgH,ir)
were larger than those measured using a closed-vessel
(AgHscc)], with the exception of 3, confirming a concerted
path; by contrast, under nitrogen only azide 1 exhibited an
evident opposite behavior (AgH > AgHscc).

The DSC profiles (Fig. 1), measured at different
heating rates in the range 30.0-280.0 °C, were further analyzed
using the standard ASTM E698 method?® for reactions,
whose behavior is well described by the Arrhenius equation.
From a plot of logh (where b = heating rate in K min™")
against 1/T (T = peak temperature in K), the apparent
activation energies (E,), the pre-exponential factor 4° and
the kinetic constant k for each absolute temperature can be
calculated.

The TD curves at various temperatures in the range 90—
200 °C of azides 1-8 were treated as having first-order kinetics
as plots of In(k/min') vs. T/K, showing a linear trend with
correlation coefficients in the range of 0.999-1. The activation
energies (E,) of 1-8 were calculated, with corresponding
frequency factor In(4°/min~") values. Assuming unimolecular

Table 3 DSC heats of decomposition (AgH/J g~') and temperatures
(°C) of the thermal decomposition (TD) of azides 1-8°

nitrogen each at scanning rate (&) of 2.0, 5.0 and 10.0 °C min~"', for
2.4, 2.4 and 3.8 mg, respectively, of azide 1.

processes, we calculated the activation enthalpies (A, H*) and
entropies (A,S) from the data (see Table 4)

No thermal data are available in the literature for the azides
under investigation, while ‘controlled’ thermal dissociation of
azides 1, and 2-5 has been carried out in various solvents,
starting from the pioneering works of Breslow et al.*® and
Smith and Hall.*!

In agreement with the data concerning the ‘controlled’
dissociation of the ortho- and para-substituted aryl azides,*
the rate of the TD (#,,,) at 160 °C of the 4-azidobiphenyl 2 was
threefold slower than that of the 2-azidobiphenyl 3, and the
corresponding activation energies (F£,) were 158.4 s.
99.3 kJ mol~'. This implies a considerable anchimeric assis-
tance, through the phenyl rings, in the quick extrusion of
nitrogen from 3, with important formation of carbazole.’!:*?
Such a peculiar trend is confirmed by the negative entropy
calculated for the o-substituted aryl azide 3.

By TG-FTIR and CS80-FTIR analyses of azides 1-8,
more accurate data for the weight loss, temperatures T, and
heat of decomposition were obtained, along with information
on the pressure change associated with the TD process
in a closed-vessel. The nature of the TD of 3 was
confirmed by SETARAM C80, by which a first endothermic

1 2 3 4 5 6 7 8 . _
melting peak (108.7 J g~') was observed at 51 °C, followed
AgHyi”  —1806 —1318 —1442 —1704 —1519 —1155 —2045 —1340 by an exothermic decomposition starting at T, = 110 °C,
AgH* —1640 —1084 —1544 —834 —925 —915 —1562 —1303
AgHsce! —1583 —1139 —1585 —1244  —919 —1108 —1715 —1369
]T,O / V/C»/O C }gé }22 ;4313 SZ }éé }‘7‘; }gj }ég Table 4 Activation” energies, enthal?ies (A,H)? and eqtropies (AaS)‘
Egm; of reaction calculated from the experimental TD of azides 1-8 using
T.2°C 184 195 243 253 198 202 177 190 the ASTM E698 method

Tepr/°C 204 215 245 262 218 222 192 207

“TD data refer to a scan rate (@) of 5 °C min~'. ? In static air.
¢ Under nitrogen. “ In a closed steel vessel. ¢ Initial decomposition
temperature. / Exothermic onset temperature. € Peak decomposition
temperature. " Exothermic endset temperature.

1 2 3 4 5 6 7 8

E,“/kJ mol™!
AH’[kJ mol ™"
ASK ™ mol™!

127.5158.4 993 1419 127.5 99.3 138.6 137.7
125.1 1559 96.8 139.4 125.0 96.8 136.2135.3
9.9 783 —653 357 17.6 -49.1 352 349
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Fig. 2 C80 curve of azide 3 recorded in the temperature range
30.0-280.0 °C at a scanning rate (¢) of 0.5 °C min ',

with AgqH = —1544 J ¢~" and pressure increments (AP) of
6.5 bar. A second endothermic melting peak (79.51 J g7') at
245 °C was observed, attributable to the melting of
the carbazole®® partially formed (ca. 36%)** in the course of
the thermal process, the presence of which was also confirmed
by FTIR spectra measured at the maximum rate of
weight loss. As an example, the C80 curve for azide 3 is shown
in Fig. 2.

For 1, the C80 analysis (see Fig. 3) detected at least two
exothermic processes, at 7; = 103 and 190 °C, with AjH =
—1487 and —52 J g™, respectively, and a pressure increment
(AP) of 5 bar. The TG analysis (see Fig. 4) showed that these
two processes have corresponding weight losses of 28.6 and
31.4%, which are, respectively higher and lower than the
corresponding loss of N, and SO».

The C80 and TG thermal analyses coupled with FTIR
spectrometry allowed the identification of the molecular frag-
ments and gases produced by the TDs of the azides. The
identified fragments and gases for 1 were carbon dioxide
(COy,), carbon monoxide (CO), sulfur dioxide (SO,), thioxo-
methanone (COS), sulfur dioxide (SO,), ammonia (NH;) and
toluene (C;Hg). We detected SiF,, CO, and trifluoromethane
in the case of azide 6, carbazole for 3 and hydrogen cyanide
(HCN), CO, and CO for 2, 7 and 8. The C80 and TG

Fig. 4 TG curve (upper) and DTA (differential thermal analysis)
(lower) of azide 1 recorded in the temperature range 30.0-400.0 °C and
at @ = 20 °C min~! under N, in an 80 mL min~! stream.

techniques brought to evidence the oxidative TD type process
for each of azides 1-8 summarized in Table 3 (AgH, and AjdH
values).

On the other hand, the C80 analyses of diazides 7 and 8
showed in both cases an endothermic melting peak and an
exothermic decomposition starting at 7; = 120-125 °C, with
AgH = —1.49 and —1.53 kJ g~ !, and pressure increments (AP)
of 5 and 4 bar, respectively. As an example, the C80 curve for
azide 8 is shown in Fig. 5.

TG analysis showed that the TD processes for 7 and 8
correspond to a weight loss of 24.6 and 22.4%, which are close
to the respective loss of two moles of N, (see Fig. 6 for 8).

A similar behavior was observed in the thermal diagrams of
azide 7

Numerical modelling and mass spectra analyses can be used
to suggest the possible initial steps of the unimolecular TD of
azides 1-8. The main fragmentations obtained by EI-MS (70
eV, m/z) are reported in Table 5, where values in parentheses
correspond to the relative intensity, and the asterisk (*)
denotes the base peak (100%).

The peaks of the molecular ions (M **) represent the ionized
molecules (Scheme 2). As expected, the primary fragmentations
of azides 2-8 involve the loss of neutral N, to generate the odd-
electron species ArN"* (M — 28) (see Scheme 2, path I).

HealFlow/mW

_35/]\
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58 B W ow W o™ ow s ki

L !

HeatFlowimW
125 /[\

20

L0

2% 80 7]5 190 1?5 15])[) 175 20 °c

Fig. 3 C80 curve of azide 1 recorded in the temperature range
30.0-280.0 °C at a scanning rate (®) of 0.5 °C min .

Fig. 5 C80 curve of azide 8 performed in the temperature range
30.0-280.0 °C and at @ = 0.5 °C min~".
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Fig. 6 TG curve (upper) and DTA curve (lower) of azide 8 performed
in the temperature range 30.0-400.0 °C and at = 20 °C min~' under
N, flow of 80 mL min .

Conversely azide 1 loses N3 (M — 42), presumably as a radical
from the molecular ion M " * (otherwise as an anion directly
from the starting azide)*> (see Scheme 2, path II and III,
respectively).

The behavior of 2-8 can be adequately described by the
normal fragmentation pattern of aryl azides,*® in which the
critical energy for ArN;™* — ArN™* + N, is equivalent to
the dissociation energy of the ArN-N, bond plus the ioniza-
tion energy (I) of the radical ArN"*, because the reverse
process is insignificant. The ionization generally requires twice
the energy needed for bond dissociation (bond lability). On the
other hand, the abnormal azido fragmentation pattern ob-
served for 1 (and only partially verified for the deactivated
azide 6) can be interpreted by assuming that under the ion
chamber conditions used (7' = 220 °C and P = 1072 Pa), the
reaction ToSO»-N; — ToSO," + ~Nj (path III) is favored
with respect to the ionization process to ToSO,~N; "', and
hence to other following pathways such as ToSO>-N;"* —
ToSO,-N** + N, (path I or II).>? No sign of the N5 cation
(m/z 42) was found.

The elucidation of the TD mechanism by numerical model-
ing of energetic molecules is important for both understanding
how the stored energy is released, and gaining information
useful for increasing their stabilities. Using density functional
theory (DFT) at the B3LYP/6-31G* level, we optimized
structures and energetics (including the LUMO-HOMO se-
parations) of the initial states and of the possible transient
intermediates, and the structures connecting them. The che-
mical instability-reactivity of azides 1-8 triggered the interest
in calculating the bond N—N, dissociation energies (Scheme 2;
path I) by the above mentioned protocol.?®

The results of these calculations are listed in Table 6.

For most classes of compounds, the primary cleavage
(thermal impact sensitivity) may be taken as a qualitative
indicator of the stability of a compound,' and thus can be
used to compare the stabilities of similar compounds subjected
to thermal processes under the same conditions. In this view
the energies obtained at the (U)B3LYP level of theory? for the
reaction ToSO,—N3 — ToSO>—Ns or 1y T N indicate that the
separation between the states of triplet and singlet is 49.5 kJ
mol~!. The calculations of the corresponding energies of bond
dissociation involving the ToSO,—N(s) in the singlet state
(124.4 kJ mol ") and triplet state (ToSO,~Nr), 74.8 kJ mol ")
confirmed the expectation that the loss of N, via a nitrene
triplet would be the most favored kinetic process for 1. On the
other hand, the corresponding energies of bond dissociation
involving the ToSO," + ~Nj; fragmentation (path III) is
218.0 kJ mol ™!, hence higher than expected.

The discrepancy observed between the EI-MS ionization
pathway and the above mentioned calculation results, which
favors the loss of N, group rather than the detachment of an
N3 anion (or radical), may be explained considering that the
local ionization potential map for azide 1 is mainly localized
on the SO,. This induces weak polarization of the —N3 n-bond
to —N—-N,, and the loss of "N3 anion could be favored when
quickly followed by loss of neutral SO,.

The present data and previous reports on 1 2 suggest hence
that the early stages of TD of this azide occur via a number of
concomitant heterolytic and homolytic bond cleavage path-
ways, or alternatively, that the sulfonyl-azido bond is not well
represented in calculations.

As expected, the o-conjugated aryl azide 3 undergoes N, loss
via a concerted process that does not involve a ‘free nitrene’
intermediate, as confirmed by the negative entropies of its TD
(see Table 4). Previously calculated numerical modelling
accounts for the low energy of the reaction path® of the
o-conjugated aryl azide 3 to carbazole,*® whose controlled TD
was thoroughly investigated by several researchers starting
from the pioneering work of Smith and Hall.!

In addition, we recognized that the path I occurs preferen-
tially via a nitrene singlet when generated both from the
strongly deactivated®® o-trifluoromethyl substituted azide 6
and the slightly activated 5. Due to the methyl resonance
effect, which stabilizes the nitrene favoring the loss of
molecular nitrogen, an enhanced reactivity of 5 compared to
4 (and 6) was calculated by DFT. However, the experimentally
determined low activation energy (96.8 kJ mol~') and negative

Table 5 Main fragmentations (m/z) and relative intensity (%) obtained by EI-MS for azides 1-8

Comp M~ M — 28 Others

1 197 M ™, 5.7%) 155 (M — 42, 62.4); 91*°

2 195 (M™, 13.3%) 167* 166 (42.7); 140 (23.1); 139 (25.0)

3 195 (M ™, 6.9%) 167* 166 (37.9); 140 (15.9); 139 (22.7)

4 133 (M™*, 11.8%) 105 (24.9) 119 (18.8); 91 (53.6), 57*

5 133 (M™, 2.5%) 105 (10.8) 57 (18.0); 28*

6 187 (M™, 12.8%) 159 (71.0) 145 (M — 42, 12.8);% 139 (50.0); 69%; 63 (88.7); 50 (48.4)
7 252 (M ™, 11.6%) 224 (37.1) 196 (9.8);% 90*

8 268 (M ™, 22.6%) 240 (48.5) 212 (29.2);% 211 (26.0), 90*

“M — Nj. ” Identical to the SciFinder spectra ID: WID-DLO-091576-4. M — Me. M — 2N,.
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Scheme 2 Main fragmentation patterns for azides 2-8 and 1 determined by EI-MS spectrometry (70 eV).

Table 6 FMO energies (Enomo,Lumo) and energies (E) of N-N,
bond dissociation of 1-8 calculated using B3LYP/6-31G* level

1 2 3 4 5 6 7 8

Enomo® —710.5 —566.3 —587.0 —590.1 —579.9 —636.8 —559.6 —553.5
ELumo” —200.0 —114.7 —99.1 —949 -93.2 -128.6 —109.3 —126.8
AE* 510.5 451.6 4879 4952 486.7 508.2 450.3 426.7
AE® 124.4 141.2 1002 161.8 131.0 1564 152.8 156.2

“In kJ mol™". ? Calculated energies of the N-N, bond dissociation in kJ mol ™!
including ZPE correction.

entropy value in the instance of 6 suggests that the TD of this
azide occurs mainly via an intramolecular pathway.

Insofar as diazides 7 and 8 is concerned, relatively high
energies were calculated for both the first (152.8 and 156.2 kJ
mol~") and the second (146.3 and 155.7 kJ mol~") azido group
dissociation. The inactivity of the expected activating p-direct-
ing effect by the heteroatoms (O and S, respectively) is
presumably due to weak resonance interaction between the
heteroatom and the two aryl rings.?

Conclusion

We have assessed the thermal decomposition behavior of
various organic azides using calorimetric analyses and quanti-
tative structure-property relationships based on molecular
modelling. The experimental TD of the tosyl azide 1 and aryl
azides 2-8 occurs between 120 and 280 °C with enthalpies of
decomposition in the range of —1.1 to —2.0 kJ g~ '. Even if the
range falls under the reference threshold limit for explosion,
on scaling up reaction of this kind may be hazardous. In
addition, we were able to identify the mechanistic rate-con-
trolling bond dissociation via examination of electronic struc-
ture correlations and by EI-MS spectra. The general relevance
of the initial step, corresponding to the rate-controlling N-N,
bond dissociation, ultimately affects the energy release rate of
a likely energetic material. Rate enhancement, low activation
energy and negative reaction entropy characterize the intra-
molecular thermal cyclisation of the o-substituted azides 3 and
6. Divergent data were observed for azide 1, that shows the
highest enthalpy of decomposition and smallest heat of for-
mation for which a thermal process with a number of con-
comitant heterolytic and homolytic S-Nj3 bond-cleavage
pathways is suggested. The global thermal processes, evalu-

ated by correlations between numerical modelling and experi-
mental data reported on different kinds of aryl azides and
diazides, gives a better understanding of the impact sensitivity
from a molecular viewpoint, which should provide help in
classifying highly energetic materials.
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