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Abstract 

The mechanism of dissociative evaporation was used for a quantitative interpretation of the kinetics and mechanism of 
thermal decomposition of the azides of Na, K, Pb, Ag, T1, Ba, Sr and Ca. Decomposition is assumed to proceed by way of 
gasification of all primary products, including free metals, with nitrogen evolving partially as free atoms and, in the case of 
lead azide, in the form of neutral N3 molecules as well. The actual decomposition pathways were chosen based on the best fit 
between the calculated and experimental values of the absolute decomposition rates and the activation energies. An analysis of 
published mass spectrometric studies into the thermal decomposition of NaN3 and T1N3 has confirmed partial evolution of 
nitrogen in the form of free atoms. The mechanism and specific features of the UV-chemiluminescence and chemi-electron 
emission accompanying the decomposition of azides has been interpreted in terms of this approach. © 1997 Elsevier Science 
B.V. 
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1. I n t r o d u c t i o n  of  describing on a quantitative basis the kinetics of  
thermal decomposi t ion of  various azides, as well as 

Investigation of  the kinetics and mechanism of  the generation of  the fairly unusual phenomena 
thermal decomposit ion of  azides has been dealt  with involved, in particular, the generation of  intense 
extensively, and referenced to in several reviews and UV-radiation in the course of  decomposit ion.  Thus, 
monographs [1--4]. Interest in these compounds ori- for instance, the correlation between the activation 
ginates not only from their application in technologies energies for azide decomposit ion and the position of  
making use of  their explosive properties but also from the first exciton level, which is predicted by the well- 
the possibil i ty of  using them as comparat ively simple, known theory of  formation of  neutral azide radicals 
both chemical ly and structurally, model  systems to [2], is observed to be valid, at best, only for about one 
study solid-state reactions [4]. half  of  the azides studied [3]. Besides, this theory does 

Despite a certain progress achieved in the interpre- not account for the azide decomposit ion rate being 
tation of  the mechanisms involved in decomposit ion proportional to the sample surface area. This relation- 
of  the azides of  some metals [2,3], it has not culmi- ship was established by Walker  et al. [5] from experi- 
nated in the development  of  a general theory capable ments on several samples of  NaN 3 and T1N3 differing 

in specific surface area of  crystal particles by a factor 
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The present work is an attempt at interpreting the Hertz-Knudsen-Langmuir equation: 
mechanism and kinetics of azide thermal decomposi- N a P  

tion based on the mechanism of dissociative evapora- J - (1) 
tion of solids, which is in full agreement with the (27rMRT)  1/2 

observations of Walker et al. [5]. This approach has where NA is the Avogadro number, P the partial 
been developed and used successfully in a number of pressure of the gaseous product corresponding to a 
our studies in the interpretation of the mechanism of hypothetical equilibrium for the evaporation process, 
thermal decomposition of metal nitrates in vacuum [6- M the molar mass of the gaseous particles, R the gas 
8], of metal oxides and hydroxides in an argon atmo- constant, and T the temperature. 
sphere [9], as well as of some compounds (salts, In the case of compound S, decomposing into 
nitrides, etc.) in vacuum [10]. gaseous products A, B, C, etc., 

This approach consists essentially in comparing 
the kinetic parameters of the process, namely, of S(s/1) ~ a A ( g ) + b B ( g ) +  c C ( g ) + . . .  (2) 

the activation energies Ea and pre-exponential the flux of product A can be expressed in terms of the 
factors A in the Arrhenius equation, or of the absolute partial pressure PA of this product corresponding to the 
fluxes J of the gaseous products, with the values of hypothetical equilibrium of reaction (2) in the follow- 
these parameters calculated for possible pathways of ing form [9,10]: 
this process. The experimental data used in these 

NAPA aTNA 
studies [6-10] were obtained by quadrupole mass J A -  -- 
spectrometry [6-8], electrothermal atomic absorption (27r-MRT) 1/2 F U ~ ' ( 2 7 r M R T )  1/2 

spectrometry [9], and classical methods of thermal A~r I -AH°r]  
analysis, primarily by thermogravimetry [10]. The × e x p ~ - e x p  (3) k uRTJ 
selection among the possible pathways was guided 
by the assumption that, according to the gasifica- where 
tion mechanism, thermal decomposition of a solid F ~ a a × b b × c c × . . .  (4) 
compound involves congruent gasification of all 
reaction products, irrespective of their saturated v - a + b + c + . . .  (5) 

- -  . b/v vapor pressures, with subsequent condensation of M --  MaA/" × M B × Mch"  × .. .  (6) 
the molecules of the non-volatile components as 
they collide with one another or with any surface. Here A ~  and AH ° are the changes in entropy and 
It was also assumed that nitrogen, oxygen, sulfur enthalpy for reaction (2), and 7 = 1.01325 × 105 is 
and selenium can evolve as free atoms, rather the coefficientofconversionfromatmospheresusedto 
than in the form of diatomic molecules which are calculate partial pressures in chemical thermody- 
thermodynamically stable at the decomposition tern- namics to Pascals. When calculating the combined 
peratures, pressure of several products, the coefficient a in 

It appears appropriate to use the same assumptions Eq. (3) should be replaced with the sum of the corre- 
in the case of thermal decomposition of azides as well. sponding stoichiometric coefficients and, in the case 

of the total pressure Pt, with the coefficient u. The experimental kinetic parameters of a process are 
taken from available results of thermal analysis. The In accordance with Eq. (3), the activation energy 
above assumptions will be validated by the data from for dissociative evaporation of a compound can be 
mass spectrometric and optical studies available in the written as follows: 

literature. Ea -~ AhOr / u (7) 

Table 1 presents the thermodynamic functions 
2. Theoretical needed for calculation of the thermal decomposition 

kinetics (parameters J and Ea) for a group of eight of 
The flux J of a gaseous product under the conditions the most extensively studied azides of Na, K, Ag, T1, 

of monatomic evaporation is given by the well-known Pb, Ca, Sr and Ba. The values of the enthalpy for all 
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Table l kinetics of  decomposi t ion of  the other solid 
Thermodynamic functions [11,12] used in the calculations of compounds [6-8,10]. 

kinetics of azide decomposition 2. The decomposit ion of  the azide groups involves 

Species State of AH~298 ~298 partial or total evolution of  one of  the three nitro- 
aggregation kJ mol 1 J mol I K i gen atoms in the free form, i.e. by the following 

Ag g 284.9 172.9 pathway" 
AgN3 s 310.6 115.5 
Ba g 179.0 170.1 MN3(s /1)  ---~M(g) + (1 - i)N 
Ba(N3)2 s -22.2 165.2 q- (1 + 0.5i)N2 (8) 
Ca g 177.8 154.3 
Ca(N3) 2 s 46.0 145.3 where the interaction parameter  i varies from 0 to 1, 
K g 89.0 160.2 depending on the extent to which the nitrogen 
KN3 s - 1.3 120.4 

atoms in the nearest azide groups interact with N g 472.7 153.2 
N2 g 0 191.5 one another at the instant of  decomposition.  Con- 
N 3 g 436.0 223.0 sidering that the separation between nitrogen atoms 
Na g 107.5 153.6 of  the nearest-neighbor azide groups in the azide 
NaN3 s 21.3 96.9 crystal lattice (for example,  in the case of  NaN3 
Pb g 195.1 175.3 [1 1]) is three times the internuclear N - N  distance 
Pb(N3) 2 s 483.5 175.3 
Sr g 160.5 164.5 (1.07 .~) in the nitrogen molecule, this assumption 
Sr(N3)2 s 7.1 159.0 appears reasonable enough. 
TI g 180.8 180.9 3. In cases where the nitrogen atom separation in 
T1N3 s 233.6 125.9 azide group is less than the N - N  internuclear 

distance in the N 3 molecule (1.181 ,~), nitrogen 
can evolve in the form of  neutral N 3 molecules. 

azides are taken from [11]. The entropies ~98 for the 
Na, K, and T1 azides are found in [ 12]. There are no Of all the kinetic parameters characterizing thermal 
reference data on the entropies for the other azides, decomposit ion of  azides available in the literature, 
Based on the similari ty of  the entropies for the azides namely, the activation energies (Ea) and, in some 
and iodides of  Na, K and T1, instead of  the azides of  cases, the absolute decomposit ion rates (J), the latter 
the remaining metals (Ag, Pb, Ca, Sr and Ba), we used is the most informative and reliable. Firstly, as follows 
the tabulated values of  ~98 for the corresponding from a comparison of  Eqs. (3) and (7), it takes into 
iodides [12]. The error involved in such evaluation account not only the enthalpy of  the decomposit ion 
of~2298 does not exceed 10 J mol 1 K-~. Judging from process but its entropy as well. Secondly, determina- 
the discrepancies between the available data on A/-/~298 tion of  the absolute rates, which requires carrying out 
[ 1 1,12], the error in the determination of  the enthalpies additional measurements of  the sample surface area 
of  azides may be as large as 15 kJ mo1-1, and of  the reaction vessel volume as well as calibration 

of manometer  readings in absolute pressure units, 

3. Results and discussion turns out eventually to be more reliable from the 
standpoint of  the precision and accuracy of  the results 

3.1. Interpretation o f  kinetics obtained. Therefore, we chose agreement between the 
calculated and experimental  values of  the absolute 

Our calculations of  the kinetics of  azide thermal decomposit ion rate as the main criterion in selecting 
decomposit ion were made under the following the appropriate scheme of  the process. The agreement 

between the activation energies served as a comple- 
assumptions: mentary criterion of  correctness of  that choice. 

1. The azides decompose through gasification of  all Table 2 presents the calculated and experimental  
pr imary reaction products,  including the free absolute decomposit ion rates for azides of  Na, Pb, K 
metals formed. The assumption rests on the a and Ba in the order of  decreasing decomposit ion 
priori considerations underlying the analysis of  the temperatures. We are not aware of  any data on the 
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Table 2 
Absolute rates for the thermal decomposition of azides 

Implied reaction T/K Absolute decomposition rate (J/molecules m 2 s i) 

experiment calculation 

NaN3(s)--~Na(g)+0.9N+I.05N2 603 8.1 × 1019 [13] 5.8× 1019 
573 1.1 × 1019 [13] 9.6x 10 TM 

Pb(N3)2(s)---~Pb(g)+N+N2+N3 543 5.3 X 1019 [14] 1.6× 102o 
500 4.0x 1018 [15] 8.9x 10 TM 

KN3(s)~K(g)+0.72N+ 1.14N 2 524 1.7x 1019 [ 141 2.7x 1019 
Ba(N3)z(s)~Ba(g)+0.6N+2.7N2 388 3.1 × 1019 [141 6.5x 1019 

absolute decompositions rates for the other metal distances (Table 3). A comparison of these distances 
azides. In view of possible errors in the measurement with the N-N bond length (1.181 ,~) in the neutral N 3 

and calculation of the values of J, our choice of an molecule shows that in the first two groups these 
appropriate decomposition pathway was guided by the spacings are smaller and, in the other two groups, 
requirement that the experimental and calculated larger than that in the free N 3 molecule. It may 
values agree within a factor of three. As seen from therefore be conjectured that one-half of the nitrogen 
the schemes given in Table 2, assumptions (1) and (2) released in the decomposition of Pb(N3)2 is in the form 
lead to the gaseous metal and molecular or atomic of N 3 molecules, and the other half as a sum of 
nitrogen as the reaction products in all cases. The N + N2. One cannot, however, exclude the possibility 
interaction parameter was found to be zero for of the above correlation being purely accidental. 
Pb(N3)2,  0.1 for NAN3, 0.28 for KN3,  and 0.7 for Table 4 presents experimental values (extracted 
Ba(N3)2. from the publications available to us) and our calcula- 

These two assumptions turned out to be insuffi- tions of the activation energies for the above four 
cient for a theoretical description of the decomposi- azides, as well as for the azides of Ag, TI, Sr and Ca, 
tion of Pb(N3)2.  The calculated values of J for the arranged in the order of decreasing magnitude. We 
reaction immediately note the remarkably large scatter among 

the experimental data, particularly for the azides of 
Pb(N3)2(s) --~ Pb(g) + 2N + 2N2 (9) 

Na, K and Pb. Taking this into account, the agreement 
were found to exceed by two orders of magnitude the of the calculated values with experiment appears, on 
experimental values of J obtained [14,15] at two the whole, quite satisfactory. The decomposition for 
different temperatures (543 and 500 K). Therefore, the azides of Ba, Sr and Ca differ from those for the 
the two aforementioned assumptions were comple- other azides in a markedly smaller fraction of nitrogen 
mented by assumption (3) postulating partial evolu- evolving as free atoms. 
tion of nitrogen in the form of N3 molecules. This Thus by choosing appropriately the contents of 
approach has enabled us to propose the scheme different forms of nitrogen (N, N2 and N3) in the 

P b ( N 3 ) 2 ( s  ) --~ P b ( g )  ÷ N ÷ N2 -,- N3 (10)  
Table 3 

with kinetic characteristics very close to the experi- N-N distances in different groups of c~-Pb(N3)2 [11] 
mentally observed ones. In view of the lead azide 
crystal structure [11], the assumption of the nitrogen Azide g roup  Distances/,~ 

evolving in equal parts as  N 3 and (N+N2) appears NI-N2 N2-N3 
reasonable enough. The a modification of Pb(N3)  2, 1 1.164 1.164 
which is the only form of this compound stable above 11 1.177 1.166 
160°C, is actually a combination of four crystallogra- 1II 1.193 1.160 

IV 1,213 1.147 
phically distinct azide groups with different N-N 
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Table 4 
Activation engeries for the thermal decomposition of azides 

Implied reaction i-parameter Activation energy/kJ mol 1 

calculation experiment 

NaN3(s)--,Na(g)+0.9N+I.05N2 0.10 173 144 [1] 154 [16] 193 [15] 172-197 [17] 
Pb(N3)2(s)--,Pb(g)+N+Nz+N3 0 155 125 [15] 152 [18] 159 [1] 
KN3(s/I)-~K(g)+0.72N+l.14N2 0.28 152 130-135 [19] 151 [1] 160 [16] 205 [20] 
AgN3(s)---~Ag(g)+N+N2 0 149 132 [21] 138 [22] 151 [23] 
T1Na(s) ---*TI(g)+N+N2 0 140 149 [24] 
Ba(Na)z(s)--*Ba(g)+0.6N+2.7N2 0.70 113 98 [25] 102 [26] 109 [27] 
Sr(N3)2(s)-~Sr(g)+0.4N+2.8N2 0.80 82 84 [25] 
Ca(N3)2(s)~Ca(g)+0.4N+2.8N2 0.80 76 75-79 [25] 79 [27] 

products of  decomposit ion,  one can describe the in the process of  decomposit ion becomes as high as 
kinetics of  azide decomposit ion in terms of  a common 0.20-0.25 whereas, in the absence of  decomposit ion 
mechanism of  dissociative evaporation. (Fig. 15 in [15]), it does not exceed 0.04. The latter 

ratio is in a good agreement with the value 
3.2. Analysis of  mass spectrometric studies IN+/IN~ ~-- 0.03, quoted in the NBS Registry of Mass 

Spectral Data [29] for molecular  nitrogen at conven- 
The most critical point in the proposed mechanism tional electron energies ~ 70 eV. Taking into account 

of  thermal decomposit ion of  azides is the assumption this correction, as well as the superposition of  the 
of  partial release of  nitrogen in the form of  free atoms, background due to residual nitrogen, we obtain the 
It thus appears appropriate to analyze the available pure ratio, viz IN+/IN+ > 0.20. Recalling the twofold 
information on mass spectrometric investigation into difference between the ionization cross section of the 
the composit ion of  the reaction products. The most N2 molecules and N atoms [30], we obtain for the flux 
valuable quadruple mass spectrometric measurements ratio of  particles reaching the ionizer, the value 
in our knowledge [3,5,13,15,19,24,28], are the studies 
of  Walker  et al. [5], Walker  [13,24], and Fox and IN+/IN~ > 0.40 (11) 

Walker  [28]. These publications present the original If  we take into account the reflection of  N 2 mole- 
mass spectra of  the decomposit ion products for NaN3 cules and recombination of  N atoms in collisions with 
and T1N3. the specimen holder surface and mass-spectrometer  

The difficulties involved in an analysis of the walls, this value further increases by a factor of  two, 
relative content of  atoms and molecules in the primary which corresponds to a primary flux ratio of  _> 0.80. 
decomposi t ion products are due to the partial disso- We may recall that our scheme of  NaN3 decomposi-  
ciation the molecules undergo in the mass spectro- tion yields IN+/IN~ = 0.86 (see Table 2). Approxi-  
meter ionizer, the differences in the ionization cross mately the same primary signal ratio IN+/IN~ was 
sections of  these particles, the superposition of  back- observed by Fox and Walker  (Fig. 3.1.4 in [28]) in 
ground on account of  the residual gases, as well as the the thermal decomposit ion of  TIN3. Thus, direct mass 
differences in the solid angle collecting the particles at spectrometric measurements of  the fluxes of  N atoms 
the entrance of  the ionizer, if the particles of  interest and N2 molecules evolving in thermal decomposit ion 
differ in their resistance in the process of  collisions of  NaN3 and TIN3 fully support the assumption of  
with the chamber  walls, partial release of  nitrogen as free atoms. (Remarkably, 

Let us estimate the content of  atomic and molecular  this essential fact has remained unnoticed for 30 
nitrogen evolving in decomposi t ion of  NaN3 based on years.) 
the results of  Walker  [13], and taking into account the One could also present other experimental  evi- 
above factors. As seen from Figs. 12 and 16 of  [13], dences for the release of  atomic nitrogen in thermal 
the maximum ratio of  the peak-height signals IN+/INf, decomposit ion of  azides. For  example,  Garner and 
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Reeves [25] point out the formation of NO2 in thermal sity of emission in this case were poorer and lower 
decomposition of AgN3 in the presence of oxygen, a than those found under optimal measurement condi- 
fact that can be easily explained as arising from a tions, namely, in a weak flow of argon or another gas at 
direct reaction pressure of about 0.05 atm. As for the activation 

N 4- 02 ~ NO2 (12) energies for the UV-radiation emission measured for 
KN3, NAN3, RbN3 and CsN3 under optimal conditions, 

The release of atomic nitrogen also provides the they turned out to be equal to those found for the 
simplest interpretation for the UV-radiation emitted decomposition process, which argues for a linear 
in the Vegard-Kaplan bands during thermal decom- dependence of emission intensity on the nitrogen- 
position of some azides, which is associated with the atom concentration. 
formation of highly excited N2 molecules. The most probable reason for this contradiction 

appears to be the radiation quenching as a result of 
3.3. Mechanism of UV-emission collisions of excited nitrogen molecules with metal 

atoms and their ionization in the following reaction 
The emission of UV-radiation during thermal , M+ 

decomposition of azides was discovered by Audubert N2 4- M ~ 4- N2 4- e (14) 

about 60 years ago [31,32]. For KN3, NAN3, AgN3 and which also provides an explanation for the origin of 
Pb(N3)2, the emission was found to be considerably the electron emission observed in the decomposition 
higher than for Ca(N3)2 and Ba(N3)2. The spectrum of azides. One should not exclude, here, the possibility 
with peaks at 198, 215,230 and 240 nm was identified of partial binding of free nitrogen atoms by an 02 
[33] as the Vegard-Kaplan band system originating impurity in the gas environment to form NO2 mole- 
from the A 3 ~ +  ~ X l ~ g  (ground-state) transition cules. As a result of combined action of these factors, 
in excited nitrogen molecules, the temperature dependence of both processes (UV- 

A larger number of studies deal with the emission of and electron-emissions) occurring in the presence of a 
these bands in an electric discharge passed through foreign gas turns out to be weaker than that expected 
molecular nitrogen or its mixtures with noble gases, and observed [16] in a high vacuum. 
When in the A 3 ~-~+ excited state, the N2 molecules Finally, the connection of the UV-emission with 
are known to have an energy of 6.17 eV and a lifetime the release of free nitrogen atoms during azide 
of about 2.1 s. Summarizing the studies of many decomposition provides an explanation for the 
authors, Kondratiev and Nikitin [34] came to the lower intensity of the UV-emission in the case of 
conclusion that the main source of the UV-emission the azides of alkali-earth elements compared with 
here is the recombination of ground-state nitrogen those of other elements. Indeed, the fraction of 
atoms, nitrogen atoms in the total amount of nitrogen in 

It is natural to assume that the Vegard-Kaplan band the case of Ba(N3)2, Sr(N3)2, and Ca(N3)  2 is three- 
emission during thermal decomposition of azides is to-four times smaller than that for the other azides 
likewise due to the recombination of free nitrogen (Table 4). 
atoms in the following reaction 

N 4- N - -  N~ ~ N2 4- hu (13) 
4. Conclusions 

Based on this assumption, we should expect the 
emission to increase proportionately with the square Taking into account the successful results of the 
of the number of N atoms released in the azide foregoing analysis of kinetics and product composi- 
decomposition, which would result in a doubled acti- tion for the azide thermal decomposition, as well as 
vation energy for the decomposition process. Indeed, the sufficiently convincing interpretation of the phe- 
the studies of Singer and Mueller [ 16] revealed activa- nomena accompanying the decomposition, the author 
tion energies, which characterize the change in the believes that the mechanism of dissociative evapora- 
UV-emission with temperature, as high as tion of azides may be of interest for further studies in 
314 kJ mo1-1. However, the reproducibility and inten- this area. Direct arguments for, or against, this 
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mechanism could be obtained in a mass  spectrometric [10] B.V. L'vov and A.V. Novichikhin, Thermochim. Acta, Vol. 

inves t iga t ion  o f  the p r imary  p roduc t s  o f  d e c o m p o s i -  290 (1997) 241. 
[11] c.s .  Choi, in H.D. Fair and R.E Walker (Eds.), Energetic 

tion, as this has  been  d e m o n s t r a t e d  in the case  o f  the Materials, Vol. 1, Physics and Chemistry of the Inorganic 
NaN3 and T1N3 azides.  O f  par t icular  in teres t  here  Azides, Plenum Press, New York (1977) Chap. 3. 
would  be a s tudy o f  the d e c o m p o s i t i o n  o f  Pb(N3)2. ]12] v.P. Glushko (Ed.), Thermodynamic Constants of Substances. 
Studies of the UV-chemiluminescence and chemi- Akad. Nauk SSSR, Moscow, 1962-1982. Handbook in 10 

volumes (in Russian). e lec t ron  emis s ion  in vacuum,  as well  as m e a s u r e m e n t s  
[13] R.F. Walker, J. Phys. Chem. Solids 29 (1968) 985. 

o f  the absolu te  d e c o m p o s i t i o n  rates for  the azides  o f  [14] W.E. Garner, Proc. Roy. Soc. 246 0958) 203. 

var ious meta l s  wou ld  l ikewise  p rov ide  valuable  infor-  [151 EG. Fox and J. Soria-Ruiz, Proc. Roy. Soc. A 317 (1970) 79. 
mation. Finally, revealing a possible relation of the [16] G.D. Singer and H.J. Mueller, Nature 207 (1965) 1073. 
crystal  s t ructure o f  az ides  wi th  the compos i t i on  and I171 K. Torkar, H.T. Sp~ith and G.W. Herzog, Reactivity of Solids, 
relat ive con ten t  o f  various fo rms  o f  n i t rogen in the Proceedings of the Sixth International Symposium, Wiley, 

New York (1969) p. 287. 
p r imary  p roduc t s  o f  d e c o m p o s i t i o n  would  be o f  con-  [18] J. Jach, Trans. Faraday Soc. 59 (1963) 947. 
siderable interest. [19] A. de Panafieu, B.S.H. Royce and T. Russell, J. Chem. Phys. 

64 (1976) 1473. 
[20] P.W.M. Jacobs and EC. Tompkins, Proc. Roy. Soc. 215 

(1952) 254. 
Acknowledgements [21] B.E. Bartlett, F.C. Tompkins and D.A. Young, Proc. Roy. Soc. 

A 246 (1958) 206. 
This  project was supported by BSW Perkin-Elmer. [22] Y.A. Zakharov, E.S. Kurochkin, G.G. Savel'ev and Y.N. 

Rufov, Kinet. Katal. 7 (1966) 377. 
[23] E Gray and T.C. Waddington, Proc. Roy. Soc. 241 (1957) 

References 110. 
[24] R.E Walker, Trans. Faraday Soc. 65 (1969) 3324. 
[25] W.E. Garner and L.E. Reeves, Trans. Faraday Soc. 51 (1955) 

[1] W.E. Garner and L. Bircumshaw, in W.E. Garner (Ed.), 694. 
Chemistry of the Solid State, Butterworths, London (1955) [26] E.G. Prout and D.J. Moore, Nature, 203 (1964) 860; 205 
Chap. 9. (1965) 1209. 

[2] A.D. Joffe, in C.B. Colburn (Ed.), Developments in Inorganic [27] E.G. Prout and M.E. Brown, Nature 205 (1965) 1314. 
Nitrogen Chemistry, Elsevier, London 0966) Chap. 2. [28] EG. Fox and R.E Walker, in R. Brymner and J.R. Penney 

[3] EG. Fox and R.W. Hutchinson, in H.D. Fair and R.E Walker (Eds.), Mass Spectrometry, Butterworths, London (1967) p. 
(Eds.), Energic Materials, Vol. 1, Physics and Chemistry of 153. 
the Inorganic Azides, Plenum Press, New York (1977) Chap. [29] EW. McLafferty and D.B. Stayffer, The Wiley/NBS Registry 
4. of Mass Spectral Data, Vol. 1, Wiley, New York (1988) p. 3. 

[4] M.E. Brown, D. Dollimore and A.K. Galwey, Reactions in the [30] J.B. Mann, in Proceedings of International Conference on 
Solid State, Elsevier, London (1980) Chap. 4. Mass Spectroscopy, Kyoto University Press, Tokyo (1970) p. 

[5] R.E Walker, N. Gane and EE Bowden, Proc. Roy. Soc. 294 814. 

(1966) 417. [31] R. Audubert, C.R. Acad. Sci., Paris, 204 (1937) 1192; 206 
[6] B.V. L'vov, Microchim. Acta (Wien) 2 (1991) 299. (1938) 748. 
[7] B.V. L'vov and A.V. Novichikhin, Spectrochim. Acta, Part B [32] R. Audubert, Trans. Faraday Soc. 35 (1939) 197. 

50 (1995) 1427. [33] R.W. Nichollos, J. Phys. Chem. 64 (1960) 1760. 
[8] B.V. L'vov and A.V. Novichikhin, Spectrochim. Acta, Part B [34] V.N. Kondratiev and E.E. Nikitin, Kinetics and Mechanism of 

50 (1995) 1459. Gas Reactions, Nauka, Moscow, 1974 (in Russian). 
[9] B.V. L'vov, Spectrochim. Acta Part B, Vol. 52 (1997) 20. 


