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Preface 

"Nitrogen" SuppL. Vol. 82 continues the description of binary compounds composed 
of nitrogen and hydrogen (nitrogen hydrides). While" Nitrogen" SuppL. Vol. 81 covers mono­
nitrogen compounds, the present volume comprises compounds having two, three, four, 
or more nitrogen atoms. Hydrazine, N2H4 , and its ions N2Ht and N2H~+ were not included. 
(Reference is made to a voluminous monograph: E.W. Schmidt, Hydrazine and its Deriva­
tives: Preparation, Properties, Applications, Chichester 1984, 1088 pages.) 

Among the dinitrogen compounds, the diazenyl cation, N2H+, has been extensively inves­
tigated, especially in regards to spectroscopic and kinetic properties, because of its occur­
rence in interstellar space. Chemically well-characterized are diazene, N2H2, the simplest 
unsaturated nitrogen hydride which is used as a hydrogenation reagent, and the hydrazyl 
radical, N2H3, which is frequently present as an intermediate during the formation and 
decay of nitrogen-hydrogen compounds. 

The major portion of this volume is taken up by hydrogen azide or hydrazoic acid, 
HN3, the first member in the series of trinitrogen compounds. Known to be highly explosive 
in pure form, it can be safely handled when diluted. Thus, a great deal of information 
is available mainly on its properties as a chemical reagent and its decomposition processes. 

Other compounds with three or more nitrogens which are stable at room temperature 
include 2-tetrazene, N4 H4 , ammonium azide, NH4 N3, and hydrazinium azide, N2HSN3. Cyclo­
triazane, C-N3H3' and triazane, N3HS' were isolated as Ag+ complexes. The aminodiazonium 
ion, N3Ht, and the triazanium ion, N3Ht, form isolable salts. Some other nitrogen hydrides 
such as triazene, N3H3' 1,3-tetrazadiene, N4H2, and tetrazane, N4H6 , were thought to form 
only as intermediates. Occasionally they were identified by physical techniques. In several 
cases, where the binary nitrogen hydrides cannot be isolated other than in the form of 
organic derivatives, the data available for the organic derivatives were included when they 
were thought to be characteristic for the particular unsubstituted N-H parent compound. 
A series of other, hypothetical nitrogen hydrides have so far only been studied by quantum­
chemical methods. 

The volume closes with a few ternary compounds composed of nitrogen, hydrogen, 
and noble gases. 

Frankfurt am Main 
September 1993 

Peter Merlet 
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Compounds of Nitrogen with Hydrogen 
(continued) 

2.2 Dinitrogen Compounds 

2.2.1 The Diazenyl Radical, N2H 

Other names: Hydrodinitrogen radical, hydrogen dinitride, dinitrogen hydride, hydroazine 

CAS Registry Numbers: N2H [36882-13-0}, N20 [120550-96-1}, N2T [38326-92-0} 

There are no direct observations of the N2H radical. Indirect evidence for its formation 
was obtained from experimental studies on the reaction NH2 + NO -+ products and on the 
electron-transfer neutralization of N2H +. Theoretical arguments for its existence were once 
provided by kinetic models of ammonia combustion. 

The radical has been the subject of about 30 quantum-chemical studies. Only the results 
of the more recent and extensive studies· are considered in the following text. For other 
studies, consult the bibliography of ab initio calculations Listed on pp. 16/17. Ab initio studies 
are generally in agreement in predicting that the ground-state radical is thermodynamically 
unstable with respect to dissociation to N2 and H, but separated from them by a barrier. 

Formation 

Indirect evidence for the formation of the radical N2H(N20) by electron-transfer neutral­
ization in the collision of a high-velocity, mass-resolved beam of N2H+(N20+) with a target 
metal gas M (Na, K, Mg, or Zn maintained at a few mTorr), according to N2H + (N20+) + M-+ 
N2H*(N20*) + M +, was obtained by monitoring the beam profile of N2, assumed to arise 
from the dissociation of the N2H(N20) product. The kinetic energy distribution of N2, deter­
mined from the maximum scattering angle of the N2 beam profile, indicates that N2H(N20) 
is formed in the electronic ground state as well as in excited states (see below) depending 
on the metal target used. As no state of N2H(N20) was observed, an upper limit on the 
Lifetime is given by the beam time-of-fLight (5 x 10- 7 s) [1]. 

The formation of an N2H intermediate was proposed in kinetic modeling studies on 
the combustion of ammonia, specifically the selective reduction of nitric oxide by ammonia 
(thermal OeNO. process). It was assumed that N2H, formed in one of the channels available 
to the key reaction of NH2 with NO (see" Nitrogen" Suppl. Vol. 81), is important in driving 
subsequent chain reactions. Formation of N2H in reactions of NH and of N2H2 with other 
species was also included in the reaction schemes; see for example [2 to 6]. Indirect experi­
mental evidence, indicating that the branching of the NH2 + NO reaction into the N2H + OH 
channel is much lower than assumed at the time the combustion models were developed, 
has cast doubt on the proposed role of N2H in combustion; see for example [7]. Moreover, 
an N2H lifetime of 10- 4 s, indicated by matching the model to observation, is much longer 
than experimental and theoretical predictions (see below), implying that N2H is too short­
lived to play an important role [8]. 

Formation of an N2H intermediate in the isomerization and decomposition of N2H2 was 
considered in ab initio studies [9 to 13]. 

Gmelin Handbook 
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An N2H intermediate was proposed to form during the photodecomposition of N2H2 [14] 
(see p.61) and dissociation of N2H20 isomers [12]. Formation of a vibrationally excited 
N2T intermediate in the reaction of recoil tritium with N2 was suggested [15]. 

Some observations reported for the N2H radical [16 to 18] have not been confirmed. 

Molecular Properties 

Electronic Ground State. The ground state X 2A' of the asymmetric, bent N2H radical 
(symmetry group Cs ) arises from the electron configuration (1a')2 (2a,)2 (3a,)2 (4a,)2 (5a')2 
(1a,,)2 (6a,)2 7a'. Qualitatively, the valence orbital 5a' corresponds to the cr orbital of N2, 
6a' to the combination of the bonding 1t g orbital of N2 and the 1s orbital of H, and 7a' 
to the combination of the antibonding 7tg orbital of N2 and the 1s orbital of H [19 to 22]. 
According to MO theory, one NN 1t bond has been broken and an NH cr bond formed. 
A lengthening of the NN bond comparable to that of N2 [21, 22] and an NNH angle E> 
of _1200 [20] are to be expected. The unpaired electron is localized on the outer nitrogen 
[11,23]. 

The potential energy surface of N2H(X 2A') -+ N2C ~;) + HeS) was characterized in ab 
initio studies at different levels of calculation: SCF (RHF and UHF) [21, 23 to 26], CASSCF 
[9], MP2 [27], CI [21], GV8-CI [11], MP4/MP3 [1, 22], and CASSCF/CCI [19, 28 to 30]. Table 
1 gives the total energy Et ; dissociation energy De; dissociation energy with zero-point 
energy correction Do; barrier to dissociation Ea; the geometrical parameters r(NH), r(NN), 
and E> from complete geometry optimizations at a multiconfiguration level; and the funda­
mental frequencies ffi, (NH stretch), ffi2 (NN stretch), and ffi3 (bend) from some of the more 
extensive calculations. 

Table 1 
N2H. X 2A' Electronic Ground State. Molecular Properties Derived from Various Ab Initio 
Calculations. 

constants 

Et in hartree 
r(NH) in A 
r(NN) in A 
E> 
De in kJ/mol 
Do in kJ/mol 
E. in kJ/mol 
E~orr in kJ/mold ) 

ffi, in cm-' 
ffi2 in cm-' 
ffi3 in cm-' 
Ref. 

method and basis set 
CASSCF/CCI CASSCF/CCI 
ANOa) ANOb ) 

-109.86037c ) 

1.067 
1.192 
1150 

-16.3 

47.3 

[29] 

-109.87596c ) 

1.062 
1.197 
116.30 

-12.6 
-31.1 
50.8 
35.5 
2744 
1583 
1070 
[19] 

MP4/MP3 
6-31G** 

-109.74902 
1.045 
1.157 
1180 

-60.2 
-86.6 
43.9 
24.3 
3077 
2619 
1079 
[22] 

MP4/MP3 
6-311G** 

-109.79020 
1.060 
1.181 
115.80 

-59.4 

35.6 

[1] 

a) [5s4p3d2f/4s3p2d]. b) [4s3p2d1fl3s2p1d]. c) Includes a multireference size-
consistency (Davidson) correction. - d) Includes the zero-point energy correction [19]. 

An anomalous behavior in the ffi2 frequency calculated using MP3 theory [22] led to 
the suggestion that the perturbation expansion may be inadequate for describing the multiply 
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Molecular and Thermodynamic Properties 3 

bonded N2H species [19]. A high value of De( - 83.7 kJ/mol) obtained in a GV8-CI calculation 
[11] is attributed to neglected spin-recoupling effects [28]. An analytical potential energy 
surface was obtained by fitting [31] to points calculated on CASSCF/CCI surfaces [19, 29]. 
In the majority of studies it was concluded that the N2H species is thermodynamically unsta­
ble, lying above the N2 + H asymptote, but quasibound due to a barrier to dissociation 
Ea, occurring at the saddle point observed between the N2H minimum and the N2 + H asymp­
tote [1, 9,11,19,22 to 24,27,29,30]. 

An ionization potential of 8.15 eV was estimated in a recent ab initio study (MP2) [27]. 
Comparable values were predicted using SCF energies and using the equivalent core analo­
gy [32]. A value of 7.6 eV was estimated using SCF energies and LlfH(N2H+) =992 kJ/mol 

. [33]. 

Experi mental evidence based on a study of the neutralization of a beam of N2H + by 
electron transfer was used to suggest that no state of N2H has a lifetime longer than 
5 x 10- 7 s (see above) [1]. Theoretical unimolecular decay lifetimes of N2H in its ten lowest 
vibrational states were obtained using converged coupled channel scattering calculations 
on an analytical potential energy surface fitted [31] to points on CASSCF/CCI surfaces [29]. 
The vibrational ground state (000) and the first excited state (001) were predicted to have 
lifetimes of 3 x 10-9 and 2 x 10- 10 s, respectively [31]. Lifetimes of 10-9 to 10- 11 s for N2H 
[1, 19, 22] and 10- 10 s for N2D [1] were estimated using models for one-dimensional 
quantum-mechanical tunneling through a barrier [1,19,22]. 

Electronically Excited States. The lowest excited state is the 2A"(II) Renner-Teller com­
ponent of a linear 2II state (symmetry group C=v). It arises from the electronic configuration 
(1a')2 (2a,)2 (3a'f (4a')2 (5a')2 (1a,,)2 (6a')2 2a" [21, 34]. Potential energy surfaces for the 
linear 2A"(II), a bent 2 2A', and linear n=3 Rydberg states associated with N2H+ were 
characterized in extensive ab initio calculations, CASSCF/CCI with an ANO basis [4s3p2d1f1 
3s*2p] that was augmented in the case of the Rydberg states with diffuse orbitals. The 
2A"(II) and 2 2A' states were calculated to lie 155 and about 243 kJ/mol above the 
N2C~;) + H(2S) asymptote. The zero-point energy correction was found to raise the former 
value to 183 kJ/mol. The n = 3 Rydberg states were calculated to lie, after correcting them 
for the zero-point energy, 544 to 711 kJ/mol (5.7 to 7.2 eV) above the N2C ~;) + HeS) asymp­
tote. In this calculated manifold of states, the X 2A' ground state lies 16.3 kJ/mol above 
the N2C~;)+HeS) asymptote (see Table 1 above). The geometrical parameters of the 
linear 2A"(II) state, r(NH) =0.995 A and r(NN)=1.188 A, were determined at the CASSCF 
level of calculation. It was noted [34] that the 2A"(II), 2 2A', and the n = 3 Rydberg states 
lie energetically in the range of excited states of N2H that could be formed in a resonant 
electron-transfer process, occurring in experiments in which a beam of N2H+ is neutralized 
by alkali metal targets [1]; see above. Radiative transitions that could occur in such experi­
ments were discussed [1, 34]. 

Thermodynamic Properties 

The enthalpy of formation, LlfHg = 255 kJ/mol [35, 36] and LlfH398 = 252 kJ/mol, the Gibb's 
free energy of formation, LlfG398 = 262 kJ/mol, and values of LlfGo at 600, 1200, and 2000 
K [36] were obtained using the MP4-8AC method (MP4 energies adjusted by using empirical 
bond additivity correction factors) [35, 36]. The values LlfHg = 322 kJ/mol and 
LlfH398 = 319 kJ/mol, based on an estimated N2H zero-point energy of 36 kJ/mol, were 
obtained from GV8-CI results that predict a high value of Do (106 kJ/mol) [11]. 

The entropy S398 = 224 J. mol- 1. K- 1 was obtained from MP2 calculations [37]. 
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Chemical Behavior 

Dissociation NzH -+ Nz + H. Enthalpy and entropy changes for the N2H -+ N2 + H system 
were obtained from ab initio electronic energies and vibrational frequencies using statistical 
mechanics [19, 22]. The values AH~9B= -26.2 kJ/mol and AS~9B=81.5 J'mol- 1 'K- 1 were 
based on the results of CASSCF/CCI calculations [19]; the values AH~9B = - 81.6 kJ/mol 
[22] and AS~9B=85.4 J'mol- 1 'K- 1 [19] were based on MP4/MP3 calculations [22]. For the 
potential energy surface N2H(X 2A') -+ N2C ~;) + HeS), see above. 

Reactions. Ab initio calculations of reactant and product energies were reported for 
reactions of N2H with N2H3 [13], 0 [38], OH [39], and H [24]. For an ab initio study on 
the N2H + H potential energy surface, see [28]. Rate constants for the reactions of N2H 
with various species were estimated in modeling studies on the oxidation of ammonia in 
flames; see for example [2 to 4]. 
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2.2.2 The Diazenyl Cation, N2H + 

Systematic name: Diazynium 

CAS Registry Numbers: N2H+ [12357-66-3J, N15NH+ [58000-02-5J, 15NNH+ [58000-01-4J, 
N2D+ [12132-97-7J, 15NND+ [80560-24-3J, 15N2D+[80668-08-2J, N2T+ [123319-92-6J 

2.2.2.1 Interstellar Sources 

Spectral lines of N2H + were first detected in 1974. A triplet of lines centered near 93174 
MHz in the spectrum of a dense interstellar cloud [1] was identified as the hyperfine structure 
of the J = 1 -+ 0 transition [2, 3]. Further observations on N2H + and some of its isotopomers 
in various interstellar sources were reported; see for example [4 to 8]. It belongs to the 
most abundant interstellar ions; see for example [9, 10]. 

The formation and destruction of N2H+ are important for understanding the chemistry 
of interstellar clouds, comets, and planetary atmospheres. It is generally assumed that 
the N2H + ion in interstellar clouds arises mainly from the reactions Ht + N2 -+ N2H + + H2 
and N~ + H2 -+ N2H + + H and that dissociative recombination N2H + + e - -+ N2 + H and proton 
transfer reactions with abundant interstellar species such as CO are the major loss pro­
cesses; see for example [11 to 15]. 
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2.2.2.2 Formation 

2.2.2.2.1 Survey 

The N2H + species is usually generated via the fast ion-molecule reactions 

1) H; + N2 -+ N2H+ + H2, 2) Hi + N2 -+ N2H+ + H, and 3) Ni + H2 -+ N2H+ + H 

that follow ionization of gaseous mixtures containing H2 and N2 or follow addition of N2 
or H2 gas to a gas stream containing hydrogen ions or nitrogen ions. In spectroscopic 
studies, it is typically generated by the H; + N2 reaction using a glow discharge [1 to 7] 
(lengthening of the negative glow region by applying a longitudinal magnetic field to enhance 
N2H + production by two orders of magnitude [6, 7]) or hollow cathode discharge [8 to 
15] in a mixture of N2 in H2 at a total pressure ranging from a few to several hundred 
mTorr. 

lon-molecule reactions that lead to N2H + formation are treated in Sections 2.2.2.2.2, 
2.2.2.2.3, and 2.2.2.2.4 according to the type of reaction. Rate constants measured for the 
HX+ + N2 -+ N2H+ + X (protonation of N2) and Ni + HX -+ N2H+ + X (hydrogen atom abstrac­
tion by Ni) reactions are summarized in Tables 2 (p. 8) and 3 (p. 11). Other product channels 
such as charge transfer (e.g., HX+ + N2 -+ Ni + HX and Ni + HX -+ HX+ + N2) are available 
to the reactants. Experimentally determined branching fractions for the N2H+ product chan­
nel are given in the text. Additional information on the kinetics of the tabulated and further 
reactions is given in the text. Ionization of an N2-H2 mixture yields Hi and Ni ions, so 
that N2H+ can be formed in the protonation and abstraction reactions. To differentiate be­
tween these concurrent reactions, techniques such as ion ejection or ion trapping were 
applied. The rate constants generally refer to thermal or near-thermal measurements at 
room temperature. Pressures typically used for these reactions were: ca. 10- 6 Torr in 
ion cyclotron resonance studies; ca. 10- 4 Torr in low-pressure mass spectrometer studies; 
a few up to several hundred mTorr in flowing afterglow, drift tube, hollow cathode discharge, 
and high-pressure mass spectrometer studies; and ca. 30 Torr up to 1 atm in corona dis­
charge studies. For an overview of these experimental techniques, see for example [16, 17]. 

Collision rate constants for reactions resulting in N2H+ formation were predicted by 
classical theories such as the Langevin ion-induced dipole theory, the locked dipole theory, 
and the average dipole orientation theory. These rate constants, often compared with experi­
mentally determined rate constants to estimate the reaction efficiency, are not treated in 
the following text. In case of N2 protonation, see for example [18 to 21], and in case of 
hydrogen atom abstraction by Ni, see [18, 19, 22 to 26]. 
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2.2.2.2.2 Protonation of N2 

The formation of N2H + resulting from the protonation of N2, according to H + + N2 -> N2H + 
and HX + + N2 -> N2H + + X, is treated in this section. Rate constants for these reactions are 
summarized in Table 2. 

H + + N2 • The negative of the room-temperature enthalpy change of the reaction 
H+ + N2 -> N2H+ is defined as the proton affinity Ap of N2. This quantity is not well established 
experimentally. Recommended values are Ap = 494.5 kJ/mol [1, 2], obtained using a ladder 
of proton affinity differences [1], and Ap~497.9±3.8 kJ/mol, obtained using the appearance 
potential of N2H + arising from trans-N 2 H2 (Llf Hg(N2H2) ~ 195.0 ± 3.3 kJ/mol) [3]. For a summa­
ry of experimental and theoretical values of Ap, see [3]. The quantities - T LlS298 = 29.3 kJ/mol 
and LlG298 = - 465.3 kJ/mol for the reaction were calculated using statistical mechanics [4]. 

H: (0:, HO +) + N2 • The branching ratios 0.96 and 0.04 for the proton transfer and for 
the charge transfer channels available to the H~ + N2 reaction at thermal collision energies 
were determined in an ion cyclotron resonance study [12]. 
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Table 2 
Rate Constants k (in cm 3 . molecule -1 . S -1) for the Protonation of N2. 

reaction 

0; +N2->N20+ +0 
HO++N2->N2H++0 
HO++N2->N20++H 
H;+N2->N2H++H2 

0; + N2 -> N20 + + O2 
NH++N2->N2H++N 

HeH+ + N2 -> N2H+ + He 
KrH+ + N2 -> N2H+ + Kr 
XeH+ + N2 -> N2H+ + Xe I 

°2H++ N2->N 2H++02 
cot + N2 -> N20+ + C0 3 

109 k 

2.0±0.3 
1.95 
2.8±0.2 

1.61 
0.80 
0.82 
1.8±0.7 
1.8±0.4 
2.0 ± 0.4 
1.7±0.1 
1.9±0.3 
1.95± 0.05 

0.75 
~1 

0.65 
0.22±0.04 
0.36±0.07 
0.23±0.09 
0.19 
1.7±0.3 
0.58±0.12 
0.011 ± 0.003 
0.8 
0.148 

0.12 

experimental technique Ref. 

ion cyclotron resonance (ion trapping) [12] 
ion cyclotron resonance (ion ejection) [11] 
mass spectrometer ion source 

(ion trapping) [10] 
ion cyclotron resonance (ion ejection) [11] 
ion cyclotron resonance (ion ejection) [11] 
ion cyclotron resonance (ion ejection) [11] 
selected-ion drift chamber [5] 
flowing afterglow [6] 
selected-ion flow tube [7] 
ion cyclotron resonance [8] 
flow-drift tube [9] 
mass spectrometer ion source 

(ion trapping) [10] 
ion cyclotron resonance (ion ejection) [11] 
flowing afterglow [13] 
selected-ion flow tube [14] 
selected-ion flow tube [6] 
selected-ion flow tube [15] 
flowing afterglow [16] 
ion cyclotron resonance [17] 
selected-ion flow tube [7] 
flowing afterglow [6] 
flowing afterglow [6] 
flow-drift tube [18] 
mass spectrometer ion source 

(ion trapping) [19] 
mass spectrometer ion source [20] 

Ion cyclotron resonance investigations revealed that the rate constants for the proton 
and deuteron transfer reactions decrease with increasing H; [11] and 0; [21] energy in 
the range from thermal up to a few eV [11,21]. Collision experiments (ion-beam target-gas) 
showed the cross section for the N2H + product channel to fall off faster than classical 
collision theory predicts, that is, an E -1 /2 energy dependence [22, 23]. Similar studies with 
state-selected reactant ions (H;, 0; [23 to 25], and HO+ [24] in the electronic ground 
state X 2~;, V = 0 to 4 [23], 0 to 7 [24, 25]) showed the vibrational dependence of the 
cross section for proton (deuteron) transfer at a low center-of-mass collision energy (2.5 eV 
[24], 0.5 to 3 eV [23]) to be weak in comparison with that of the charge transfer channel. 
As the collision energy was increased, the vibrational dependence of the cross section 
for proton transfer increased, mirroring that for charge transfer at 6 eV [23], whereas the 
cross section for deuteron transfer remained less sensitive [25]. It was suggested that the 
proton (deuteron) transfer reaction proceeds on a potential energy surface correlating with 
that of H; (0;, HO +) + N2 at infinite separation without a nonadiabatic crossover to the 
charge-transfer surface N; + H2 [23, 24]. For an overview, see [26]. 

The values ~H = - 212 kJ/mol [27] and - 232 kJ/mol [28] were estimated for the reaction 
H;+N2->N 2H++H. 
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H:(O;-)+N2 o The ions were obtained from hydrogen or deuterium by electron bombard­
ment [6, 8, 10, 11], by electric discharge [7], and in reactions with rare gas ions or metastable 
atoms [5, 9]. The tabulated rate constant determined with the flowing afterglow technique 
[6] supersedes previous values [29 to 31]. A decrease in the rate constant for the proton 
transfer reaction with increasing Hj internal energy was suggested to explain the observed 
pressure [8, 10] and energy [9] dependencies of the rate constant. An increase in the rate 
constant for the deuteron transfer reaction with increasing Dj internal energy was observed 
by ion cyclotron double resonance [11]. 

The equilibrium constant K~(7.4±2.7) x 108 at 296±2 K for the reaction 
Hj + N2~N2H + + H2 was measured using a flowing afterglow apPiiratus. For the rate con­
stant of the back direction, see p. 31. With AGo= -50.6±0.8 kJ/mol (from K) and ASo= 
- 8.4 ± 2.9 J. mol -, . K-', AHO = - 53.1 ± 1.7 kJ/mol was obtained [6]. 

OH+ +N2 o The equilibrium constant K= 1.7±0.5 at 296±2 K was determined from inde­
pendent measurements of the forward and reverse rate constants (see p. 31). Using AGo = 
-1.30 ± 0.75 kJ/mol (from K) and ASo= -13.8± 2.5 J. mol -, ·K-' (from the entropies of the 
individual species), AHo = - 5.4 ± 2.1 kJ/mol was obtained [6]. 

ArO+ +N2 o The dependence of the reaction cross section for the deuteron transfer on 
the center-of-mass collision energy (0 to 15 eV) was studied mass spectrometricaLly [32]. 

XeH + + N2 0 For the equilibrium constant, see p. 32. 

02H+ +N2o A flow-drift tube experiment showed the rate constant to decrease to about 
one-half its thermal value on raising the. center-of-mass collision energy from thermal 
energy (0.05 eV) to 1.5 eV. A reaction enthalpy of - 54 kJ/mol was estimated [18]. 

H2F+ + N2 0 The equilibrium constant K = 3.3 ± 1.0 for the reaction H2F+ + N2 -+ N2H + + HF 
was determ·ined using the ion cyCLotron resonance trapped-ion technique. A reaction 
enthalpy of - 4.6 ± 0.8 kJ/mol was estimated [33]. 

CO: + N2 0 A rate constant determfned in a mass spectrometer ion source [34] was quoted 
to be too smaLL by a factor of two [20]. A reaction enthalpy of 50 kJ/mol was estimated 
[19]. 

HCl + + N2 0 The formation of N2H + in the proton transfer reaction from excited states 
of HCl+ en3/2, v= 1; 2n'/2' v= 1; and 211'/2' v=O) to N2 was observed in an ion cyclotron 
resonance study on the relaxation of HCl + [35]. 

HOC+ + N2 0 The proton transfer from HOC+ to N2 was suggested to be a source of 
N2H + in interstellar sources [36]. 
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2.2.2.2.3 Hydrogen Atom Abstraction by N: 

The formation of N2H+ resulting from hydrogen atom abstraction by N; via 
N; + HX --> N2H + + X is treated in this section. Rate constants for these reactions are summa­
rized in Table 3. 

N: + H2(D2 • HD). The formation of N2H + by the reaction of N; with H2 , following electron 
bombardment of a 1:5 N2-H2 mi.xture (at 8 x 10- 3 Torr) in a mass spectrometer ion source, 
was reported early [16]. The H abstraction by N; was observed to dominate the competing 
charge transfer channel (N; + H2 --> H; + N2) [6, 8, 17 to 19]. Complete branching into the 
N2H + product channel was observed for ground-state N; (X 2~:) ions [6, 8]. Electronicexcita­
tion of N; increased the branching into the charge transfer channel [13, 17 to 19]. The 
rate constant for the abstraction reaction N; + H2 was measured at low temperatures (20 
and 70 K [20] and below 15 K [21]) using a free jet flow reactor technique [20, 21]. A 
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Table 3 
Rate Constants k (in cm3. molecule -1 . S -1) for the Hydrogen Atom Abstraction by N~ . 

reaction 109 k experimental technique Ref. 

N~+H2-+N2H++H 2.4 selected-ion flow tube [1] 
2.1 mass spectrometer ion source [2] 
1.7 flowing afterglow [3] 
1.41 ±0.28 ion cyclotron resonance (ion ejection) [4] 
1.7±0.2 mass spectrometer ion source 

(ion trapping) [5] 
1.73±0.05 ion cyclotron resonance (ion trapping) [6] 
1.45 mass spectrometer ion source [7] 
2.1 ±0.4 selected-ion flow tube [8] 

N~ + O2 -+ N20+ + 0 1.26±0.19 ion cyclotron resonance (ion ejection) [4] 
1.15 ion cyclotron resonance [9] 
1.0 ion cyclotron resonance (ion ejection) [10] 

N~ + HO -+ N2H + + 0 0.56±0.11 ion cyclotron resonance (ion ejection) [4] 
0.65 ion cyclotron resonance [9] 

N~ + HO -+ N20 + + H 0.55 ± 0.11 ion cyclotron resonance (ion ejection) [4] 
0.69 ion cyclotron resonance [9] 

N~+H20-+N2H++OH 0.5 ion cyclotron resonance [11] 
0.5 ion cyclotron resonance (ion trapping) [12] 
0.6 selected-ion flow tube [13] 

N~ + C04 -+ N20+ + C03 0.23 mass spectrometer ion source [14] 
N~ +HBr-+N2H+ +Br 0.300 ± 0.035 ion cyclotron resonance [15] 
N~ +HCl-+N2H+ +Cl 0.22±0.02 ion cyclotron resonance [15] 
N~ + NH3 -+ N2H+ + NH2 0.02 ion cyclotron resonance [11] 

decrease in the rate constant with decreasing temperature from 300 to 20 K was found 
to fit the relation k = 3.9 x 10- 1 ° To. 29 cm3. molecule -1 . S -1 well [20]. At 15 K the rate constant 
passes through a minimum and increases with decreasing temperature [21]. 

The cross sections for the abstraction reactions were measured as a function of the 
N~ translational energy by ion-beam target-gas [17, 22 to 30] and crossed-beam techniques 
[31,32]; see discussion below. For mass spectrometer ion source studies (N~ mean transla­
tional energies), see [33 to 38]. The cross sections for the abstraction reactions 
H2 + N~ -+ N2H + + Hand O2 + N~ -+ N20 + + 0 were observed to be equal for center-of-mass 
collision energies from 1.5 to 7 eV [28], 0.01 to 10 eV [17], and 0.078 to 14 eV [29]. Further­
more, between 0.01 and 10 eV (center-of-mass), the total cross sections for N~ + HO-+ 
N2H+ + 0 and N~ + HO -+ N20+ + H were observed to be equal to the cross sections for 
the abstraction reactions with H2 and O2 [17]. The abstraction reaction with HO showed 
an isotope effect. Below 0.1 eV center-of-mass collision energy, the formation of N20+ 
is slightly favored, while above 0.1 eV, formation of N2H + is favored by increasing amounts, 
reaching 90% at 10 eV. The cross sections for the abstraction reactions of N~ with the 
hydrogen isotopes were observed to show a rapid fall-off with increasing N~ translational 
energy [17, 22, 23, 25 to 31, 38], for example, from >100A2 at thermal center-of-mass 
collision energy (~0.01 eV) to 1 A2 at superthermal energies (10 eV) [17]. A high-resolution 
crossed-beam technique showed the fall-off in the range from 0.025 to 2 eV to be structured 
with a broad shoulder that showed an isotope effect, appearing at different collision energies 
for the Hand 0 abstractions [32]. The cross section determined in [27] was suggested 
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to be too high [17, 38]. The energy dependence of the cross section at center-of-mass 
kinetic energies in the range from 0.01 to 0.02 eV was given by E- 1/ 2, from 0.02 to about 
0.6eV by E- O.31 ±O.01, from 1.3 to 5eV by E- O.95 ±O.06, and between 5 and 10eV by 
E- 2.9 ±003. The onset of the more rapid faLL-off was observed at about 0.6 eV [17]. Reaction 
via a nonadiabatic transfer to the potentiaL energy surface correLating with H; (D;, HD+) + N2 
at infinite separation was proposed to expLain the greater than predicted energy dependence 
of the cross sections on the transLationaL energy [17, 32]. 

The dependence of the cross section on the vibrationaL excitation of N; in the eLectronic 
ground X 2~; and excited A 2n states at center-of-mass collision energies of ::-;:; 1.3 eV 
was investigated using an ion-beam target-gas technique. The cross sections for the reac­
tions of N; (X 2~;, V = 0 to 3) with D2 were observed to be aLmost independent of the vibration­
aL state of N;, whereas the cross sections for the reactions of N; (A 2n, v = 0 to 3) showed 
a decrease for the v = 0 to 1 excitation and a slight increase for the v = 1 to 2 and 2 to 
3 excitations. Abstraction via a D; -N2 charge transfer compLex (see above) is consistent 
with this vibrationaL energy dependence [18]. For an overview, see [19]. 

A strong forward scattering of N2H + and N2D + from the reactions of N; with the isotopic 
hydrogens was observed in the anguLar distributions that were determined for coLlision 
energies ranging from intermediate (as Low as 0.1 eV center-of-mass [39]) to superthermaL 
(as high as 14 eV center-of-mass [29]) using ion-beam target-gas [22, 25, 28, 29, 40 to 
42] and crossed-beam [25, 31, 39, 43] techniques. The N2H+ and N2D+ product anguLar 
distributions from the reactions of N; with H2 and D2 were found to be simiLar at center-of­
mass collision energies from 3.1 to 11.2 eV. The N; + HD reaction (3.4 to 11.6 eV) was 
observed to show an isotope effect in favoring N2H+ formation by Large factors over N2D+ 
at small scattering angLes and in favoring N2D + by small factors at Large angLes. The energy 
distributions of the products show that the internaL excitation of N2H + (N2D+) from N; + H2(D2) 
is very high and that it decreases with increasing scattering angLe [22]. The difference 
between the initiaL and finaL kinetic energies of the reactants and products (transLationaL 
ergicity) in the reactions of N; with H2 [25, 29], HD [25], and D2 [25, 39, 41, 42] as a 
function of N; transLationaL energy were caLcuLated for a wide range of collision energies 
[25,29,39,41,42]. For a discussion of the reaction mechanism for the N2H+(N2D+) product 
channeL, spectator stripping (direct reaction) versus collision compLex, see for exampLe 
[17,29]. 

The following reaction enthaLpies for the abstraction reactions of N; with H2, D2, and 
HD are based on previousLy reported thermodynamic data in the case of N2H+ [44] or 
spectroscopic data in the case of N2D+ [45,46]: N;+H2-+N2H++H, .:iH=-250kJ/moL; 
N; + D2 -+ N2D+ + D, .:iH = - 239 kJ/moL; N; + HD -+ N2H+ + D, .:iH = - 246 kJ/moL; 
N; + HD -+ N2D+ + H, .:iH = - 243 kJ/moL [17]. 

N: + H20(D20). The abstraction channeL is dominated by the charge transfer channel. 
The branching ratio for abstraction was. determined to be 0.22 (ion cycLotron resonance 
(ion ejection)) [12], 0.24 (ion cycLotron resonance) [11], 0.19 (selected-ion flow tube) [13]. 

An ion-beam target-gas study showed a fall-off in the cross sections for the Hand 
D abstractions with increasing collision energy and an isotope effect, favoring the abstraction 
of Hover D at center-of-mass energies from 1 to 15 eV. Time-of-flight measurements 
on N2H+ showed a large amount of forward translational energy [30]. A strong forward 
scattering in the product angular velocity distribution of N2D+ for center-of-mass energies 
from 1 to 16 eV was observed in an ion-beam target-gas study [47]. 

N: + CH4(CDJ. The rate constant k = 0.22 x 10 - 1 2 cm 3 . molecule - 1 . S - 1 for the H 
abstraction reaction, determined in a mass spectrometer ion source study on N2-CH 4 mix-
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tures [7], seems to be unreliabLe due to the isobaricity of N2H + and C2H;, arising from 
the CH; + CH4 reaction [48]. A rate constant for the D abstraction reaction determined 
in a mass spectrometer ion source [49] was noted to be incorrect [14]. A similar determina­
tion with ion trapping showed that the abstraction channeL is dominated by a dissociative 
charge transfer channel. A branching of only 2 ± 2% into the D abstraction channeL was 
determined [48]. 

The totaL cross ~ection as weLL as the product veLocity and anguLar distributions of 
N2H+(N2D+) at center-of-mass collision energies from 9 to 47 eV (to 25 eV for D abstraction) 
were determined using an ion-beam target-gas technique [50]. The product veLocity distribu­
tion for N; energies from about 1 to 50 eV was determined using the same technique 
[42, 50]. Forward scattering of N2H+ [50] and N2D+ [42, 50] as weLL as a Large isotope 
effect favoring abstraction of Hover D were observed [50]. 

Ni + NH3 • An ion cycLotron resonance study showed that onLy 1 % of the N; + NH3 reactive 
collisions branch into the N2H+ product channeL [11]. 

Ni + H2S. An ion cycLotron resonance study showed that onLy 2% of the N; + H2S reactive 
collisions branch into the N2H+ product channeL [51]. 

References: 

[1] Adams, N. G.; Smith, D. (Int. J. Mass Spectrom. Ion Phys. 21 [1976] 349/59). 
[2] AquiLanti, V.; GaLLi, A.; Giardini-Guidoni, A.; VoLpi, G. G. (J. Chem. Phys. 43 (1965] 

1969/73). 
[3] FehsenfeLd, F. C.; SchmeLtekopf, A. L.; Ferguson, E. E. (J. Chem. Phys. 46 [1967]2802/8). 
[4] Bowers, M. T.; ELLeman, D. D. (J. Chem. Phys. 51 [1969] 4606/17). 
[5] Ryan, K. R. (J. Chem. Phys. 61 [1974]1559/70). 
[6] Kim, J. K.; Theard, L. P.; Huntress, W. T., Jr. (J. Chem. Phys. 62 [1975] 45/52). 
[7] Warneck, P. (Ber. Bunsen-Ges. Phys. Chem. 76 [1972]413/20). 
[8] Smith, G. P.; Adams, N. G.; MiLLar, T. M. (J. Chem. Phys. 69 [1978] 308/18). 
[9] Bowers, M. T.; ELLeman, D. D.; King, J., Jr. (J. Chem. Phys. 50 [1969]1840/5). 

[10] Karpas, Z.; Anicich, V.; Huntress, W. T., Jr. (J. Chem. Phys. 70 [1979]2877/81). 

[11] Huntress, W. T., Jr.; McEwan, M. J.; Karpas, Z.; Anicich, V. G. (Astrophys. J. Suppl. 
Ser. 44 [1980] 481/8). 

[12] Karpas, Z.; Anicich, V. G.; Huntress, W. T., Jr. (Chem. Phys. Lett. 59 [1978] 84/6). 
[13] Tichy, M.; Rakshit, A. B.; Lister, D. G.; Twiddy, N. D.; Adams, N. G.; Smith, D. (Int. 

J. Mass Spectrom. Ion Phys. 29 [1979] 231/47). 
[14] Harrison, A. G.; Myher, J. J. (J. Chem. Phys. 46 [1967] 3276/7). 
[15] Lias, S. G. (Int. J. Mass Spectrom. Ion Phys. 20 [1976]123/37). 
[16] ELtenton, G. C. (Nature 141 [1938] 975/6). 
[17] SchuLtz, R. H.; Armentrout, P. B. (J. Chem. Phys. 96 [1992]1036/45). 
[18] Koyano, I.; Tanaka, K.; Kato, T.; Suzuki, S. (Faraday Discuss. Chem. Soc. No. 84 [1987] 

265/79). 
[19] Koyano, I.; Tanaka, K. (Adv. Chem. Phys. 82 [1992] 263/307). 
[20] Rowe, B. R.; Marquette, J.-B.; Rebrion, C. (J. Chem. Soc. Faraday Trans. II 85 [1989] 

1631/41 ). 

[21] Randeniya, L. K.; Smith, M. A. (J. Chem. Phys. 94 [1991] 351/6). 
[22] Gentry, W. R.; GisLason, E. A.; Mahan, B. H.; Tsao, C. W. (J. Chem. Phys. 49 [1968] 

3058/70). 
[23] HengLein, A.; Lacmann, K.; KnoLL, B. (J. Chem. Phys. 43 [1965]1048/9). 
[24] HengLein, A. (Adv. Chem. Ser. 58 [1966] 63/79). 

GmeLin Handbook 
N Suppl. Vol. B 2 



14 

[25] Gentry, W. R.; GisaLon, E. A.; Yuan-Tseh Lee; Mahan, B. H.; Chi-Wing Tsao (Discuss. 
Faraday Soc. No. 44 [1967]137/45). 

[26] Homer, J. B.; LehrLe, R. S.; Robb, J. C.; Thomas, D. W. (Nature 202 [1964] 795/7). 
[27] Giese, C. F. (J. Chem. Phys. 39 [1963] 739/48). 
[28] Lacmann, K.; HengLein, A. (Ber. Bunsen-Ges. Phys. Chem. 69 [1965] 292/6). 
[29] HierL, P. M.; Strattan, L. W.; Wyatt, J. R. (Int. J. Mass Spectrom. Ion Phys. 10 [1972] 

385/403). 
[30] DressLer, R. A.; Gardner, J. A.; Salter, R. H.; Wodarczyk, F. J.; Murad, E. (J. Chem. 

Phys. 92 [1990]1117/25). 

[31] Turner, B. R.; Fineman, M. A.; Stebbings, R. F. (J. Chem. Phys. 42 [1965] 4088/96). 
[32] Tosi, P.; Dmitrijev, 0.; Bassi, D. (J. Chem. Phys. 97 [1992] 3333/40). 
[33] Stevenson, D. P.; SchissLer, D. O. (J. Chem. Phys. 29 [1958] 282/93). 
[34] Gutbier, H. (Z. Naturforsch. 12a [1957] 499/507). 
[35] Moran, T. F.; Friedman, L. (J. Chem. Phys. 42 [1965] 2391/405). 
[36] Kubose, D. A.; HamiLL, W. H. (J. Am. Chem. Soc. 85 [1963]125/7). 
[37] Hutchison, D. A.; Kuppermann, A.; Pobo, L. G. (TID-18176 [1962] 26 pp.; C.A. 61 [1964] 

1283). 
[38] Hyatt, D.; Lacmann, K. (Z. Naturforsch. 23a [1968] 2080/3). 
[39] Herman, Z.; Kerstetter, J.; Rose, T. (Discuss. Faraday Soc. No. 44 [1967]123/36). 
[40] Giese, C. F. (Phenom. loniz. Gases Contrib. Pap. 8th Int. Conf., Vienna 1967, p. 17; 

C.A. 70 [1969] No. 61050). 

[41] Doverspike, L. D.; Champion, R. L.; BaiLey, T. L. (J. Chem. Phys. 45 [1966]4385/91). 
[42] Ding, A.; HengLein, A.; Hyatt, D.; Lacmann, K. (Z. Naturforsch. 23a [1968] 2084/90). 
[43] Herman, Z.; Kerstetter, J. D.; Rose, T. L.; WoLfgang, R. (J. Chem. Phys. 46 [1967] 

2844/5). 
[44] Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; HoLmes, J. L.; Levin, R. D.; MaLLard, 

W. G. (J. Phys. Chem. Ref. Data Suppl. 17 [1988]1/861). 
[45] Owrutsky, J. C.; Gudeman, C. S.; Martner, C. C.; Tack, L. M.; Rosenbaum, N. H.; 

SaykaLLy, R. J. (J. Chem. Phys. 84 [1986] 605/17). 
[46] Sasada, H.; Amano, T. (J. Chem. Phys. 92 [1990] 2248/50). 
[47] FeLder, W.; Sbar, N.; Dubrin, J. (Chem. Phys. Lett. 6 [1970] 385/8). 
[48] Li, Y. H.; Harrison, A. G. (Int. J. Mass Spectrom. Ion Phys. 28 [1978] 289/96). 
[49] Shannon, T. W.; Harrison, A. G. (J. Chem. Phys. 43 [1965] 4201/6). 
[50] GisLason, E. A.; Mahan, B. H.; Tsao, C. W.; Werner, A. S. (J. Chem. Phys. 50 [1969] 

142/50). 

[51] Anicich, V. G.; Huntress, W. T., Jr. (Astrophys. J. Suppl. Ser. 62 [1986] 553/672). 

2.2.2.2.4 Other lon-Molecule Reactions 

N+ +NH3 • NH+ +NH3 • Formation of N2H+ was observed following eLectron beam ioniza­
tion of gaseous ammonia (at pressures up to 0.6 Torr) in the ion source of a mass spectrome­
ter. The cross sections 0.89 A2 and 1.1 A2 were reported for the NH + + NH 3 ..... N2H + + H + H2 
and N++NH 3 ..... N2H++H2 reactions, respectiveLy [1]. In the N++NH 3 system, the N2H+ 
product channeL (branching fraction 0.1) was found to be dominated by the charge transfer 
channeL [2 to 4]. 

NH + + NO. The product distribution for the reaction of NH + with NO was determined 
using the seLected-ion flow tube technique to be 0.20 for N2H+ from NH++NO ..... N2H++O 
and 0.80 for NO+ from the charge transfer channeL NH+ + NO ..... NO+ + NH [3]. 
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N;+H2 • The rate constant k~2x10-13cm3·moLecuLe-1·s-1 for the reaction 
N~ + H2 -+ N2H + + NH was determined using a seLected-ion flow tube technique. OnLy branch­
ing into the N2H+ product channeL was observed [2]. 

Nt + H2(HO, 02)· An ion-beam target-gas study showed that the Nt + D2 -+ N2D + + N2 + D 
channeL dominates other avaiLabLe reaction channeLs; in addition to N2D+, onLy a comparati­
veLy small amount «5%) of N; from coLLision-induced dissociation was detected [5]. Drift 
tube studies showed significantly more (13%) [2] or onLy N4 H+ (100%) [6] to be formed 
in Nt + H2 reactive coLLisions. The difference in product distributions is attributed [5] to 
the singLe [5] and muLtipLe collision [2, 6] conditions that were present. ThermaL rate con­
stants at 300 K for the N2H+ and N2D+ product channeLs in the reactions of Nt with H2 
and D2, k=(2.4±1.2) x 10- 12 cm3·moLecuLe- 1 ·S-1 [7] and k=(1.6±0.8) x 10- 12 cm3. 
moLecuLe- 1 ·S-1 [5, 7], respectiveLy, were determined using a flow-drift tube [7] and the 
ion-beam target-gas techniques [5]. Other measurements at thermaL collision energies 
aLso indicate that the reactions with H2 [2, 8, 9], D2 [9], and HD [7] proceed sLowLy despite 
a reaction enthaLpy estimated to be - 145 kJ/mol. 

The energy dependence of the cross sections for the reactions of thermaL Nt ions with 
H2, HD, and D2 was determined for center-of-mass collision energies from thermaL up 
to 5 eV using the ion-beam target-gas technique. The totaL cross section for the reactions 
with HD (Nt + HD -+ N2H + (N2D +) + D(H)) is equaL to the cross sections for the reactions 
with H2 and D2. An isotope effect was observed in the reaction with HD: at energies above 
0.1 eV, formation of N2D+ over N2H+ is favored [5]. 

TypicaL for reactions with a barrier, the cross sections for the N2H + and N2D + product 
ions rise with increasing collision energy up to 3 eV. Above 3 eV the cross sections decrease, 
possibLy due to dissociation of the product ion. For the reactions with H2, D2, and HD, 
an activation energy of 0.09 ± 0.03 eV at 0 K was obtained from the reaction threshoLds 
which were determined in ion-beam target-gas experiments [5]. From Arrhenius pLots of 
temperature-dependent [7] and coLLision-energy-dependent [9] drift tube data, the following 
activation energies were obtained: H2, 0.15±0.01 [7], 0.16±0.01; D2, 0.17±0.01 eV [9]. 

N20++H2 , H;+N20. The reaction channeLs (a) N20++H2-+N2H++OH and (b) 
H; + N20 -+ N2H + + OH were observed in an ion cycLotron doubLe-resonance study of reac­
tions occurring in N2 0-H2 mixtures. They are of negligibLe importance compared to the 
competitive channeLs N20+ + H2 -+ N20H+ + Hand H; + N20 -+ N20H+ + H. The rate con­
stants ka = 1.4 x 10- 10 cm3·moLecuLe- 1 ·S-1 and kb=4.7 x 10- 10 cm3·moLecuLe- 1 ·S-1 were 
estimated [10]. 

C2N + + NH3 • An ion cycLotron resonance study showed that 10% of the C2N + + NH3 reac­
tive collisions yieLd N2H+ and C2H2 (-~H=444 kJ/moL estimated) [11]. 
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[2] Smith, G. P.; Adams, N. G.; MiLLar, T. M. (J. Chem. Phys. 69 [1978] 308/18). 
[3] Adams, N. G.; Smith, D.; PauLson, J. F. (J. Chem. Phys. 72 [1980] 288/97). 
[4] Tichy, M.; Rakshit, A. B.; Lister, D. G.; Twiddy, N. D.; Adams, N. G.; Smith, D. (Int. 

J. Mass Spectrom. Ion Phys. 29 [1979] 231/47). 
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[7] Lindinger, W.; Dotan, I.; Albritton, D. L.; Fehsenfeld, F. C. (J. Chem. Phys. 68 [1978] 
2607/11 ). 

[8] Dreyer, J. W.; Perner, D.; Roy, C.; Volz, A. (Ber. Bunsen-Ges. Phys. Chem. 79 [1975] 
270/7). 

[9] Tichy, M.; Twiddy, N. D.; Wareing, D. P.; Adams, N. G.; Smith, D. (Int. J. Mass Spectrom. 
Ion Processes 81 [1987] 235/46). 

[10] McAllister, T. (Int. J. Mass Spectrom. Ion Phys. 10 [1973] 419/24). 

[11] McEwan, M. J.; Anicich, V. G.; Huntress, W. T., Jr.; Kemper, P. R.; Bowers, M. T. 
(Int. J. Mass Spectrom. Ion Phys. 50 [1983]179/87). 

2.2.2.2.5 Dissociative Ionization of Compounds Containing Nitrogen and Hydrogen 

Formation of N2H + following electron impact ionization [1 to 5] or photoionization [6] 
of compounds containing nitrogen and hydrogen was observed with a mass spectrometer. 
The appearance potentials, AP, of N2H+ arising from various parent compounds are summa­
rized below: 

compound 

trans-N 2 H2 

trans-N 2 H2 

trans-N 2 H2 

AP in eV 

10.954±0.019 
10.89±0.8 
10.98±0.05 

Ref. 

[6] 
[3] 
[2] 

compound 

N2H4 
CH3N2H3 
HN3 

AP in eV 

14.8 ± 0.3 
U3±0.3 
13.8±0.2 

Ref. 

[5] 
[5] 
[4] 

AP = 10.93 eV for N2H + arising from N2H2 was obtained in an ab initio calculation (G2) 
[7]. For the formation of N2H+ from N2H, see [1,7]. 
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2.2.2.3 Molecular Properties 

Quantum-chemical studies on the structure of N2H + have paralleled experimental and 
radioastronomical studies. Only those ab initio studies that supplement the experimental 
results or that provide lacking information are considered in the following section. For 
other quantum chemistry studies, see the following bibliography: 

Richards, W. G.; Walker, T. E. H.; Hinkley, R. K.; A Bibliography of ab initio Molecular 
Wave Functions, Clarendon Press, Oxford 1971. 

Richards, W. G.; Walker, T. E. H.; Farnell, L.; Scott, P. R.; Bibliography of ab initio Molecular 
Wave Functions. Supplement for 1970-1974, Clarendon Press, Oxford 1974. 
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Richards, W. G.; Scott, P. R.; Colburn, E. A.; Marchington, A. F.; Bibliography of ab initio 
Molecular Wave Functions. Supplement for 1974-1977, Clarendon Press, Oxford 
1978. 

Richards, W. G.; Scott, P. R.; Sackwild, V.; Robins, S. A.; A Bibliography of Ab Initio Molecu­
lar Wave Functions. Supplement for 1978-1980, Clarendon Press, Oxford 1981. 

Ohno, K.; Morokuma, K.; Quantum Chemistry Literature Data Base-Bibliography of Ab Initio 
Calculations for 1978-1980, Elsevier, Amsterdam 1982. 

Annual Supplements appeared in the following volumes of the Journal of Molecular Struc­
ture: 91 [1982], 106 [1983], 119 [1984], 134 [1985], 148 [1986], 154 [1987], 182 [1988], 
203 [1989], 211 [1990], 252 [1991], 298 [1992]. 

Electron Configuration. Electronic States 

The asymmetric cation N=N-H + with ten vaLence eLectrons is linear (C=v) in the eLectronic 
ground state and may be bent (Cs ) in excited states. The eLectronic ground state ' ~ + is 
represented by the MO configuration (1cr)2 (2cr)2 (3cr)2 (4cr)2 (5cr)2 (11t)4. For the Lowest 
eLectronic state' A' of the bent moLecuLe, this configuration correLates with (1a')2 (2a')2 
(3a,)2 (4a,)2 (5a,)2 (1a")2 (6a')2. An examination of the ground-state MOs showed that the 
1 crand 2cr MOs are essentially the 1 s AOs Localized at the respective nitrogen centers 
and that they correLate with the 1 crg and 1 cru MOs of the N2 moLecuLe as the proton separates. 
Likewise the 3cr MO corresponds to a distorted 2crg MO of N2. The 4cr orbitaL correLates 
with 2cru of N2 and shows significant mixing with the hydrogen is AO. The next most stabLe 
orbitaL 5cr correLates with the 3crg MO of N2 and mixes less strongLy with the hydrogen 
is species. The 11t MO, correLating with the 11tu in N2, is forbidden by symmetry to mix 
with the hydrogen is but is poLarized towards the inner nitrogen [1]. 

Apparently, no eLectronic spectrum of N2H + has been observed yet. VerticaL excitation 
energies for transitions from the ground state to Low-Lying excited states of N2H + were 
obtained in ab initio CI (configuration interaction) caLcuLations. The vaLues, caLcuLated at 
roughLy the ground-state geometry, are 7.83, 9.17, 10.07, 10.34, 10.86, 17.65, 8.38, and 
10.81 eV for transitions to the 3~+(21t+-11t), 3~(21t+-11t), 3~-(21t+-11t), '~-(21t+-11t), 
'~(21t+-11t), '~+(21t+-11t), 3II(21t+-5cr), and 'II(21t+-5cr) states, respectiveLy [1]. 

The N2H + ground-state potentiaL energy as a function of the NN and NH stretching 
coordinates [2] and as a function of the stretching and bending coordinates [3] was obtained 
in extensive ab initio caLcuLations, CEPA-1 (coupLed eLectron pair approximation) [2] and 
CI-SOQ [3]. The anharmonic parts of the Latter potential [3] were noted to show Large 
numericaL errors [2]. Potential energy curves for the ground and several excited states 
were obtained at the CI-SO or SCF level [1]. 

The potential energy surface for the isomerization reaction, corresponding to the migra­
tion of H + around N2 (NNH + -> + HNN), was caLcuLated by ab initio techniques (MO SCF 
and MPPT(3) (third-order M0ller-PLesset pertubation theory)). A cyclic C2v structure was 
Located at the peak of the caLcuLated barrier of 192 kJ/moL [4, 5]. 

The energy leveL spacing of a high-lying bending vibrational structure that can isomerize 
was caLcuLated using a semirigid bender model [6]. 

Electric Moments. Polarizabilities and Hyperpolarizabilities 

The eLectric dipole moment )l=(3.4±0.2) 0 was obtained from measurements of the 
rotationaL Zeeman effect using far-infrared laser spectroscopy. The isotope shifts of the 
splittings of the J = 7 -> 6 rotational transition in the vibrational ground states of ' 5NNH +, 
N' 5NH+, and N2H+ were measured at a high magnetic field strength of 5.444 T [7]. 
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A number of ab initio quantum-chemical studies include the calculation of the dipole 
moment of N2 H+. Most of the predicted 11 values are around 3.4 0 [2, 8 to 14]. The most 
extensive calculations, CEPA-1 and MPPT(4), give 11 to be 3.374 0 [2] and 3.375 0 [8], 
respectively. 

The quadrupole and octopole moments, the dipole polarizability, the first and second 
dipole hyperpolarizabilities, and the dipole-quadrupole and dipole-dipole-quadrupole 
polarizabilities were calculated using MPPT(4) theory [8]. 

Nuclear Quadrupole Coupling Constants 

The following nuclear quadrupole coupling constants of the outer and inner nitrogen 
nuclei, eqQ, and eqQ2' were derived from the hyperfine splitting of the J = 1 <-- 0 rotational 
transition in the vibrational ground state [15 to 17] and the (10°0) vibrational state [15]: 

N2H+ N'5NH+ 

vibrational state (00°0) (00°0) (00°0) (10°0) (00°0) 
eqQ, [eqQ2] in MHz -5.88(10) -5.75 -5.71(3) [-1.44(4)] -5.71(17) -5.75 
remark a) b) b) a) b) 
Ref. [15] [17] [16] [15] [17] 

a) Infrared-microwave double-resonance spectroscopy. - b) Microwave spectroscopy. 

The analysis of data from radioastronomical observations of the J = 1 -+ 0 transition in 
the vibrational ground state gave eqQ, = -5.69±0.2 [18], -5.666±0.012 MHz and 
eqQ2= -1.426±0.021 MHz [19]. 

Spin-Rotation Coupling Constants 

The following spin-rotation coupling constants due to the outer and inner nitrogen nuclei, 
c, and c2, were derived from the hyperfine splitting of the J = 1 <-- 0 rotational transition 
in the vibrational ground state: N2H+, c, =0.012(4) [16], 0.012 MHz [17] and c2=0.011 MHz 
[16]; N'5NH+, c, = -0.026 MHz [17]. The analysis of radioastronomical data gave 
c, = 0.0147 ± 0.0023 MHz [19]. 

l-Type Doubling Constants 

The double degeneracy of the rotational levels of N2H + in the excited bending vibrational 
state v2 (V2 = 1, l = 1) is removed by a rotation-vibration interaction (l-type doubling). The 
following l-type doubling constants q and centrifugal distortion corrections q~ (both in cm -') 
were obtained from the splitting of rotational levels : 

species vibrational state q q~ Ref. 

v2 0.00850475(37) 0.944(6) x 10- 7 [15] 
0.008541(13) [20] 

v, +v2 0.00863637(106) 1.05(22) x 10- 7 [15] 
0.008661 (13) [20] 

v2 0.007274(22) [20] 
v, +v2 0.006563(22) [20] 
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The l-type doubling constants of all isotopomers of the ion were obtained from ab initio 
(CI-SDQ) calculations [3]. 

Rotational Constants. Centrifugal Distortion Constants. Rotation-Vibration Interaction Con­
stants 

A simultaneous weighted least-squares fit of data for many J transitions in the v1 [20 
to 22]. v2 [23, 24]. V3 [25] bands, the v 1 + v2 +- v2 hot band [20, 22]. and for pure rotational 
transitions in the vibrational ground state [26 to 29] yielded the following rotational (B), 
centrifugal distortion (D), and rotation-vibration interaction (x, y) constants (in cm -1) [20]. 
(Typographical errors in Table I of reference [20] were corrected.) 

N2H+ N2D+ N2H+ N2D+ 

Be 1.562429(37) 1.291656(82) (X1 0.0129204(76) 0.012359(39) 
Booo 1.553971 (20) 1.286047(51 ) (X2 - 0.003346(16) -0.004146(42) 
Dooo 2.927(18) X 10- 6 2.027(83) X 10- 6 (X3 0.010999(50) 0.00797(10) 

Y12 0.0003106(56) 0.000821 (26) 

An analysis of a Fourier transform infrared absorption spectrum gave Booo = 1.5539707(16) 
and Dooo = 2.926(34) X 10- 6 [30]. 

The following effective rotational constants Booo (in MHz) were obtained from microwave 
data (see below): N2H+, 46586.871; N15NH+, 45603.038; 15NNH+, 45132.080; 15N2H+, 
44132.192; N2D+, 38554.757; N15ND+, 38009.274; 15NND+, 37380.528 [31]; 15N2D+, 36817.76 
[32]. 

Rotational and rotation-vibration constants for all isotopomers of the ion [3] and the 
rotational constant of N15NH + [13] were obtained by ab initio (CI-SDQ) calculations [3, 
13]. 

Constants for excited vibrational states are given in [20]. 

The sextic equilibrium centrifugal distortion constants of N2H + and N2D+, HJ = 50 and 
35 mHz, were estimated in an ab initio (CEPA-1) study [2]. 

Geometrical Structure 

The equilibrium structural parameters r e(HN) = 1.03359(43) A and r e(NN) = 1.092766(92) 
A were obtained from the rotational constants [20]. The substitution structural parameters 
rs(HN) = 1.031426(56) A and rs(NN)=1.095415(6) A, obtained from microwave data on several 
isotopomers [33]. apparently supersede earlier rs values which were determined in the 
same laboratory [17, 31, 32]. The geometric structure was also calculated from microwave 
data [32] using a mass-dependent scaling of the moments of inertia [34]. 

Molecular Vibrations. Force Constants 

Fundamental Vibrations. There are three normal modes of vibration of the asymmetric 
linear cation (C=v symmetry): the N-H stretch v1, the doubly degenerate bend v2, and 
the N-N stretch v3. 

The following fundamental frequencies Vi (in cm -1) were obtained from infrared [20, 
22 to 25] and infrared Fourier transform [30] data: 
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species v, 

3233.9608(2) 
2636.983(50) 

[30] 
[22] 

685.2510(4) 
544.46766(27) 

A 0.008 cm -, lower fundamental v, was reported in [20]. 

[23] 
[24] 

2257.8667(13) 
2024.0141(13) 

[25] 
[25] 

The following harmonic frequencies Wi (in cm -') were determined by a simultaneous 
weighted least-squares fit of infrared data; they are regarded to be relatively crude approxi­
mations, since only the x, 2 anharmonicity constant could be evaluated [20] : 

species W, 

3257.6 
2655.2 

698.6 
552.3 

-23.7 
-18.2 

The anharmonicity constant x" = - 65.6 cm -, was derived from the band origin of the 
2v, and v, bands [35]. 

The spectroscopic search for the fundamentals of N2H + (N2D +) was guided by high­
quality ab initio calculations that gave estimates (empirical corrections of ab initio results) 
on the stretching [2, 3] and bending [3] frequencies. The anharmonicity constants x", x, 3' 

and X33 for N2H+, N2D+, N2 T+, ' 5NNH+, N' 5NH+, ' 5N2H+ were calculated using the CEPA-1 
method. Only stretching coordinates were considered in this calculation [2]. Anharmonicity 
constants obtained in an ab initio (CI-SDQ) investigation that included the stretching and 
bending coordinates [3] were questioned, since the anharmonic parts of the potential show 
numerical errors [2]. 

The following force constants (all in mdyn/A) for N2H+ corresponding to the N-H stretch 
(F,,), N-N stretch (F33), the interaction of these stretches (F'3)' and the bend (F22) were 
predicted by fitting a force constant expression to the potential energy surfaces from high­
quality ab initio calculations: 

F" 

6.170 
6.132 

0.287 -0.218 
-0.208 

23.712 
24.124 

method 

CI-SDQ 
CEPA-1 

Ref. 

[3, 36] 
[2] 

Only the dependence of the potential energy on the two stretching coordinates was 
considered in the CEPA-1 calculation [2]. The dependence on the bending and stretching 
coordinates was considered in the CI-SDQ calculation of the potential; however, the anhar­
monic parts of this potential [3] were noted to show large numerical errors [2]. 

Dissociation Energy 

Theoretical values for the N2H + ground-state dissociation energy De (N 2-H +) in the 
range 516 to 529 kJ/mol [1, 2, 36 to 39] were obtained using correlated wave functions 
from ab initio calculations, CEPA-1 [2]. CI-SOQ [1, 36]. MPPT(4) [37, 38]. and MPPT(3) 
[39]. Estimated zero-point energies of 31 kJ/mol [37] and 42.1 kJ/mol [2] were used to obtain 
Do = 492.9 kJ/mol [37] and 488.1 kJ/mol [2]. Do(N2H +) = 495 kJ/mol and Do(N2D +) = 490 kJ/mol 
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[40] were derived based on previously reported thermodynamic data in the case of N2H+ 
[41] and spectroscopic data in the case of N2D+ [20,35]. 

The enthalpy change of the dissociation reaction N2H + --+ N2 + H + at 298 K is defined 
as the proton affinity of N2 (see p. 7). 
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2.2.2.4 Spectra 

Rotational Spectrum 

The pure rotationaL spectrum of N2H + was discovered accidentally in the interstellar 
space. A tripLet near 93174 MHz (1) was identified on the basis of ab initio caLcuLations 
to be the J = 1 -+ 0 transition, split by eLectric quadrupoLe coupling due to the outer nitrogen 
nucLeus [2, 3). Detection of this tripLet with microwave absorption spectroscopy confirmed 
this identification (4). Subsequently, all seven of the hyperfine components due to the inner 
and outer nucLei were observed in a high-resoLution microwave absorption spectrum (5). 

Summarized in TabLe 4 are the frequencies of the pure rotational transitions up to J = 3 <-- 2 
of N2H + and isotopomers which were observed in the laboratory by absorption. Additionally, 
frequencies for the following transitions were reported: N2H + (00°0), J = 1 <-- 0 [4, 6), J = 4 <-- 3, 
5<--4 (7), J=11 <--10 (8), J=6<--5 up to 21 <--20 (9); (10°0), J=1 <--0 (10), 3<--2, 4<--3 (11); 
N2D+(0000), J=4<--3 up to 6<--5 [7]; 15NNH+, N15NH+(0000), J=7<--6 (12). N2H+(N2D+) 
was produced in N2-H 2(D2) gas mixtures in a hoLlow cathode discharge [8 to 11) or in 
a glow discharge [4 to 7, 13, 14) with Liquid nitrogen cooling. The transitions measured 
in (10) are also reported in (15). The frequency tabulated for the J = 1 <-- 0 transition of 
1 5NNH + (6) supersedes an earlier vaLue (14). Frequencies from radioastronomicaL observa­
tions are given in [1, 16 to 19). 

The central Line frequency Vo of the J = 1 <-- 0 transition in the vibrationaL ground state 
was determined to be 93173.435(3) MHz (5), 93173.419(50) (6), and 93173.439(35) MHz (10); 
in the (10°0) vibrationaL state, Vo = 92417.622(54) MHz (10). The frequencies of the J = 1 <-- 0 
transition in the vibrationaL ground state for all isotopomers of the ion were obtained from 
ab initio (CI-SDQ) caLcuLations [20, 21). 

The Einstein coefficient of spontaneous emission for the J = 1 -+ 0 transition, A = 3.6 x 10- 5 
S - 1 (22), was obtained from the spectroscopic data of (2). 

A computer-accessible catalog of observed or predicted submiLlimeter, millimeter, and 
microwave spectraL Lines of many species incLudes 34 Lines for N2H+ and 41 Lines for N2D+ 
(23). 

Estimations were given for the pressure-induced shifts of the J = 1 -+ 0 Line (24). 
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For an overview of microwave spectroscopy of moLecuLar ions, including N2H +, see 
for example [25, 26]. 

Table 4 
Pure Rotational Transitions in the Vibrational Ground State '~ + (0000). 

outer N inner N 
species J' +- J" F' +- F" F' +- F" v in MHz Ref. 

N2H+ 1 +-0 0+-1 93176.36(10) [10] 
1+-2 93176.310 [5] 

2+-1 93173.78(10) [10] 
2 +-1 93173.505 [5] 
3+-2 93173.809 [5] 
1 +-1 93174.016 [5] 

1 +-1 93171.94(10) [10] 
0+-1 93171.619 [5] 
2+-2 93171.947 [5] 
1+-0 93172.078 [5] 

2+-1 186344.874(100) [7] 
3+-2 279511.671 (50) [7] 

N2O+ 1+-0 1 +-1 77107.86±0.09 [13] 
2+-1 77109.61 ± 0.08 [13] 
1+-0 77112.2 ± 0.1") [27] 

2 +-1 154217.199(150) [7] 
3+-2 231321.635(50) [7] 

'5NNH+ 1 +-0 90263.833(30) [6] 
N'5NH+ 1+-0 1 +-1 91204.328(30) [6] 

2+-1 91205.999(10) [6] 
0+-1 91208.663(70) [6] 

'5N2H+ 1+-0 88264.083(10) [6] 

") This component was only observed radioastronomically [27] and is centered on the labora-
tory frequency of the 2+-1 component [13]. 

Vibration-Rotation Spectrum 

High-resolution vibration-rotation spectra of N2H + and of N20+ in plasmas were obtained 
by infrared and far-infrared absorption spectroscopy using tunable color-center [28 to 30], 
diode [31 to 33], and semiconductor [34] lasers. Velocity modulation of the ions formed 
in an ac glow discharge was employed to observe the v, bands of N2H+ [28, 29] and 
N20+ [30] as well as the v, +V2+-V2 hot bands, including l-type doublets, of N2H+ [29] 
and N20+ [30]. Modulated hollow cathode discharges (modulation of the discharge current 
and hence the ion concentration) were used to observe the weaker v 2 bands of N2H + 
[31] and N20+ [32], the even weaker V3 bands of N2H+ and N20+ [33], and the 2v, band 
of N2H+ [34]. The observed transition frequencies [28 to 33] were combined in a weighted 
least-squares analysis and are compiled in [29]. A high-resolution spectrum of the v, band 
of N2H+ was also obtained by Fourier transform IR spectroscopy [35]. 

The fundamental frequencies are given on p. 20. The band center of the 2v, band, 
Vo = 6336.6775(39) cm -', was obtained from measured wave numbers [34]. Frequencies 
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for the ten lowest vibrational states that involve the stretching fundamentals v, and V3 

[36] and for overtones and combinations that also involve the bending fundamental v2 [6] 
were predicted for the isotopomers of N2H+ using high-quality ab initio calculations 
(CEPA-1) [36] and CI-SDQ [6]. 

An absolute integrated intensity of 1880(290) cm- 2·atm-' at STP was determined for 
the v, band of N2H + using the technique of direct laser absorption spectroscopy in fast 
ion beams. This value [37] supersedes a previous value determined in the same laboratory 
[38]. Higher values were predicted by high-quality ab initio calculations, CEPA-1 [36] and 
CI-SDQ [39]. Integrated intensities for the v2 [39] and V3 [36, 39] bands of N2H+, for the 
v, and V3 bands of N2D+ [36], and for bands from overtones and combinations of the v, 
and V3 fundamentals of N2H+(N2D+) were also predicted in the ab initio calculations [36, 
39]. The V3 band was predicted to be about 140 times weaker than the v, band [36], and 
the v2 band to be about five times weaker than the v, band [39]. 

Values for the Einstein transition probabilities of spontaneous emission, A nm =857, 1592, 
and 2213 s-' for the transitions (00°0) +- (10°0), (10°0) +- (20°0), and (20°0) +- (30°0), respec­
tively, were predicted in high-quality ab initio calculations (CEPA-1) [36]. 
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2.2.2.5 Enthalpy of Formation 

The enthalpy of formation of N2H + can be obtained from the proton affinity of N2, Ap(N2), 
according to ~fHO(N2H +) = ~fHO(N2) + ~fHO(H +) - Ap(N2). The quantity Ap(N2) is discussed 
on p.7. Uncertainty in the value of Ap(N2) resulted in a range of ~fHO(N2H+) values [1 
to 4]. The recommended value, 1035.5 kJ/mol [1, 2], was obtained from an updated assign­
ment of absolute values [1] to a ladder of Ap differences [3]. ~fHO(N2H +) = 1038 kJ/mol was 
obtained in a similar way [5]. 

Values of ~fHo were also obtained from the appearance potentials of N2H+ arising from 
nitrogen-hydrogen compounds (see p. 16). The recommended values are 1036.0±3.8 [6] 
and 1035.5 kJ/mol [2]. Other values given in [7 to 10] infer an incorrect value of Ap(N2). 

The values ~fH~98(N2H +) = 1041.8 and ~fH~98(N2D +) = 1049.0 kJ/mol [11] were derived 
from thermodynamic [2] and spectroscopic [12, 13] data. 

The entropy of N2H+ at 298 K, SO=200±2 [3] and 202 J'mol- 1 'K- 1 [14], was calculated 
using statistical mechanics. Ab initio values of vibrational frequencies were used in the 
latter calculation [14]. Vibrational contributions to the entropy were neglected in the former 
calculation [3]. 
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2.2.2.6 Transport Phenomena 

The reduced mobilities as a function of E/N (the ratio of the applied electrostatic field 
strength E to the neutral gas density N) were measured for N2H + drifting through He at 
E/N=3 to 130 Td (1 Townsend=10- 17 V·cm2) [1], through Ar at E/N=3 to 100 Td [1], 
and through N2 at E/N = 2 to 260 Td [2] (smoothed data tabulated in [3]). Extrapolated zero­
field reduced mobilites J.Lo (in cm- 2·V- 1 ·S-1) are summarized below. The free-ion diffusion 
coefficients D, obtained from J.Lo, are given as D·p (in cm2·Torr·s- 1 , p is the neutral gas 
pressure) and D·N (in 1019 cm- 1 ·S-1, N is the neutral gas number density). 

neutral gas J.Lo D·p D·N remarks Ref. 

N2 2.14±0.11 46.2 0.149 flow-drift tube, 300 K [2] 
He 19.0 (±4%) 403 1.20 flow-drift tube, 295 K [1] 
Ar 2.56 (±4%) 54 0.16 flow-drift tube, 295 K [1] 
H2 12.1 ±0.1 drift tube, 293 K [4] 
H2 11.07±0.10 ion cyclotron resonance, 273 K [5] 

The reduced mobility of N2H + drifting through N2 as a function of the effective ion gas 
temperature was predicted using a kinetic theory [3]. 

References: 

[1] Jones, T. T. C.; Jones, J. D. C.; Birkinshaw, K.; Twiddy, N. D. (Chern. Phys. Lett. 89 
[1982] 443/5). 

[2] Dotan, I.; Albritton, D. L.; Lindinger, W.; Pahl, M. (J. Chern. Phys. 65 [1976] 5028/30). 
[3] Ellis, H. W.; McDaniel, E. W.; Albritton, D. L.; Viehland, L. A.; Lin, S. L.; Mason, E. 

A. (At. Data Nucl. Data Tables 22 [1978]179/217). 
[4] Elford, M. T. (J. Chern. Phys. 79 [1983] 5951/9). 
[5] Ridge, D. P.; Beauchamp, J. L. (J. Chern. Phys. 64 [1976] 2735/46). 

Gmelin Handbook 
N Suppl. Vol. B 2 



Energy Transfer 27 

2.2.2.7 Energy Transfer 

Vibrational Energy Transfer 

Angular and velocity spectra of the inelastic scattering of N2D+ with He were investigated 
by using an ion-beam target-gas technique for center-of-mass collision energies in the 
range 8 to 18 eV. A vibrational-to-translational energy transfer from N2D+ to He was pro­
posed. The energy transferred for 1800 scattering was observed to increase with collision 
energy [1]. 

The rate constants for the vibrational relaxation of N2H + by He, Ar, and Kr were estimated 
in a selected-ion flow tube study to be less than 1 x 10- 13 (He) and 5X 10- 11 cm 3 • 

molecule- 1 ·S-1 (Ar, Kr) [2]. 

Rotational Energy Transfer 

N2H + + e -. Interest in the rotational excitation of N2H + by electron impact was prompted 
by the observation of a J = 1 -+ 0 emission of N2H + in interstellar clouds [3]. 

Rate constants for the L\J = + 1 (J = 1 +- 0 and J = 2 +- 1) and L\J = + 2 (J = 2 +- 0) rotational 
excitations of N2H+ by electron impact were calculated using a semiclassical, first-order 
perturbation theory that treats only the electron-dipole term of the interaction potential. 
In the range 10 to 500 K, the maximum values k(1+-0)=20 X 10- s at 10 K and 
k(2+-1)=9.6 X 10-s cm 3 ·molecule- 1 ·s- 1 at 20 K were calculated. The rate constants for 
the J=2+-0 excitation were estimated to be lower by a factor of 6 to 7 [4]. Semiempirically 
calculated rate constants for J = 1 +- 0 and 1 -+ 0 transitions as a function of temperature 
in the range 10 to 1000 K were reported [5]. The temperature dependence of the J=1-+0 
deexcitation, which was predicted by the Glauber approximation [6], was shown to be inade­
quate and to differ substantially from the semiclassical results [5]. 

N2H + + X (X = He, Ar, and NJ. The rotational transitions of N2H + induced by collisions 
with He, Ar, and N2 were investigated using infrared-microwave four-level double­
resonance spectroscopy. The J = 1 +- 0 transition was saturated by high-power microwave 
radiation. The transfer. of this perturbation of the population from equilibrium to other rota­
tional levels (J' = 2, 3, and 4) by rotationally inelastic collisions was probed by infrared 
radiation. In all three systems (He, Ar, and N2), the ratios of the population change of 
level J' to the change of level J" = 1 were observed to be positive and to decrease monotoni­
cally with increasing J'. This behavior is attributed to collisional selection rules for rotational 
energy transfer. The observed selection rules are suggested to arise from the interaction 
of a charge-induced dipole in the collision partner with the permanent dipole moment 
of N2 H+ [7]. 

Rate constants for the rotational energy transfer in low-energy collisions of N2H+ and 
He at the low temperatures (5 to 40 K) of interstellar clouds were obtained using quantum 
close-coupling scattering approximations to describe the collision dynamics on an N2H+ -He 
ab initio (SCF) potential energy surface. The rate constants for the transitions IL\JI = IJ' - J"I = 
o up to 6 were reported (k=1.8 X lO- 10 cm3 • molecule- 1 ·s- 1 for the J=1+-0 excitation 
at 10 K). While single quantum jumps are most likely, the probability for multiple quantum 
jumps was observed to fall off slowly with increasing IL\JI. The rate constants for IL\JI = 2 
transitions were observed to be generally smaller by a factor of 2 to 3 than those for 
IL\JI = 1 transitions. The calculated rate constants for the J = 2, 3, 4 +- 1 transitions [8], extrapo­
lated to 100 K, predict rotational populations that agree with the experimental population 
probes [7] discussed above. Information theoretic surprisals of state-to-state ab initio cross 
sections as a function of the energy gap were reported for N2H+, rotationally excited by 
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coLLisions with He at a total energy of 80 cm- 1 [9]. Thermal rate constants at 10, 20, and 
30 K for the multiple L1J transitions, J" = 0 to 4 and J' = 1 to 5, were predicted using T -matrix 
factorization based on the infinite-order sudden approximation [10]. 
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2.2.2.8 Chemical Behavior 

2.2.2.8.1 Photodissociation. Decay 

The upper limits of the cross sections for the photodissociation of N2H+ over a range 
of waveLengths were obtained with drift tube mass spectrometry: 0"<0.02 A2, 11.=5309 A; 
0"<0.11 A2, 11.=4762 A; 0"<0.17 A2, 11.=4680 A; and 0"<0.04 A2, A.~3507A [1]. 

The N2H+ formed foLLowing eLectron beam ionization of gaseous ammonia in the ion 
source of a mass spectrometer was observed to decay (N2H + -+ products) with the cross 
section 0"~98 A2 [2]. 
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2.2.2.8.2 Electron-Ion Dissociative Recombination 

The electron-ion dissociative recombination N2H + + e - is an important Loss process 
for N2H+ in laboratory plasmas and in intersteLLar gas cLouds [1, 2]. 

A flowing aftergLow study empLoying spectroscopic monitoring of the H-atom production 
showed that the dissociative recombination of N2H + proceeds onLy through the channeL 
a) N2H + + e - -+ N2 + H, even though the channeL b) N2H + + e - -+ NH + N is energeticaLLy feasi­
bLe [3]. Channel a) was considered in modeling studies of the gas phase chemistry of 
intersteLLar cLouds; see for example [4 to 6]. 

The rate constants for the dissociative recombination process are summarized in Table 
5. The rate constants, appropriate to plasmas in which the temperatures of the component 
species (eLectron, ion, and gas) are equaL, are designated CXt and those appropriate to 
conditions for which the temperature of the electrons (T e) is greater than that of ions and 
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gas are designated IXe [1]. The tabulated rate constants, which were determined by spectros­
copic monitoring on several vibration-rotation levels of N2H + in a hollow cathode discharge, 
are rotationally averaged. No significant dependence on rotation was observed (rotational 
relaxation is much faster than dissociative recombination) [7]. An earlier version of the 
merged-beam work [8] reported IXe an order of magnitude smaller [9]. 

Table 5 
Rate Constants IX (in 10- 7 cm 3 • molecule -1. S -1) for the Dissociative Recombination 
N2H+(N2D+)+e- -+N2+H(D). 

ion Tin K IXt method Ref. 

95 4.9± 1.0 flowing afterglow Langmuir probe [1] 
100 merged beam [8] 
110 15 a . b ) hollow cathode discharge [7] 
210 9 a.b) hollow cathode discharge [7] 
273 7.0 a ) hollow cathode discharge [7] 
300 1.7±0.3 flowing afterglow Langmuir probe [1] 
95 4.4±0.9 flowing afterglow Langmuir probe [1] 

100 merged beam [8] 
300 merged beam [1] 

a) N2H + decay monitored spectroscopically on several vibration-rotation levels. b) Aver­
age of the values reported. - c) Extrapolated from the data in [8]. - d) For an extrapolated 
cross section, see text. 

The cross sections for the dissociative recombinations of N2H + and N2D+, measured 
by a merged electron ion-beam technique for center-of-mass electron energies from 0.006 
to 0.75 eV, showed a close to E- 1 energy dependence between 0.006 and 0.05 eV [8]. At 
higher energies (E > 0.06 eV [9]), a stronger decrease of the cross section was found [8, 
9]. From these data, rate constants between 10 to 104 K were calculated by extrapolating 
the E -1 behavior down to 0.001 eV and assuming a Maxwellian distribution of electron 
velocities. The rate constants show a T;o.5 temperature dependence below 300 K [8]. A 
hollow cathode study indicated a T;o.5 temperature dependence in the limited range 110 
K to 273 K [7]. An approximate T- 1 temperature dependence in the range 95 to 300 K 
was observed for the rate constants obtained using truly thermal, flowing afterglow 
Langmuir-probe data [1]. 

SCF values for the sum of the contributions of the electric moments and the sum of 
the contributions of the polarizabilities to the interaction energy of the system e - -N2H + 
were calculated for different specified positions of the electron [10]. 
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2.2.2.8.3 Electron-Transfer Neutralization 

The electron-transfer reaction N2H + (N2D+) + M --> N2H*(N2D*) + M + (M = Na, K, Mg, or 
Zn) was studied using an ion-beam target-gas technique. Following electron impact ioniza­
tion of N2-H 2(D2) mixtures (ca. 1 Torr) at temperatures from 100 to 300 K, the N2H+(N2D+) 
ions were accelerated to 5 keY and focused into a chamber containing a few mTorr of 
the target metal (M). The beam profiles of the N2 dissociation product from 
N2H(N2D) --> N2 + H(D) was observed. 

Reference: 

Selgren, S. F.; McLoughlin, P. W.; Gellene, G. I. (J. Chern. Phys. 90 [1989]1624/9). 

2.2.2.8.4 Isotope-Exchange Reactions 

The rate constants k (in 10- 9 cm 3 ·molecule- 1·s- 1) for the following isotope exchange 
reactions in the forward (kt ) and reverse (k r) directions were obtained with a temperature­
variable, selected-ion flow tube apparatus [1, 2]. (The accuracy was ± 20% at 292 K and ± 
25% at 80 K [1]; ~H is in kJ/mol.) 

reaction kt kr -~H Ref. 

292 K 80 K 292 K 80 K 
14N2H+ + 14N15N¢ 14N15NH+ + 14N2 4.1 4.6 4.1 4.1 0.07±0.02 [1] 
14N15NH+ + 15N2¢15N2H+ + 14N15N 4.1 4.6 4.1 4.1 0.Q7± 0.02 [1] 
14N2H + + 1 5N2 ¢ 1 5N2H + + 14N2 4.1 4.8 4.1 4.1 0.10±0.02 [1] 

300 K 120 K 300 K 120 K 
N2H+ + D¢N2D+ + H 3 8 ~0.1 0.25 4.6 0 ) [2] 

0) Estimated value. 

The 14N/15N reactions were proposed to proceed via proton transfer (the term isotope 
exchange is misleading in this case), since an 14N15NH+ product was not observed in 
the forward or reverse direction of the reaction 14N2H+ + 15N2¢15N2H+ + 14N2 [1]. The 
equilibrium constant K = 0.98 exp(10/T) for this reaction was calculated using standard statis­
tical mechanics, and the fractionation via this reaction was predicted to be significant at 
the lowest temperatures of interstellar clouds (efficiency 11 = K/(K + 1) = 0.73 at 10 K) [3]. 
The temperature dependence observed for the forward and reverse rate constants of the 
deuteration reaction N2H++D¢N2D++H at 120 K was also used to predict significant 
fractionation of deuterium in interstellar media [2]. Indeed the ratio N2D+ IN2H + in interstellar 
media was observed to be far greater than that which cosmic deuterium abundance suggests 
[4]. 
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2.2.2.8.5 Proton-Transfer Reactions 
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The rate constants for gas-phase proton transfer reactions of N2H + are summarized 
in Table 6. The rate constants generally refer to thermal or near-thermal measurements 
at room temperature. Further information on the tabulated reactions and on other proton 
transfer reactions is given in the text. For some comments regarding experimental tech­
niques used in studying gas-phase ion molecule reactions, see p. 6. 

Predictions of collision rate constants for systems in which a reactive collision of N2H + 
with its partner would result in proton transfer have not been treated in the text. Such 
collision rate constants obtained using classical theories, such as the Langevin ion-induced 
dipole theory, the locked-dipole theory, and the average dipole orientation theory, are given, 
for example, in [1 to 11). Langevin rate constants for the reactions of N2H+ with many 
species, including those for which there are no laboratory data (for example C, S, NH, 
OH, CH2, NH2, HCO, C2H), are given in [12). 

Table 6 
Rate Constants k (in cm3. molecule -1. S -1) for Proton Transfer Reactions of N2H +. 

reaction 109 k experimental technique Ref. 

N2H+ + Kr-> KrH+ +N2 0.01 selected-ion drift tube [13) 
N2H+ +Xe->XeH+ +N2 0.66±0.20 flowing afterglow [14) 
N2H+ +O->OH+ +N2 0.14±0.03 flowing afterglow [15) 
N2H++H2->Ht+N2 5.1 ±2.1 flowing afterglow [16) 
N2H+ +02 -> HO; + N2 :0:;0.0008 flowing afterglow [3) 
N2H + + 02(a 1 ~g) -> HO; + N2 0.08 flowing afterglow [3) 
N2H+ + H20 -> H30 + + N2 2.6± 1.0 selected-ion drift chamber [2) 

2.5±0.7 flowing afterglow [17) 
2.77 flowing afterglow [18) 
2.6±0.65 flowing afterglow [8) 
2.9 corona discharge [19) 

N2H+ + NH3->NHt + N2 1.9 seLected-ion flow tube [4) 
2.3±0.5 flowing afterglow [1) 
2.0±0.4 mass spectrometer ion source [11) 

N2H+ + N20 -> N20H+ + N2 1.7 ± 0.7 selected-ion drift chamber [2) 
0.79 flowing afterglow [5) 
1.2') selected-ion flow tube [4) 

N2H+ + NO -> NOH+ + N2 0.34±0.14 selected-ion drift chamber [2) 
<0.1 flowing afterglow [20) 

0.83 selected-ion flow tube [4] 
N2H+ +CO->COH+ +N2 0.88±0.22 flowing afterglow [21] 
N2H+ +C02 ->C02H+ + N2 1.4±0.6 selected-ion drift chamber [2] 

0.92 flowing afterglow [5] 
0.98±0.20 flowing afterglow [14) 
0.89 flowing afterglow [22] 

<0.1 flowing afterglow [20] 
1.1 .) selected-ion flow tube [4] 
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TabLe 6 (continued) 

reaction 

N2H+ +S02 -+S02H+ + N2 
N2H+ +CS2 -+CS2H+ + N2 
N2H+ +COS-+COSH+ + N2 
N2H+ + HCN -+ HCNH+ + N2 
N2H+ + HCOOH -+ (HCOOH)H+ + N2 
N2H + + CH 3 CL -+ CH3 CLH + + N2 

N2H+ +CF4 -+CF4H+ + N2 
N2H + + CH3 CHO -+ CH 3 CHOH + + N2 
N2D+ + CH3 CHO -+ CH 3 CHOD+ + N2 
N2H + + CH20 -+ CH20H + + N2 
N2H + + CH 3 N02 -+ CH3 N02H + + N2 
N2H + + CH 3CN -+ CH3 CNH + + N2 
N2H + + C2H2 -+ C2H~ + N2 
N2H + + C2H6 -+ C2Hj + N2 
N2H + + C2N2 -+ C2N2H + + N2 
N2H + + HC3 N -+ HC3 NH + + N2 

experimentaL technique Ref. 

1.7 ± 0.7 seLected-ion drift chamber [2] 
0.6 ± 0.2 seLected-ion drift chamber [2] 
1.3 seLected-ion flow tube [4] 
3.2 ± 0.2 fLowi ng aftergLow [7] 
1.7 flowing aftergLow [23] 
2.4± 1.0 seLected-ion drift chamber [2] 
1.9 seLected-ion flow tube [4] 
0.89 flowing aftergLow [5] 
1.3 ± 0.3 mass spectrometer ion source [11] 

< 0.1 flowing aftergLow [20] 
5.8 ± 1.2 mass spectrometer ion source [11] 
6.2 ± 1.2 mass spectrometer ion source [11] 
3.3 ± 0.8 flowing aftergLow [24] 
3.29±0.12 flowing aftergLow [25] 
4.1 ± 0.1 flowing aftergLow [7] 
1.41 ± 0.35 flowing aftergLow [9] 
0.17 ± 0.07 seLected-ion flow tube [26] 
1.2 ± 0.4 seLected-ion flow tube [27] 
4.2 ± 1.3 seLected-ion flow tube [27] 
4.2 flowing aftergLow [28] 
4.3 ± 0.9 seLected-ion flow tube [29] 
4.2 ± 0.8 seLected-ion flow tube [30] 

N2H + + C4H2 -+ C4H~ + N2 1.1 ± 0.3 seLected-ion flow tube [31] 

.) The anaLysis of the N2H + decay yieLded the second rate constants k = 2.2 X 10- 9 (C02) 
and 1.7X 10- 9 cm 3 ·moLecuLe- 1 ·S-1 (N20) which are attributed to the proton transfer reac­
tion of N2H + in excited states (45% of the totaL N2H + reacting). 

Kr. In addition to the tabuLated rate constant, the rate constants k= 1.1 x 10- 9 and 
0.27 x 10- 9 cm 3 ·moLecuLe- 1 ·S-1 were obtained in the seLected-ion drift tube experiment 
and were assigned to the proton transfer reactions of N2H+ in two vibrationaLLy excited 
states. This assignment was corroborated by observations of the dependence of the rate 
constants on the center-of-mass collision energy as weLL as by observations of the collisionaL 
reLaxation of N2H+ ion by added N2. (There was no state-seLective observation.) The reaction 
of N2H + in the higher vibrationaLLy excited state was predicted to be exothermic by 27 kJ/moL 
and the reactions of N2H+ in the Lower vibrationaLLy excited state and in the ground state 
were predicted to be endothermic by 12 and 50 kJ/moL, respectiveLy. Activation energies 
for the ground (44 kJ/moL), Lower (19 kJ/moL), and higher excited states (0 kJ/moL) were 
derived from the dependence of the rate constants on the center-of-mass kinetic energy 
(0.5 to 3 eV) [13]. 

Ar. Proton transfer to Ar was observed in a flow-drift tube study [32]. The dependence 
of the absoLute cross sections for the N2D + + Ar -+ ArD + + N2 reaction in the forward and 
reverse directions on the center-of-mass kinetic energy of the colliding particLes (0 to 
15 eV) was studied using a twin mass spectrometer apparatus [33]. 

Xe. The proton transfer reaction N2H+ + Xe -+ XeH+ + N2 in the forward and back direc­
tions was investigated between 300 to 800 K. The equilibrium constant K = 58 ± 8 at 297 
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K was measured. The entropy change ~S~98 = 24.3 ± 7.9 J. moL -1 . K -1 and the enthaLpy 
change ~H~98= -2.63±0.79 kJ/moL were derived from a van't Hoff pLot [14]. The Gibb's 
free energy change ~G~98= -10.0±0.4 kJ/moL was obtained [15] from the measured equi­
Librium constant [14]. 

O2 , The endothermic proton transfer reaction (~H = 53 kJ/moL) between N2H + and O2 
in its eLectronic ground state (X 3~;) was observed in a flowing aftergLow study to be 
highLy inefficient compared to the exothermic transfer (~H = - 43 kJ/moL) between N2H + 
and eLectronically excited O2 (a 1~g) [3]. 

N2 • The rate constant k = 0.3 x 10 - 9 cm 3 . moLecuLe -1 . S -1 for the reaction 
N2H+ + N2 --+ N2H + N~ was deduced presuming that the coLlisionaL reLaxation of vibrationaLLy 
excited N2H + by N2 proceeds via a proton transfer reaction [13]. For isotope exchange 
reactions in the N2 + N2H + system, see p. 30. 

H20. The proton transfer to H20 was predicted to be exothermic: ~H = - 328 kJ/moL 
[19]. - 222 kJ/moL [18]. The rate constant k= (5.5± 2) x 10- 9 cm 3 . moLecuLe- 1 'S-1 was deter­
mined using a hollow cathode discharge technique [34]. The cross sections cr= 1170 [35]. 
440 [36]. and 410 A2 [19] were measured using hoLLow cathode [35] and corona discharge 
techniques [19, 36]. The higher vaLue (1170 A2) was measured at a Lower ion energy (0.3 
vs. 0.6 eV) and was suggested to reflect an expected E - n (n = 0.6 to 0.8) energy dependence 
of the cross section [35]. The proton transfer from N2H + to H20 was suggested to yieLd 
the first member of the series of (H20)nH + ion cLusters, formed in corona discharges in 
air [37]. 

NH3 . The rate constant, determined using a mass spectrometer ion source technique, 
decreased slightly with increasing temperature (k(320 K) = 2.0 x 10- 9, k(640 K) = 1.7 x 10- 9 
cm 3 ·moLecuLe- 1 ·s- 1). This effect is attributed to an ion-dipoLe interaction [11]. ~H= 
-401 kJ/moL was reported [1]. 

CO. This reaction was proposed to be the principaL depLetion reaction for N2H + in dense 
interstellar cLouds [21]. 

CO2 , The rate constants k=1.05xlO-9 at 150 K [22] and (0.82±0.25) x 10- 9 

cm 3 . moLecuLe -1 . S -1 at 700 K [14] were determined using flowing aftergLow techniques 
[14,22]. An equilibrium constant of K ;:::4 x 105 at room temperature was determined [14]. 

CS. The proton transfer reaction N2H + + CS --+ HCS + + N2 is suggested to be one of the 
reactions responsibLe for the depLetion of N2H + in interstellar dark cLouds [38]. 

HCN. The enthaLpy of reaction ~H = - 222 ± 19 kJ/moL was derived usi ng data avaiLabLe 
in the Literature [7]. 

CH3CN. ~H = - 289 ± 12 kJ/moL [7] and - 305 kJ/moL [39] were estimated. 

CH20. ~H= - 218±8 kJ/moL was reported [24]. 

CH4 . The rate constant, determined in a mass spectrometer ion source study, was 
observed to be independent of temperature between 130 and 650 K [11]. 

CH3CHO. The rate constants, determined for the reactions with N2H+ and N2D+ in a 
mass spectrometer ion source study, were observed to decrease slightly from k = 5.8 x 10- 9 
(N2H+) and 6.2 x 10-9 (N2D+) at 320 K to k= 4.2 X 10-9 cm 3 . moLecuLe- 1 . S-1 at 640 K [11]. 

CH30H, C030H. The principLe channeLs for the reaction of CH 3 0H with N2 H+ are proton 
transfer (~H ~ - 259 kJ/moL), hydride ion abstraction (--+ CH20H + + H2 + N2, ~H = - 130 kJI 
mOL), and H20 elimination (--+ CH~ + H20 + N2, ~H = 9 kJ/moL). Products from two further 
feasibLe channeLs (--+CH3 0H++H+N2, ~H=226kJ/moL and --+CHO++2H2+N2, ~H= 
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-15kJ/moL) were not observed. The totaL rate constant, k=(1.7±0.3)X10- g cm3. 
moLecuLe -, . s -, , was observed to decrease slightly on progressing from excited to coLLision­
aLLy reLaxed N2H + reactant ions. The proton transfer channeL accounted for 20% of the 
products in the reaction of excited N2H + and 80% in the reaction of reLaxed N2H +. This 
channneL did not show an isotope effect for the reactions with CH30H and CD30H [40). 

CH3N02 • Small branchings of 0.5% into the N2H+ + CH3N02 -+ NO+ + CH30H + N2 channeL 
and about 0.01 % into N2H + + CH3N02 -+ CH3NO + + OH + N2 were observed in addition to 
the proton transfer channneL (AH = - 268 ± 17 kJ/moL) [25). 

C2H2 • A reaction enthaLpy of -163 kJ/moL was estimated [9). 

C2Ha(C2D&). The product distribution from the reaction of N2H+ with C2H6, obtained using 
the seLected-ion flow tube technique, indicates that 87% of the reactive collisions Lead 
to proton transfer via N2H++C2H6-+[C2Hj]+N2' followed by [C2Hj)-+C2H~+H2 [26). A 
tandem ion cycLotron resonance mass spectrometer study of the reaction of excited N2H + 
ions with C2D6 reveaLed no branching into the proton transfer channeL to give C2D6H+ 
(branching ratio <1>, = 0), but into the hydride abstraction channeL to give C2D~ (<1>2 = 0.65) 
and C2 D4 H + (<1>3 = 0.35). Relaxation of N2H + opens the proton transfer channel (<1>, = 0.09) 
and effects a decrease in the C2D~ (<1>2=0.40) and an increase in the C2D4 H+ (<1>3=0.51) 
productions [41]. 

HC3 N. AH = - 251 kJ/mol was estimated [29]. 
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2.2.2.8.6 Association Reactions 

Reactions of N2H + with H2 and with N 2 to form the ion clusters N2H + . H2 and (N2hH + , 
respectively, were observed to proceed via a three-body association [1 to 4]. 

The association reaction N2H++2 H2-+N2H+'H2+H2 was studied between 44 to 192 
K using a selected-ion drift tube technique. The experimental rate constants were fitted 
to k=2.6x 10-30 (100/T)2.2±0.5 cm 6 ·molecule- 2·s-' [2]. Pulsed, high-pressure mass 
spectrometry was used to determine the rate constants at 160 K (k=5.5x 10-30 cm6 • 

molecule- 2 ·s-') and 300 K (k= 0.33 x 10-30 cm 6 . molecule- 2·s-') [1]. 

Formation of the (N2hH+ cluster ion in the association reaction 
N2H++N2+H2-+(N2hH++H2 in H2-N2 mixtures at about 4 Torr (N2 about 0.1 Torr) was 
studied using pulsed, high-pressure mass spectrometry. The rate constants at 270 K (k = 
113 x 10- 30 cm 6 . molecule- 2. s-') and at 325 K (k=5.6 x 10- 30 cm 6 . molecule- 2. s-') were 
determined. From 160 K up to room temperature, the reaction was found to proceed via 
an N2H+'H2 intermediate [1]. In a similar study, the rate constant k=5.4x10- 30 

cm6 'molecule- 2's-'at 328 K for the reaction N2H+ +2 N2-+(N2hH+ +N2 was determined 
[3]. In a selected-ion flow tube study, the rate constant k = 28 X 10- 30 cm 6 . molecule -2. S -, at 
80 K for the reaction N2H+ +N2+He-+(N2hH+ +He was obtained [4]. 
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Thermochemical data (L\Ho and L\Go in kJ/mol, L\S in J. mol- 1 . K -1) were derived from 
pulsed, high-pressure mass spectrometric studies of the association reactions N2H + + X2 
where X=H2 or N2: 

X2 cluster -L\H~98 -L\S 298 -L\G~98 comment Ref. 

H2 N2H+ ·H2 30.1 94.6 1.7 1 to 6 Torr H2 with trace N2 [5] 
229,281, and 303 K 

N2 (N2hH+ 60.7 85.4 35.1 -1 to 4 Torr N2 with 10% H2 [3] 
474 to 571 K 

N2 (N2hH+ 66.9 100 36.8 4 Torr H2 with 3 to 300 mTorr N2 [6] 
340 to 450 K 

Ab initio techniques were used to predict the N2H+· H2 [7, 8] and (N2hH+ [9, 10] stabiliza­
tion energies, which correspond to the enthalpy of the N2H+ + H2 and N2H+ + N2 association 
reactions. The potential energy curve for the approach of H2 to the protonated end of N2H + 
was calculated at the CI-SDQ level. The well depth, excluding zero-point corrections, was 
found to be 28.5 kJ/mol at R = 1.53 A, where R is the internuclear distance between N2H + 
and H2. The interaction at the nitrogen end produces a very shallow well depth of about 
2.9 kJ/mol [8]. 

The radiative association N2H + + H2 -+ N2H + . H2 + hv was estimated to proceed with a 
rate constant of the order of 10- 17 cm 3 ·molecule- 1 ·s- 1 at temperatures around 20 to 
70 K (this estimate is based on the rate constant for the three-body association N2H + + 2 H2) 
[2]. 
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[1] Blades, A. T.; Kebarle, P. (J. Chern. Phys. 78 [1983]783/9). 
[2] Bohringer, H.; Arnold, F. (NATO ASI Ser. C 157 [1985] 639/47). 
[3] Meot-Ner, M.; Field, F. H. (J. Chern. Phys. 61 [1974] 3742/9). 
[4] Adams, N. G.; Smith, D.; Alge, E. (J. Chern. Phys. 81 [1984]1778/84). 
[5] Hiraoka, K. (Bull. Chern. Soc. Jpn. 52 [1979]1578/82). 
[6] Hiraoka, K.; Saluja, P. P. S.; Kebarle, P. (Can. J. Chern. 57 [1979] 2159/66). 
[7] Hirao, K.; Yamabe, S. (Chern. Phys. Lett. 79 [1981] 279/83). 
[8] Kraemer, W. P.; Komornicki, A.; Dixon, D. A. (Chern. Phys. 105 [1986] 87/96). 
[9] Yamabe, S.; Hirao, K. (J. Am. Chern. Soc. 103 [1981]2176/9). 

[10] Ikuta, S. (Chern. Phys. Lett. 77 [1981] 369/72). 

2.2.2.8.7 Protonation 

N2H++H+. The minimum energy reaction path for the protonation of N2H+ 
(H+ + N2H+ -+ HN2H2+) was calculated using an ab initio SCF method. An energy barrier 
of 371.5 kJ/mol for the protonation of N2H+ was predicted. 

Reference: 

Summers, N. L.; Tyrrell, J. (Theor. Chim. Acta 47 [1978]223/31). 
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CAS Registry Number: [71691-32-2J 

The formation of this adduct is described in Section 2.2.2.8.6. 

N2H+· n NH3 

The ion intensity of the adduct N2H+ ·.n NH3 with n = 1 to 4 was found to be Low reLative 
to the main product NHt· n NH3 in high-pressure mass spectrometry of NH3 at p ~ 0.04 
Torr and disappeared at 1 Torr. 

Reference: 
-J. 

-·ff 

II 
Long, J. W.; Franklin, J. L. (Int. J. Mass Spectrom. Ion Phys. 12 [1973] 403/10). 

2.2.4 The DiazenyL Anion, N2H­

Systematic name: Diazenide 

CAS Registry Number: [71004-29-0J 

There is apparently no evidence that this anion exists. 

An enthaLpy of formation (-173 kJ/moL) for the anion with Cs symmetry with an NNH 
angLe of 114.1° and the N2 bond distance Lengthened by 0.079 A was caLcuLated using a 
semiempiricaL (MNDO) method to study the interaction of moLecuLar nitrogen with the hydride 
ion [1]. An optimum structure with Cs symmetry with an angLe of 113°, r(NN) = 1.24 ~ and 
r(NH) = 1.09 A was obtained using an ab initio (SCF 4-31 G) method. A reaction enthaLpy 
of 306kJ/moL for the hydride transfer from CH30- to N2 via CH30-+Nr ->H2CO+N2H­
was caLcuLated with the same method [2]. 

References: 

[1] Chadha, R.; Ray, N. K. (Theor. Chim. Acta 60 [1982] 579/87). 
[2] SheLdon, J. C.; Currie, G. J.; Lahnstein, J.; Hayes, R. N.; Bowie, J. H. (Nouv. J. Chim. 

9 [1985] 205/9). 

2.2.5 Diazene, N2H2 

Other names: Diimide, diimine, diamide 

CAS Registry Numbers: N2H2 [3618-05-1J, trans-N 2 H2 [15626-43-4J, cis-N2H2 [15626-42-3J, 
N2D2 [14989-24-3J, trans-N 2 D2 [40712-39-8J, cis-N2D2 [66511-78-2J, N2HD [14989-15-2J, 
trans-N 2 HD [40712-38-7J, N2T2 [24525-35-7J 

GeneraL References: 

Back, R. A.; The Preparation, Properties and Reactions of Diimide, Rev. Chem. Intermed. 
5 [1984] 293/323. 

AbduL Hai, S. M.; Qureshi, A. W.; Begum, A.; Diimide. NoveL Intermediate, Pak. J. Sci. 
Ind. Res. 17 [1974]76/81. 

Willis, C.; Back, R. A.; Di-imide. Some PhysicaL and ChemicaL Properties and the Kinetics 
and Stoichiometry of the Gas-phase Decomposition, Can. J. Chem. 51 [1973] 36051 
19. 
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SeLLmann, D.; Diimin und seine Derivate, Chem. Unserer Zeit 7 [1973]163/70. 
HOnig, S.; MOLLer, H. R.; Thier, W.; Zur Chemie des Diimins, Angew. Chem. 77 [1965] 368/77. 
Pasto, D. J.; Reduction with Diimide, Org. React. [N.Y.] 40 [1991] 92/155. 

Stedman, G.; Reaction Mechanisms of Inorganic Nitrogen Compounds, Adv. Inorg. Chem. 
Radiochem. 22 [1979]113/70,121. 

MiLLer, C. E.; Hydrogenation with Diimide, J. Chem. Educ. 42 [1965] 254/9. 

At normaL conditions diazene is a moderateLy stable, yellow compound with a Lifetime 
of severaL minutes. Inconsistencies between the resuLts of early work (see "Stickstoff" 
2, 1935, p. 306) had Led to the assumption that it may exist as an intermediate. It was 
first detected in 1958 when the products of a diSdqp.rge through hydrazine were anaLyzed 
in a mass spectrometer. Aside of generating it by eLectricaL decomposition of hydrazine, 
N2H2 can also be prepared by thermaL decomposition of severaL tosylhydrazides. The pLanar 
molecule can form a trans and a cis isomer, but ohiy trans-N 2 H2 has unambiguousLy been 
identified so far. The third structuraL isomer, 1, 1-diazene, is discussed in Chapter 2.2.9, 
p. 67. N2H2 is used as a reagent for stereospecific hydrogenations. It can be stabilized 
as Ligand in transition metal complexes. 

2.2.5.1 Preparation. Formation 

Preparation and Formation in the Gas Phase 

Pure diazene is readiLy obtained by thermoLysis of aLkali metaL tosyLhydrazides in high 
vacuum (pressure < 10-4 Torr) via 

CH3C6H4S02(M)NNH2 ---> N2H2 + CH3C6H4S02M (M = Li, Na, K) 

The reaction is cLean and, because both hydrazide and the metaL tosyLate by-product are 
nonvoLatile, yieLds N2H2 vapor contaminated with variabLe amounts of N2H4 , N2, and some 
NH 3, HN 3, and H2. The portion of N2H2 increases from 60 to 90% on going from Lithium 
to potassium, and the optimum thermoLysis temperatures are 353, 333, and 318 K for the 
three tosylhydrazides, respectiveLy. FractionaL condensation of the gas mixture in 10 m-Long 
tubings yields brilliant yeLLow, solid N2H2 which can be isoLated at 77 K; if the pressure 
does not exceed 10- 4 Torr, about 1/10 mmoL N2H2·per hour are condensed. Owing to 
possible photoLytic dissociation of solid N2H2, visibLe and UV Light must be excLuded. Solid 
N2H2 coLLected at 77 K decomposes upon warming, before a vapor pressure of more than 
a few mTorr is attained [1, 2]. However, rapid warming of the condensate generates N2H2 
pressures of a few Torr despite some decomposition [3]. Raising the thermoLysis temperature 
to about 370 K and using faster pumping increases the ratio N2H2 to N2 severaLfoLd [5]. 
In the earliest studies on the decomposition of aLkali metaL tosyLhydrazides, two constitutionaL 
isomers were thought to form depending on the aLkali metaL: Li, Na, K, and aLtered Cs 
tosyLhydrazides give mainLy yellow HN=NH (diazene), while fresh Cs tosyLhydrazide gives 
coLorLess H2N=N (1, 1-diazene) (see Chapter 2.2.9, p. 67). Rb tosyLhydrazide yieLds a mixture 
of diazene and 1, 1-diazene. Diazene has two geometric isomers, cis- and trans-diazene. 
It was reported that Li, Na, and K tosyLhydrazides yieLd mainly the cis isomer which isomer­
izes to trans-N 2 H2 during passage through a coil condenser. At Lower (higher) temperatures 
one obtains mainLy cis-diazene (trans-diazene). These concLusions for the formation of 
cis-N 2 H2 and H2N=N, drawn from changes in the IR and mass spectra [6 to 8], were ques­
tioned by Back [4], who established on the basis of aLL evidences availabLe up to 1982 
that the detection and isoLation of these species have to be regarded unproven. 

The decomposition of N2 H4 , HN3, or an N2 -H2 mixture in a microwave discharge and 
trapping the reaction mixture at 77 K yieLds trans-N 2 H2 , but it can not be separated from 
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simuLtaneousLy in a tenfoLd excess formed NH3 (aside of N2 and H2 and small amounts 
of nitrogen hydrides) [9 to 11]. By varying the hydrazine flow rate and the discharge power 
it is possibLe to increase the percentage of N2H2 from < 1 to 20%. The optimaL N2H2 to 
NH3 ratio is obtained at a fairLy high N2H2 flow rate and a weak discharge power [12, 
13]. Trapping of N2H2 and NH3 at 77 K from the discharge gas and subsequent sudden 
warming yieLd a gas mixture which contains typicaLLy about 15% N2H2, estimated from 
the gases evoLved by decomposition. In this way as much as 0.5 g N2H2 were collected 
and after vaporization partiaL pressures of 100 Torr were attained. On the other hand, ammo­
nia seems to have a stabilizing effect on diazene either as a diLuent or by compLex formation 
at Low temperatures [14, 15]. Later, it was reported that NH3 can be precipitated as NH4CL 
by titrating the gas phase products with HCL after condensing them in a trap at 195 K 
[5]. In contrast to earlier investigations, e.g. [10], and following a suggestion by Mock [16], 
N2H2 has a Lifetime of severaL minutes at room temperature in the gas phase [14, 15]. 

N2H2 formation was observed in the gas phase during decomposition of N2H4 and NH3 
on a Rh surface in the temperature range 180 to 500 K [17]. 

N2H2 can aLso be generated by reacting oxygen atoms with N2H4 [18, 19], by decomposing 
anthracene-9,10-biimine at 373 K [20], and by thermoLysis of triazanium suLfate [21]. 

Formation in situ in SoLution 

N2H2 formed in situ in soLution is generally used as a reducing agent for unsaturated 
compounds. There are four generaL methods for generating it in situ: oxidation of hydrazine, 
decarboxyLation of azodicarboxyLates, dissociation of the diazene - anthracene adduct, and 
elimination of HX from an acid hydrazide. N2H2 has never been detected directly and it 
can not be decided unambiguousLy whether the cis or trans isomer is mainLy formed. The 
stereospecific hydration of the muLtipLe bonds and the formation of the seLf-reduction prod­
ucts N2 and N2H4 serve as proof for the intermediate formation of cis-N 2 H2 [4, 22]. 

Hydrazine is typically oxidized with oxygen, air, or hydrogen peroxide in basic media 
with or without a cataLytic amount of copper(lI) ions [23 to 28]. Other oxidants used are 
mercuric oxide [24], iron(lII) cyanide [24, 29], iodine [30], iodate [26], dichromate [26], or 
seLenium [31]. 

The decarboxyLation of azodicarboxyLates, e.g. KOOCN=NCOOK, (dating back to earlier 
assumptions [32, 33]) is carried out in acid media, normally in acetic acid, and it is probabLy 
the most usefuL source of N2H2 formed in situ [16, 23, 24, 34 to 36]. A similar reagent 
which yieLds N2H2 is 1,1'-dihydroxyazocycLohexane [16, 37]. 

The thermaL decomposition of anthracene-9,10-biimine at 353 K is a straightforward 
way to get N2H2 [16, 20]. The simiLar 1,4 DieLs-ALder adduct with cycLopentadiene may 
be a precursor of N2H2 [38]. 1-amino-2,2-diphenyLaziridine decomposes at room tempera­
ture to give N2H2, perhaps as a resuLt of an internaL rearrangement of the primariLy formed 
aminonitrene [39]. 

The elimination of HX from an acid hydrazide via H2N-NHX -> N2H2 + HX is a thermaL 
or base-cataLyzed reaction [24, 40 to 44]. TosyLhydrazide groups bonded to poLymers aLso 
yieLd N2H2 [45]. The base-cataLyzed dissociations of chLoroacetyLhydrazine hydrochLoride, 
CLCH2CONHNH2· HCL + 2 NaOH -> N2H2 + 2 NaCL + 2 H20 + CH2CO [46], of hydroxyLamine-O­
sulfonic acid, 2 NH20S03H -> N2H2 + 2 H2S04 [47 to 50], and of chLoramine, 2 NH2CL 
-> N2H2 + 2 HCL [47, 48], may proceed simiLarLy. 
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Formation as Intermediate 

N2H2 is thought to be involved in many reactions as an intermediate. The most important 
reactions are listed below together with selected references. 

Reduction of N2 to NH3, A great variety of metallic and organometallic complexes with 
N2H2 were prepared by reduction of the corresponding N2 complexes (or by oxidation of 
the corresponding N2H4 complexes); compare, e.g., the pentacarbonyl complexes discussed 
in [51, 52] or the iron complex discussed in [53]. In the biological nitrogen fixation process, 
N2 complexed with Mo is stepwise reduced to NH 3, whereby N2H2 seems to playa key 
role in the only partly understood reaction. For general information, see the following reviews 
[54 to 60]. N2H2 also forms intermediately during the reduction of N2 with V(OHh in Mg(OHb 
or Zr02' H20 matrices [61], catalytic reduction with TiCl4 or Li naphthalide [62], or photore­
duction in the presence of 2,5-dihydrofuran and undoped or metal-doped (M = Pd, Pt, Zn) 
CdS powder [63]. 

N2H2 forms intermediately during the reduction of HN3 (N;) to NH3, for example catalyti­
cally with [Fe4S4L4f-, [M02FesSsL9 ]3 - (L = SCH2CH20H), or [Fe4S4(SCsH5)4]2- [64] and 
photolytically in an N2 matrix [65], in an Ar, N2, or CO matrix [66], or in aqueous solution 
[67]. The photochemically, thermally, or electrical-discharge-induced decomposition of HN3 
in the gas phase proceeds probably via intermediate NH radical and N2H2 formation [68]. 

The oxidation of N2H4 by Nal04 in an aqueous CH3SO-CuS04-CH3COOH mixture [69], 
by TlIII as a two-electron-transfer agent in aqueous solution, by the OH radical as a one­
electron-transfer agent [70], by CCl4 [71] probably proceeds via N2H2 as does the 'electrooxi­
dation on a Pt electrode in CH3CN [72] or a [NiFe(CN)sf- l - -derivatized Ni eleytrode [73]. 
Intermediate formation of N2H2 was also found to occur at low pressures during the thermal 
[74, to 76] and photochemically induced [77, 78] decomposition of N2H4 in th~ gas phase. 

Decomposition of NH3 , Photodecomposition by Hg(63p,) atoms [79] and decomposition 
by ionizing radiation (100 eV) [80] give N2H2 via intermediately formed N2H4. Irradiation 
of NH3-C02 mixtures with He+ at 30 keV at 77 K led to a rich variety of compounds, among 
which N2H2 could be identified [81]. N2H2 was detected in the front region of a NH3 flame 
by measuring the NH3 decay via laser absorption [82]. Solidified NH3-H20 mixtures released, 
b'esides N2H4 and NH20H, diazene when irradiating the surface with a 193-nm laser [83]. 

Intermediate formation of N2H2 was also found during a study of the flash photolysis 
of HNCO [84] and of the reaction of bis(trimethylsilyl)diazene with H2S04 or HCl [85]. 

Preparation of Deuterated Diazenes 

N2HD and N2D2 can be prepared analogously to N2H2 by thermal decomposition of 
N,N' -deuterotosylhydrazines [1, 86] and by the hydrazine discharge method; see e.g. [87]. 

References: 

[1] Wiberg, N.; Bachhuber, H.; Fischer, G. (Angew. Chem. 84 [1972] 889/90; Angew. Chem. 
Int. Ed. Engl. 11 [1972] 829/30). 

[2] Wiberg, N.; Fischer, G.; Bachhuber, H. (Chem. Ber. 107 [1974]1456/71). 
[3] Back, R. A.; Neudorfl, P. (unpublished results, cited as ref. 72 in [4]). 
[4] Back, R. A. (Rev. Chem. Intermed. 5 [1984]2931323). 
[5] Frost, D. C.; Lee, S. T.; McDowell, C. A.; Westwood, N. P. C. (J. Chem. Phys. 64 [1976] 

4719/29). 

Gmelin Handbook 
N Suppl. Vol. 82 



Preparation. Forrnation 41 

[6] Wiberg, N.; Fischer, G.; Bachhuber, H. (Angew. Chern. 89 [1977]828/9; Angew. Chern. 
Int. Ed. Eng!. 16 [1977] 780). 

[7] Wiberg, N.; Fischer, G.; Bachhuber, H. (Angew. Chern. 88 [1976] 386/7; Angew. Chern. 
Int. Ed. Eng!. 15 [1976] 385). 

[8] Wiberg, N.; Fischer, G.; Bachhuber, H. (Z. Naturforsch. 34b [1979]1385/90). 
[9] Foner, S. N.; Hudson, R. L. (J. Chern. Phys. 29 [1958] 442/3). 

[10] Foner, S. N.; Hudson, R. L. (J. Chern. Phys. 28 [1958] 719/20). 

[11] Foner, S. N.; Hudson, R. L. (Adv. Chern. Ser. No. 36 [1962] 34/49). 
[12] BLau, E. J.; Hochheirner, B. F.; Unger, H. J. (J. Chern. Phys. 34 [1961]1060/1). 
[13] BLau, E. J.; Hochheirner, B. F. (J. Chern. Phys. 41 [1964]1174/82). 
[14] WiLLis, C.; Back, R. A. (Can. J. Chern. 51 [1973] 3605/19). 
[15] WiLLis, C.; Back, R. A. (Nature 241 [1973] 43). 
[16] Mock, W. L. (Diss. Harvard Univ. 1965, pp. 1/176, 1/68; Diss. Abstr. 26 [1965/66]6374). 
[17] Prasad, J.; GLand, J. L. (J. Arn. Chern. Soc. 113 [1991]1577/9). 

[18] Foner, S. N.; Hudson, R. L. (J. Chern. Phys. 49 [1968] 3724/5). 
[19] Foner, S. N.; Hudson, R. L. (J. Chern. Phys. 53 [1970] 4377/86). 
[20] Corey, E. J.; Mock, W. L. (J. Arn. Chern. Soc. 84 [1961]68516). 

[21] Wiberg, N.; Wanninger, P. (unpublished resuLts, cited as ref. 4 in [7]). 
[22] Hunig, S.; MuLLer, H. R.; Thier, W. (Angew. Chern. 71 [1965] 368/77; Angew. Chern. 

Int. Ed. Eng!. 4 [1965] 271). 
[23] Corey, E. J.; Mock, W. L.; Pasto, D. J. (Tetrahedron Lett. 1961 347/52). 
[24] Hunig, S.; MuLLer, H. R.; Thier, W. (Tetrahedron Lett. 1961 353/7). 
[25] Nagendrappa, G.; Moorthy, S. N.; Devaprabhakara, D. (Indian J. Chern. B 14 [1976] 

81/3). 
[26] AyLward, F.; Sawistowska, M. (Chern. Ind. [London] 1962484/91). 
[27] AyLward, F.; Sawistowska, M. (J. Chern. Soc. 1964 1435/41). 
[28] Corey, E. J.; Pasto, D. J.; Mock, W. L. (J. Arn. Chern. Soc. 83 [1961] 2957/8). 
[29] Hunig, S.; MuLLer, H. R. (Angew. Chern. 74 [1962] 215/6; Angew. Chern. Int. Ed. Eng!. 

1 [1962] 213). 
[30] Nozaki, H.; Sirnokawa, Y.; Mori, T.; Noyori, R. (Can. J. Chern. 44 [1966] 2921/5). 

[31] Kondo, K.; Murai, S.; Sonoda, N. (Tetrahedron LeU. 19713727/30). 
[32] ThieLe, J. (Liebigs Ann. Chern. 271 [1892]127/36). 
[33] King, C. V. (J. Arn. Chern. Soc. 62 [1940] 379/85). 
[34] van TarneLen, E. E.; Dewey, R. S.; Tirnrnons, R. J. (J. Arn. Chern. Soc. 83 [1961] 3725/6). 
[35] Harnersrna, J. W.; Snyder, E. I. (J. Org. Chern. 30 [1965] 3985/8). 
[36] Stanbury, D. M. (Inorg. Chern. 30 [1991]1293/6). 

[37] Schrnitz, E.; Ohrne, R.; Schrarn, S. (Angew. Chern. 75 [1963] 208; Angew. Chern. Int. 
Ed. Eng!. 2 [1963]157). 

[38] Cohen, S. G.; Zand, R.; SeeL, C. (J. Arn. Chern. Soc. 83 [1961] 2895/900). 
[39] Annunziata, R.; Fornasier, R.; Monanari, F. (J. Org. Chern. 39 [1974] 3195/7). 
[40] Hunig, S.; MuLLer, H. R.; Thier, W. (Angew. Chern. 75 [1963] 298; Angew. Chern. Int. 

Ed. Eng!. 2 [1963] 214/5). 

[41] Dewey, R. S.; van TarneLen, E. E. (J. Arn. Chern. Soc. 83 [1961]3729). 
[42] Srnushkevich, Y. I.; Usorov, M. I.; Surorov, N. N. (Zh. Org. Khirn. 13 [1977] 893; J. 

Org. Chern. [USSR] 13 [1977] 816/7). 
[43] Steinrnetz, W. E.; Robinson, D. H.; Ackerrnann, M. N. (Inorg. Chern. 14 [1975]421/5). 
[44] Cusack, N. J.; Reese, C. B.; Risius, A. C.; Roozpeikar, B. (Tetrahedron 32 [1976] 21571 

62). 
[45] Gavina, F.; GiL, P.; PaLazon, B. (Tetrahedron Lett. 1979 1333/6). 

GmeLin Handbook 
N SuppL. Vol. B2 



42 

[46] Buyle, R.; van Overstraeten, A.; Eloy, F. (Chem. Ind. [london] 1964 839). 
[47] Schmitz, E.; Ohme, R. (Angew. Chem. 73 [1961] 807). 
[48] Schmitz, E.; Ohme, R.; Kozakiewicz, G. (Z. Anorg. AUg. Chem. 339 [1965]44/51). 
[49] Appel, R.; BOchner, W. (Angew. Chem. 73 [1961]807). 
[50] Appel, R.; BOchner, W. (Liebigs Ann. Chem. 654 [1962]1/8). 

[51] Sellmann, D.; Brandl, A.; EndeU, R. (Z. Naturforsch. 33b [1978] 542/53). 
[52] Wuerminghausen, T.; SeUmann, D. (J. Organomet. Chem. 199 [1980] 77/85). 
[53] SeUmann, D.; Soglowek, W.; Knoch, F.; Moll, M. (Angew. Chem. 101 [1989] 1244/5; 

Angew. Chem. Int. Ed. Engl. 28 [1989]1271). 
[54] Sellmann, D. (Chem. Unserer Zeit 7 [1973]163/70). 
[55] Chatt, J.; Dilworth, J. R.; Richards, R. L. (Chem. Rev. 78 [1978] 589/625). 
[56] Skinner, K. J. (Chem. Eng. News 197622/35). 
[57] Henderson, R. A.; leigh, G. J.; Pickett, C. J. (Adv. Inorg. Chem. Radiochem. 27 [1983] 

197/292). 
[58] Pratt, J. M. (Inorg. Perspect. Biol. Med. 2 [1979] 357/68). 
[59] leigh, G. J. (in: Newton, W.; Postgate, J. R.; Rodrigue-Barrueco, C.; Recent Develop­

ments in Nitrogen Fixation, Academic, london 1977, pp. 1/24). 
[60] SeUmann, D. (in: Newton, W.; Postgate, J. R.; Rodrigue-Barrueco, C.; Recent Develop­

ments in Nitrogen Fixation, Academic, london 1977, pp. 53/67). 

[61] Schrauzer, G. N.; Strampach, N.; Hughes, L. A. (Inorg. Chem. 21 [1982] 2184/8). 
[62] Rummel, S. (Z. Chem. 16 [1976] 288/9). 
[63] Hetterich, W.; Kisch, H. (Chem. Ber. 122 [1989] 621/7). 
[64] Imasaka, Y.; Tanaka, K.; Tanaka, T. (Chem. lett. 1983 1477/80). 
[65] van Thiel, M.; Pimentel, G. C. (J. Chem. Phys. 32 [1960]133/40). 
[66] Milligan, D. E.; Jacox, M. E. (J. Chem. Phys. 41 [1964] 2838/41). 
[67] Burak, I.; Treinin, A. (J. Am. Chem. Soc. 87 [1965] 4031/6). 
[68] Rice, F. 0.; Grelecki, C. (J. Am. Chem. Soc. 79 [1957]1880/1). 
[69] Hoffman, J. M., Jr.; Schlessinger, R. H. (J. Chem. Soc. D 1971 1245/6). 
[70] Higginson, W. C. E.; Sutton, D.; Wright, P. (J. Chem. Soc. 1953 1380/6). 

[71] Wolinsky, J.; Schultz, T. (J. Org. Chem. 30 [1965] 3980/1). 
[72] Jannakoudakis, A. D.; Kokkinidis, G. (J. Electroanal. Chem. Interfacial Electrochem. 

134 [1982]311/24). 
[73] Lin, C.; Bocarsly, A. B. (J. Electroanal. Chem. Interfacial Electrochem. 300 [1991]325/45). 
[74] Diesen, R. W. (J. Chem. Phys. 39 [1963] 2121/8). 
[75] Homann, K. H.; Maclean, D. I.; Wagner, H. G. (Naturwissenschaften 52 [1965]12). 
[76] WiUhoft, E. M. A.; Robertson, A. J. B. (Chem. Commun. 1967385/7). 
[77] Stief, L. J.; DeCarlo, V. J. (J. Chem. Phys. 44 [1966] 4638/9). 
[78] Arvis, M.; Gillois, M.; Curtat, M. (J. Phys. Chem. 78 [1974]1356/60). 
[79] McDonald, C. C.; Gunning, H. E. (J. Chem. Phys. 23 [1955]532/41). 
[80] Melton, C. E. (J. Chem. Phys. 45 [1966] 4414/24). 

[81] Benit, J.; Bibring, J.-P.; Rocard, F. (NATO ASI Ser. E No. 155 [1989]123/38). 
[82] Dean, A. M.; Chou, M. S.; Stern, D. (Int. J. Chem. Kinet. 16 [1984] 633/53). 
[83] Nishi, N.; Shinohara, H.; Okuyama, T. (J. Chem. Phys. 80 [1984] 3898/910). 
[84] Back, R. A. (J. Chem. Phys. 40 [1964] 3493/6). 
[85] Wiberg, N.; Haering, H. W.; Vasisht, S. K. (Z. Naturforsch. 34b [1979] 356/7). 
[86] Holzmann, G.; Minkwitz, R. (Z. Anorg. Allg. Chem. 413 [1975] 72/6). 
[87] Bondybey, V. E.; Nibler, J. W. (J. Chem. Phys. 58 [1973] 2125/34). 

Gmelin Handbook 
N Suppl. Vol. B 2 



Molecular Properties 43 

2.2.5.2 Molecular Properties and Spectra 

The isomer trans-N2 H2 has been detected and identified experimentally, specifically 
through its fR and UV spectra in the gas phase. The existence of the cis isomer has been 
sometimes suggested, but it could not be unambiguously identified. The cis isomer is 
regarded to be a transient intermediate in many reactions. 

2.2.5.2.1 Electron Configurations. Ionization Potentials 

The diazene molecule has a planar, bent, ground-state structure which was already 
predicted from the number of the valence electrons by Walsh [1] and later confirmed by 
experimental and theoretical studies. Two configurational isomers, trans-N 2 H2 and 
cis-N2H2' with C2h and C2v symmetry are possible. MO calculations gave the following 
electron configurations: 

trans-N2 H2 [2 to 4]: (1ag )2 (1bu)2 (2ag )2 (2bu)2 (3ag )2 (3bu)2 (1au)2 (4ag )2 1bg 4bw ' Ag 

cis-N2H2 [2, 3]: (1 a,)2 (1 b2)2 (2a,)2 (2b2)2 (3a,)2 (1 b,)2 (4a,)2 (3b2)2 1 a2 5a" ' A, 

With respect to the three highest occupied orbitals, the electronic structure of both molecules 
is quite different as shown by the ordering of the orbitals and their approximate chemical 
description: For trans-N 2 H2 (cis-N2H2) the 4ag (4a,) and 3bu(3b2) MOs are symmetric (n+) 
and antisymmetric (n_) combinations of the nitrogen lone pairs. The 1au (1b,) orbital is 
the NN x-bonding orbital. The MOs 3ag (3a,) and 2b u(2b2) are symmetric and antisymmetric 
combinations of the NH 0' bonds, while 2ag (2a,) describes the NN 0' bond [2, 3]. 

For excited states, see p. 55. 

The following ionization potentials were obtained for trans-N 2 H2 and trans-N2D2 from 
the He f photoelectron spectrum and assigned to molecular orbitals by analyzing the 
observed vibrational structures and by comparing them with other N=N compounds and 
theoretical calculations [5, 6] : 

trans-N2 H2 : Ej(vertical) in eV*) .............. 10.02 14.39 
Ej(adiabatic) in eV*) ........... 9.59 14.10 

trans-N2D2: Ej(vertical) in eV*) .............. 10.10 14.39 
Ej(adiabatic) in eV*) ........... 9.61 14.11 
orbital assignment.. .......... .4ag (n+) 1au (x) 

*) Uncertainties are ± 0.01 eV on the first three Ej's. 

15.03 
14.71 
15.05 
14.69 
3bu (n_) 

16.9 
16.19 

The adiabatic ionization potential of 9.589 ± 0.007 eV, determined by photoionization mass 
spectrometry [7], is in excellent agreement with one obtained by photoelectron spectroscopy 
(see above). Other values for the first ionization potential obtained from various electron 
impact experiments range from about 9.6 to 9.9 eV [8 to 14], with the most recent measure­
ments giving 9.8±0.05 [11] and 9.65±0.08 eV [8]. A value of 9.62 eV was derived from 
two Rydberg transitions in the UV absorption spectrum (see p. 54) [15]. 

For cis-N2H2, only calculated ionization energies are known. Quoted here are the results 
of a many-body Green's function calculation: 9.94(3b2), 13.52(4a,), 14.14(1b,), 18.90(3a,), 
and 22.67(2b2) eV. The corresponding values calculated for trans-N 2 H2 are reproduced 
in the correct order and are within 0.3 eV of the measured values [3]. A similar calculation 
yielding comparable results was reported earlier [2]. 
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Other ab initio and semiempiricaL SCF MO caLcuLations of the ionization energies of 
trans-N 2 H2 and partly aLso of cis-N 2H2 are avaiLabLe at different LeveLs of theory [16 to 
23]. 
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2.2.5.2.2 Dipole Moment. PolarizabiLity 

The dipoLe moment ~ of N2H2 has not yet been experimentally determined. For 
trans-N 2 H2 , ~ = 0 for reasons of symmetry. 

For cis-N2H2, reliabLe quantum-chemicaL caLcuLations gave dipoLe moments between 
3.0 and 3.2 D: 3.1 (contracted CI) [1], 3.17 (CEPA-PNO) [2], 3.18 (HF/6-31 +G(2d,p)) [3], 
3.0 (HF/3-21G(N*)) [4], 3.06 (HF/tripLe-1; basis) [5], and 3.20 (HF/6-31G**) [6]. ResuLts of 
previous ab initio caLcuLations were given in [7 to 9]. DipoLe moments caLcuLated with semi­
empiricaL methods (CNDO, MNDO) were reported in [10 to 13]. 

DipoLe moment derivatives were caLcuLated (ab initio SCF) in order to obtain compLemen­
tary spectraL assignment data: a~/aS4 = -1.778 D/rad, a~/aS5 = - 0.427 D/A, a~/aS6 = 1.857 
D/rad (the normaL coordinates for 't, vas(NH) and 8as(NNH) were reduced to the symmetry 
coordinates S4' S5' and S6) [14]. 
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Isotropic dipole polarizabilities for trans-N 2H2 and cis-N2H2 were obtained by ab initio 
SCF calculations to be ex = 18.18 and 18.53 a~. Hyperpolarizabilities were also calculated 
[5]. 
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2.2.5.2.3 Nuclear Quadrupole Coupling Constants 

Experimental results are not available. Ab initio calculations at the SCF level, using 
a basis set of double-zeta quality augmented by bond functions, yielded the component 
qzz (maximum absolute value of all tensor elements) of the electric field gradients and 
the asymmetry parameters TJ at the 14N and 2H nuclei [1]: 

trans-N 2 H2 : 

cis-N2H2: 
qzz(N) = -1.366, TJ = 0.643, qzz(H) = 0.319, TJ = 0.022 
qzz(N) = - 1.429, TJ = 0.542, qzz(H) = 0.325, TJ = 0.014 

The same calculations carried out for ammonia gave coupling constants in good agreement 
with experimental values [1]. 

Previous theoretical studies at the ab initio SCF level were reported in [2 to 4]. 
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2.2.5.2.4 Magnetic Susceptibility. NMR Parameters. Nuclear Shielding 

Only results of theoretical studies are known. 

Magnetic Susceptibility X 

Magnetic susceptibility tensors were calculated by the ab initio IGLO (individual gauge 
for localized molecular orbitals) method with a large basis set. The calculations showed 
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both isomers of N2H2 to be nearLy paramagnetic. The following tabLe Lists the principaL 
tensor eLements and the diamagnetic, paramagnetic, and nonLocaL contributions in ppm 
cgs/moL (sign convention: diamagnetic contributions are positive and paramagnetic ones 
negative) [1]: 

moLecuLe Xl1 X22 X33 Xd xP XnL X 

trans-N 2 H2 17.1 6.6 -15.0 20.8 -13.2 -4.7 2.9 
cis-N2H2 15.1 4.0 -8.0 20.8 -12.3 -4.8 3.7 

Nuclear Spin-Spin Coupling Constants 

Ab initio caLcuLations with the EOM (equations-of-motion) method gave 
, JC 5N'5N) = - 9.03 Hz for trans-N 2 H2 and -11.81 Hz for cis-N 2 H2 [2]. Previous caLcuLations 
by the same author with the SOS CI method yieLded 'JC 5N'5N)= -16.78 Hz and 
'JC 5NH)= -44.58 Hz for trans-N 2 H2 and 'JC 5N'5N)= -21.71 Hz and 'JC 5NH)= -36.10 
Hz for cis-N2H2 [3]. 

The contribution of the Fermi contact term to J(NN) in both trans- and cis-N2H2 was 
computed using the scanning moLecuLar orbitaL method, a speciaL approach within the Har­
tree-Fock framework [4]. The diamagnetic spin-orbitaL (DSO) contribution to J(HH) in N2H2 
was caLcuLated at the ab initio SCF LeveL of theory [5]. 

Chemical Shifts O. Nuclear Magnetic Shielding Constants CJ 

Nitrogen NMR shifts and nitrogen shieLding tensors were caLcuLated by means of the 
ab initio SOS CI (sum-over-states configuration interaction) [3] and IGLO [1] schemes using 
Large or moderateLy Large basis sets. The resuLts (given in the foLLowing tabLe) are onLy 
preliminary. Both authors agree that for correctly describing the nitrogen NMR shieLding 
it is essentiaL to incLude eLectron correLation (negLected in [1]) and to use very Large basis 
sets (insufficient in [3]). 

8=660 [3] and 700.4 [1] ppm for trans-N 2 H2 and 578 [3] and 646.2 [1] ppm for cis-N2H2 
were obtained; the shifts are reLative to NH3 having rz geometry. 

The following tabLe gives the diamagnetic and paramagnetic shieLding constants in ppm: 

moLecuLe atom ad [3] a P [3] a [3] a [1] 

trans-N 2 H2 N 366.35 -783.22 -416.22 -464 
cis-N2H2 N 366.64 -700.46 -333.82 -390 
trans-N 2 H2 H 19.74 -11.59 8.15 
cis-N2H2 H 15.72 -4.52 11.20 

The diamagnetic shieLding of nitrogen and hydrogen in N2H2 was aLso estimated from 
a reLation containing its eLectronegativity, equilibrium structure, and totaL energy [6]. 

References: 

[1] SchindLer, M. (J. Am. Chem. Soc. 109 [1987]5950/5). 
[2] GaLasso, V. (Chem. Phys. Lett. 145 [1988] 259/61). 
[3] GaLasso, V. (Chem. Phys. 83 [1984] 407/13). 

Gmelin Handbook 
N Suppl. Vol. B2 



MoLecuLar Properties 

[4] Jansen, H. B.; Meeuwis, A.; Pyykk6, P. (Chem. Phys. 38 [1979]173/9). 
[5] Scuseria, G. E. (Chem. Phys. 107 [1986] 417/27). 
[6] Ray, N. K.; Parr, R. G. (J. Chem. Phys. 73 [1980]1334/9). 

2.2.5.2.5 Rotational Constants. Bond Distances and Angles 

47 

The rotationaL and centrifugaL distortion constants A, B, C, DK , DJ K' DJ , D" and D2 
of the ground and the vibrationaL states v4 = 1, V5 = 1, and V6 = 1 were obtained by anaLyzing 
the corresponding vibration-rotation bands. The constants (in cm -') of the ground state 
are Listed in the following tabLe: 

constant trans-N 2 H2 trans-N 2 H2 trans-N 2 D2 

A 10.001002(52) 10.00021 (23) 6.02490(21 ) 
B 1.304248(17) 1.304194(47) 1.089385(63) 
C 1.150096(15) 1.149861 (42) 0.919525(54) 
DK '104 6.5307(70) 6.325(42) 2.869(35) 
DJK '105 3.934(30) 4.001(72) 1.46(12) 
DJ '106 2.845(26) 2.870(58) 1.71(10) 
D, .107 -2.59(15) 2.89(26) 2.18(58) 
D2 .105 -5.80(90) -1.86(24) -0.84(31) 
Ref. [1] [2] [2] 

Earlier vaLues of rotationaL constants were based on Low-resoLution spectra and on 
the assumption that trans-N 2 H2 and cis-N 2 H2 are both present [3, 4]. Constants for the' 
v4 =1, v5=1, v6=1 states are given in [1] and for the v5=1 state (aLso for trans-N 2 D2 ) 

in [2]. CaLcuLated centrifugaL distortion constants are reported in [5]. 

Bond distances and angLes for pLanar trans-N 2 H2 were determined from the rotationaL 
constants of trans-N 2 H2 and trans-N 2 D2 quoted above [2]: 

r(NN) = 1.252 ± 0.002 A, r(NH) = 1.028 ± 0.005 A, L NNH = 106.9 ± 0.5° 

Earlier experimentaL data are either incompLete [3] or incorrect [4]. The following tabLe 
compares equilibrium-structuraL data determined for trans-N 2 H2 and cis-N 2 H2 by the most 
recent quantum-chemicaL caLcuLations at a high LeveL of theory. 

moLecuLe r(NN) in A r(NH) in A LNNH method Ref. 

trans-N 2 H2 1.24 1.03 106.3° CASSCF-CII[ 4s3p2d 1 f/3s2p 1 d] [6] 
1.265 1.031 105.2° MP2/6-31G** [7] 
1.266 1.036 105.4° MP2/6-31G* [8] 

cis-N 2 H2 1.25 1.04 112.8° CASSCF-CII[ 4s3p2d 1 f/3s2p 1 d] [6] 
1.260 1.036 112.0° MP2/6-31G** [7] 
1.260 1.042 112.3° MP2/6-31G* [8] 

ResuLts of comparabLe studies are given in [9 to 12]. TheoreticaL studies on the structure 
of diazene done before experimentaL data were avaiLabLe are described in [13 to 17]. 

For geometry data of trans-N 2 H2 in eLectronically excited states, see p. 55. 
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2.2.5.2.6 Constants of Molecular Vibrations 

Fundamental Vibrations 

trans- and cis-N 2 H2 (point groups C2h and C 2v) as weLL as trans- and cis-N2 HD (point 
group Cs) have six normaL modes of vibration. Their symmetry species, seLection ruLes 
(IR- or Raman-active), and approximate mode descriptions (onLy the Leading terms of the 
caLcuLated potentiaL energy distributions [1]) are given in the foLLowing tabLe (for the C2v 
point group, the moLecuLe is in the xy pLane with z = C2 axis): 

trans-N 2 H2 cis-N 2 H2 N2HD 

v, (Ag) Ra vs(NH) v,(A,) IR, Ra vs(NH) v,(A') IR, Ra v(NH) 
v2(Ag) Ra os(NNH) v2(A,) IR, Ra vs(NN) v2(A') IR, Ra v(ND) 
v3(Ag) Ra vs(NN) v3(A,) IR, Ra os(NNH) v3(A') IR, Ra v(NN) 
v 4 (Au) IR t v 4 (A2) Ra t v4 (A') IR, Ra o(NNH) 
v5(Bu) IR va(NH) v5(B2) IR, Ra va(NH) v5(A') IR, Ra o(NND) 
v6(Bu) IR oa(NNH) v6(B2) IR, Ra oa(NNH) v6(A") IR, Ra t 

FundamentaL vibration frequencies are known onLy for trans-N 2 H2 and its isotopomers. 
Previous assignments to cis-H 2 H2 [2 to 5] are apparently incorrect (ct. p. 52). TabLe 7 (p. 50) 
Lists fundamentaL vibration frequencies observed for trans-N 2 H2 and its deuterated modifica­
tions, caLcuLated with a potentiaL function for cis-N 2 H2 . ALso incLuded are the" Latest" assign­
ments for aLL fundamentaLs of trans-N 2 H2 , -N2D2, and -N2HD, assigned after reviewing 
the experimentaL resuLts and supported by potentiaL-function caLcuLations [1]. 

Frequencies of '5N-substituted trans-N 2 H2 modifications were aLso reported [1, 12]. Fre­
quencies caLcuLated in a normaL coordinate anaLysis are given in [1, 12 to 15]. Quantum­
chemicaL ab initio caLcuLations (MP2 [16 to 18], MCSCF [19], CI [20, 21], SCF [22]) yieLded 
fundamentaL vibration frequencies in the harmonic approximation. 

For fundamentaL vibration frequencies in eLectronicaLLy excited states, see p. 55. 
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Force Constants 

A general harmonic force field for trans- or cis-N2H2 contains ten independent potential 
constants. In terms of internal coordinates, there are two stretching constants, fR and fro 
with R = r(NN) and r = r(NH), two angle deformation constants, f .. and fl' with ex = in-plane 
deformation and y=out-of-plane torsion, and six interaction constants, f Rro frr·, fR .. , f r .. , fr ... 
(the latter two refer to interactions between the HNN angle and an adjacent and nonadjacent 
NH bond, respectively), and f ..... The values for an empirical force field [1] and a scaled 
quantum-mechanical force field [19] are compared in the table below. The empirical force 
field [1] reproduces the experimental frequencies of trans-N2H2, -N2HD, -N2D2 [1] with 
an average deviation of 6.6 cm- 1 . The scaled quantum-mechanical force field, obtained 
by scaling the calculated ab initio force constants (MCSCF method) to the observed frequen­
cies, reproduces the experimental frequencies [1] with an average deviation of 10.0 cm- 1 

(scaled to trans-N2H2 frequencies) and 8.2 cm- 1 (scaled to trans-N2D2 frequencies) [19]. 
The force fields for cis-N2H2 were obtained by transferring force constants from trans-dia­
zene and trans- and cis-methyldiazene [1] and by ab initio calculations [19]. Units are 
mdyn/A for stretching, mdyn· A for bending, and mdyn for stretch-bend interactions. 

molecule fR fr f .. fl fR .. f Rr 

trans-N2H2 10.59(14) 5.418(21) 1.144(10) 0.446(6) 0.675(39) 0.0 
10.36(17) 5.424(65) 1.177(14) 0.4699(76) 0.657 0.330 

trans-N2D2 10.52(20) 5.585(78) 1.193(16) 0.4740(83) 0.666 0.338 
cis-N2H2 10.75 4.89 1.10 0.394 0.669 0.0 

10.42 5.366 1.296 0.389 0.712 0.222 

molecule frr· fr .. fr .. · f .... Ref. 

trans-N2H2 -0.027(26) 0.0 0.0 0.115(11) [1] 
-0.054 0.094 0.095 0.136 [19] 

trans-N2D2 -0.056 0.096 0.097 0.138 [19] 
cis-N2H2 -0.027 0.0 0.0 0.115 [1] 

0.115 0.023 -0.117 0.026 [19] 

Previous empirical force constants for trans-N 2H2 based on a valence force field model 
[12, 14, 23, 24] and a Urey-Bradley model [13] used partly different frequencies. Based 
on frequencies originally assigned to cis-N2H2' a force field for cis-N2H2 was derived [15]. 
Ab initio calculations of the force field were also made for trans-N2H2 [21, 22, 25] and 
for cis-N2H2 [22, 25]. 

Mean Amplitudes of Vibration 

The following values for trans-N 2H2 were calculated: u(N=N) = 0.0397, u(N-H) = 0.0788, 
u(NNH)=0.0991, u(N"'H) =0.1035, and u(H"·H)=0.1326A [24]. 

Coriolis Coupling Constants 

For trans-N2H2, 1~~61 = 0.4602 and 1~~61 = 0.9095 were obtained from an analysis of the 
overlapping v4 (1288 cm -1) and V6 (1317 cm -1) gas-phase bands. These values are in 
reasonable agreement with the calculated values 1~~61 = 0.3413 and 1~~61 = 0.9399, for which 
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the force field of [1] was used. AdditionaLLy, two second-order terms, which aLLow V4 to 
interact with va mainly through V5' were estimated, 111~~1 = 0.0014 and 111:~1 = 0.029 [8]. Calcu­
lated values are: ~12=0.3421, ~13=0.3656, ~23= -0.8656, ~5a=0.9727 [24]. 
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2.2.5.2.7 Bond Dissociation Energies. 1t-Bond Strength 

Experimental bond dissociation energies were derived from the enthalpy of formation 
of N2H2 together with auxiliary data. 

Do(HN=NH). Based on .1f Hg(N2H2);::: 195.0 and 219.2 kJ/mol from mass-spectrometric 
experiments (see p. 56), Og:;;;518.0±4.6 [1] and 536±38 kJ/mol [2] were obtained. Another 
experimental value is 510 kJ/mol [3]. Ab initio MO calculations at the G2 level yielded 
00=513.8 kJ/mol [4]. A semiempirical delta-function model of chemical binding predicted 
0=477 kJ/mol [5]. 

Do(HN2 -H). Two quite different experimental values were reported; the more reliable 
one seems to be 00=250.2±8.4 kJ/mol [2], the second one is 0 0=339 kJ/mol [3]. With 
the G2 procedure 00=268.2 kJ/mol was computed [4]. Another extensive calculation 
(CASSCF+CI) yielded 00=234 kJ/mol [6]. 0 0=293 kJ/mol was calculated with the GVB/CI 
method [7]. HF calculations gave 222.6 [8] and 209.2 kJ/mol [9] (apparently without a vibra­
tional correction). 
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En' The 1t-bond energy is equated with the N2H2 trans-cis rotation barrier. Values for 
this barrier, calculated at various levels of theory, are in the range 230 to 351 kJ/mol (see 
p. 58). Publications comparing the 7t-bond strengths for HN=NH, HP=NH, and HP=PH 
reported 251 kJ/mol as a result of second-order CI calculations [10, 11]. Estimates based 
on the heats of formation of N2H2 and N2H4 and on bond energies of both molecules gave 
268±46 and 230±25 kJ/mol, respectiveLy [10]. In anaLogy to C2H4 and CH2NH, a vaLue 
of 196±42 kJ/moL was estimated [12]. 
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2.2.5.2.8 Infrared and Raman Spectra 

For fundamentaL vibrational frequencies, see p. 50. 

Gas Phase. The first expLoratory paper on the gas-phase IR spectrum was published 
in 1964 [1]. A moderateLy high-resolution IR spectrum was Later recorded between 3000 
and 3250 cm- 1 (region of v 5) [2]. Another measurement of V5 on N2H2 and N2D2 at a 
higher resoLution with compLete rotationaL anaLysis showed that the molecule exists in the 
trans configuration with a totally symmetric ground state [3]. More recently, a high-resoLution 
IR study identified the fundamentaLs v4 and va [4]. In aLL these studies, N2H2 was generated 
by microwave discharge through hydrazine. 

Condensed Phases. The interpretation of solid-phase and matrix spectra at Low tempera­
tures has been controversiaL for a Long time. It is additionally complicated by the presence 
of ammonia which is simuLtaneousLy formed together with N2H2 during the discharge decom­
position of HN3 or N~H4. The spectra are obscured by bands due to NH3 and hydrogen­
bonded complexes of N2H2 with N2H2 and NH3 [5, 6]. 

The presence of N2H2 was thought to be responsibLe for bands observed in earLy IR 
studies where condensed decomposition products of HN3 were investigated [7 to 10]. The 
first interpretations of IR spectra of decomposition products of HN3 and N2H4 favored the 
existence of cis-N2H2 [1, 11] or assigned some bands to cis-N2H2 [12]. Later, the IR and 
Raman spectra of condensates from the discharge decomposition of N2H4 [6, 13, 14] and 
HN3 [6] and from the thermolysis of metaL tosyLhydrazides [5, 13, 15, 16] were mostly inter­
preted in terms of a trans configuration. Based on aLL experimentaL facts and supported 
by a potentiaL-function caLculation, all six fundamentaLs of trans-N 2 H2 , -N2D2' and -N2HD 
were successfully assigned [17] (see p. 50). The spectraL identification of cis-N2H2 in several 
IR spectra [1, 11, 12, 16] is questionabLe. Fundamental vibrationaL frequencies caLculated 
with a potentiaL function [17] and a comparison with an IR study of cis-methyLdiazene [18] 
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suggest a misinterpretation. However, a more recent ab initio force fieLd caLcuLation suggests 
certain assignments in [12] and in [16] to be in favor of cis-N 2 H2 [19]. 
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2.2.5.2.9 UV Absorption Spectra 

Two regions in the UV absorption spectrum, one in the near-ultraviolet at 300 to 430 nm 
and the other in the vacuum ultraviolet at 130 to 180 nm, were observed in N2H2 in the 
gas phase. The near-uLtraviolet spectrum of N2H2 in ammonia was also studied. 

The near-ultraviolet spectrum, earlier characterized having a weak and broad continuum 
centered at 350 nm [1], shows a weLL-resolved vibrational structure under better experimen­
tal conditions [2] (see Fig. 1). The spectra of both N2H2 and N2 D2, prepared by passing 
hydrazine through a microwave discharge, consist of about 30 diffuse bands. Analysis 
showed long progressions in v~, the symmetric NNH bending vibration of the upper state, 
and shorter progressions in the NN stretching vibration v3. The absorption is attributed 
to the symmetry-forbidden 7t* <-- n +, A ' Bg <-- X' Ag transition of trans-diazene, made vibroni­
cally allowed by the anti symmetric NH stretching vibration v~. Weaker progressions are 
also induced by the torsional vibration v~ and the antisymmetric NNH bending vibration 
v~ [3, 4]. This interpretation is in satisfactory agreement with an ab initio CI study on the 
vibrational structure of the' Bg(7t*,n +) transition; a renumbering of the v~ progression was 
also given [5]. An alternative interpretation of the long progression (v~) on the basis of 
ab initio calculations [6] was later refuted [4]. In another ab initio CI study, all six vibrational 
frequencies in this state were calculated [7]. 

The absorption in Liquid ammonia at 223 K is shifted about 50 nm to longer wavelengths 
(J"max~400 nm) compared with the gas-phase absorption. The spectrum is considerably 
broadened, and the vibrational structure is aLmost completely lost. Hydrogen bonding is 
thought to be responsible for these changes [8]. 
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300 320 3~0 350 380 400 420 
Wavelength In nm 

Fig. 1 Near-ultraviolet spectrum of gaseous N2H2 (from [2]). 

The vacuum UV spectrum of diazene prepared by thermoLysis of sodium tosyLhydrazide 
between 130 and 180 nm shows at Least two band systems, one at 173 to 152 nm (8 +- X), 
the other beLow 147 nm (C +- X) (Fig. 2) [9]. The region around 170 nm in the spectrum 
of N2H2 and N2D2 generated by microwave discharge through hydrazine had been investigat­
ed earlier [1] . Both band systems with origins at 172.7 and 147.3 nm were assigned to 
the Rydberg transitions 3P.(bu) +- n + and 4p.(bu) +- n + in trans-N 2 H2 , respectiveLy. Long 
progressions in v~ and short progressions in v; were anaLyzed in both systems, and a 
rotationaL anaLysis was performed for the 8 +- X system [9]. Ab initio CI caLcuLations for 
the 8' Bu Rydberg state gave vibrationaL frequencies and geometry data [10]. 

Ab initio CI caLcuLations [6], the appearance of unassignabLe, diffuse bands between 
the 8 +- X and C +- X systems (cf. Fig. 2), and many unresoLved bands beLow 136 nm suggest 

1 

3 

140 11,5 

--'1-----'1----'.-----'10 V3' 2 
1 

150 155 150 165 
WaveLength In nm 

170 175 180 

Fig. 2 Vacuum-ultravioLet spectrum of gaseous N2H2. VibrationaL assignments show pro­
gressions in v~ and v;. Long progressions beLong to v~ (from [9]). 
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that some transitions may be hidden under the stronger B +- ~ and C +- ~ systems. A tentative 
assignment was performed in [9]. 

The following table summarizes the experimental data on the vertical excitation energies 
and on the geometry and frequencies of the symmetric vibrations in the ground and known 
excited A, e, and C states of trans-N2 H2 : 

state excitation transition frequencies in cm-' bond length in A Ref. 
energy in eV v, v2 V3 r(NN} r(NH} LNNH 

~'Ag 0.0 3128 1583 1529 1.252 1.028 106.9° [11, 12] 
A 'Bg 7t* +- n+ 3.6 (345 nm) 1184 1579 1.340a) 1.010a) 123oa ) [4,5] 
e 'Bu 3Pn+- n+ 7.6 (163 nm) 3092 1180 1875 1.167 1.028b ) 127.6° [9] 
C 'Bu 4Pn+- n+ 8.8 (140 nm) 1180 1849 [9] 

a) Calculated data [5]; empirical values originally given for r(NN} and L NNH in [3] were 
not quoted in later studies [4, 9]. - b) A planar trans structure with the same NH bond 
length as in the ground state was assumed. 

The lowest predicted, but not observed transition 3Bg(7t* +- n +} was calculated several 
times by using ab initio SCF [13, 14] and CI methods [6, 15]. Ab initio CI calculations were 
carried out for a large number of other excited states [6]. Calculations of the lowest excited 
states at lower levels of theory are reported in [13 to 19]. 
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2.2.5.2.10 Intramolecular Relaxation 

Theoretical studies were performed to describe the transfer of energy between various 
modes of vibration in N2H2 [1 to 4]. The interaction of the torsion with NNH bending and 
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NH stretching modes was investigated, and the consequences for the trans-cis isomerization 
were demonstrated [3,4). 
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2.2.5.2.11 Quantum-Chemical Calculations 

The N2H2 molecule has been the subject of many quantum-chemical studies. Most of 
them are referenced in this chapter which also gives the results of all important calculations. 
For a more complete list of quantum-chemical studies (method, basis set, parameters calcu­
lated), consult the bibliography of ab initio calculations given on pp. 16/7. 

2.2.5.3 Enthalpy of Formation. Thermodynamic Functions 

The enthalpy of formation was experimentally determined from the appearance potentials 
(AP) of the fragments of N2H2 or N2H4. The values show considerable variation, mainly 
because of the difficulty of accurately measuring these appearance potentials. 

In the most recent study, the appearance potential measured for Hi via 
N2H2+e--+Hi+N2+2 e- together with the known ionization energy of H2 gave ~fH~98 
values of >176.1±2.9 and, more probable, ~188.3±3.3kJ/mol (~fHg>183.3±2.9 or 
~195.0±3.3). The two ~fHo values result from two different AP(Hi) values obtained by 
analyzing the photoion yield curve of Hi [1]. 

By combining the mass-spectrometrically measured ionization energy of N2H2 with the 
appearance potential of N2Hi in the reaction N2H4 + e - -+ N2Hi + H2 + 2 e - and the known 
heat of formation of N2H4, ~fH~98 = 212.1 ± 8.4 and ~fHg = 219.2 ± 8.4 kJ/mol were obtained 
[2). An older, less accurate AP(N2Hi) value of the same authors yielded ~fH~98 =204± 21 kJ/ 
mol [3]. The data adopted by the JANAF tables, ~fH~98(N2H2)=212.97±10.9 and 
~fH~98(N2D2)=207.1 ±2.1 kJ/mol, are based on the latter AP value [4). 

Based on the appearance potential of Ni via N2H2 + e - -+ Ni + H2 + 2 e - and the ioniza­
tion energy of N2, the values ~fH~98 = 151 ± 9 [5] and 134 kJ/mol [6] were derived. 

The following table lists the results of quantum-chemical ab initio calculations on 
trans-N 2 H2 at high levels of theory: 

method (basis set) ~fHg ~fH~98 Ref. 
in kJ/mol 

G2 theory (6-311 + G(3df, 2p)) 207.5 200.4 [7) 
CASSCF/CI ([4s3p2d1f/3s2p1d) ANO basis) 206.3 212.5 [8]") 

CASSCF/CI + Davidson correction (triple zeta 
+ polarization functions) 247.3 240.2 [9] 

CISD + Davidson correction (6-31 G") 219.8 214.9 [10] 
GVB CI (double zeta + polarization functions) 245.2 238.1 [11] 
EPA (extended + polarization functions) 223.8 216.7 [12] 
MCSCF (extended + polarization functions) 302.9 295.8 [13] 

,) There is an inconsistency, since ~fHg<~fH~98. 
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Results of computations on a smaller scale (e.g. SCF level, small basis sets) are given 
in [14 to 20]. 

The heat capacity C~, thermodynamic functions So, - (Go - H398)/T (all in J. K- 1 . mol- 1 ), 

and HO - H398 (in kJ/mol), and the equilibrium constant Kf of cis-N2H2 in the ideal gas 
state at a standard pressure of 0.1 MPa for temperatures up to 6000 K are compiled in 
the JANAF tables [4] based on 1965 calculations and uncertain frequency and geometry 
data. Selected values are as follows: 

Tin K Co 
p 

So - (Go - H398)/T HO- H398 log Kf 

298.15 36.554 218.603 218.603 0 
500 45.508 239.565 223.040 8.263 
800 56.683 263.541 233.919 23.698 

1000 62.049 276.792 241.198 35.594 
1500 70.655 303.767 257.765 69.004 

The JANAF tables [4] also give values for cis-N2D2, but not for trans-N 2 H2 . 
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2.2.5.4 Chemical Behavior 

2.2.5.4.1 Isomerization 

Trans-Cis Isomerization 

Only trans-diazene has been unambiguously identified; it also seems to be the predomi­
nant isomer in the gas phase. However, there is evidence that cis-diazene is the reactive 
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species in many reactions. The isomerization process, involving a change of configuration 
at the N=N bond, therefore is of great interest and was the subject of numerous ab initio 
studies at various levels of theory and of a few semiempirical investigations [1 to 20]. 
In the literature cited cis-N2H2 is always placed higher in energy than trans-N 2H2. The 
most relevant results for the energy difference tend to be between 21 and 30 kJ/mol; compare 
the literature above cited and [21 to 29]. However, two older semiempirical calculations 
[30, 31] predicted in contrast cis-N2H2 to be the more stable isomer (by about 19 to 33 kJI 
moL). Four main isomerization pathways are discussed: (1) inversion at one end through 
an in-plane asymmetric bending motion, (2) rotation around the N=N bond, (3) dissociation 
and recombination of one N-H bond, and (4) a radical chain mechanism. For these four 
pathways nearly all calculations show a considerably high barrier for the isomerization 
reaction and even the best estimates are not in agreement with experimental results, specifi­
cally the temperature dependence of N2H2 decomposition (activation energy of 17.6 kJ/mol; 
see below) or isomerization reactions which readily proceed at room temperature. Calcula­
tions show that the inversion (1) is usually favored over rotation (2), as the reaction barriers 
were found to be between 193 to 213 kJ/mol for inversion [3, 5, 6, 8 to 11, 14, 17, 18, 
32] and between 230 to 351 kJ/mol for rotation [4, 8, 10, 11, 13, 14, 18]. Orbital symmetry 
reflections in agreement with ab initio MO calculations predict that isomerization via (2) 
is forbidden for N2H2 in the ground and excited 3(n* ,n) states and only allowed in the 
excited states 1 (n* ,n) and 3(n*,n) [14]. The activation energy for the dissociation­
recombination mechanism (3) was calculated to be 276 to 318 kJ/mol [6]. Assuming the 
barrier of the NH bond rupture to be approximately equal to ~H for this process, the activation 
energy for pathway (3) was found to be 299 kJ/mol [4]. The radical chain mechanism (4) 
via hydrazyl radical formation, on the other hand, was found to be consistent [4] with the 
experimental activation energy of 17.6 kJ/mol for the trans-N 2H2 decomposition observed 
by [33]. However, this mechanism is questioned [34] because it is incompatible with the 
observed kinetics for the thermal and photochemical reactions [33, 35]. Besides the four 
main isomerization pathways discussed above isomerization by a surface reaction, by quan­
tum mechanical tunneling, or by a concerted hydrogen exchange, for example with NH3 
(the four-centered hydrogen structure was detected in low-temperature matrices [36]), was 
proposed, but these mechanisms are not in satisfactory agreement with the kinetics observed 
or the deuterium effect expected [33]. 

A theoretical investigation found that the solvent effect, mainly related to the hybridization 
state of the nitrogens and to the relative orientation of their lone pairs, lowers the barrier 
of pathways (1) and (2) and stabilizes cis-N2H2 with respect to trans-N 2H2 [2]. 

A study of the classical dynamics for the isomerization of vibrationally excited trans-N 2H2 
showed that the Coriolis coupling of the NH stretches and NNH bends to torsion is responsible 
for the energy transfer to and from the torsion and that isomerization via a planar bending 
mechanism does not take place [37] (see also [38]). 

From studies of the thermal decomposition of N2H2 in the gas phase (see p. 60), the 
Arrhenius expressions k(N2H2)=1.8 exp(-17.6 kJ·mol- 1 /RT) S-1 and k(N2D2)=exp(-
18.4 kJ·mol- 1 /RT) S-1 for the homogeneous isomerization were deduced (T=320 to 430 
K) assuming that the rate-determining step is the isomerization of trans-N 2H2 [33]. In [39] 
k(N2H2) = 1 x 10-2 S - 1 at 373 K was estimated. 

trans-Diazene ¢1, 1-Diazene Isomerization 

An example for a structural isomerism is the trans-diazene¢ 1, 1-diazene isomerization 
reaction. The most relevant ab initio calculations show that trans-N 2H2 is more stable than 
1,1-diazene by 85 to 145 kJ/mol [5, 21 to 24, 26, 40 to 42]. Two possible pathways for 
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the rearrangement, a unimolecular 1,2-hydrogen shift assumed to proceed via a planar 
transition state and a dissociation-recombination reaction, were extensively studied. SCF 
calculations including electron correlation yielded energy barriers of 300 to 367 kJ/mol for 
the hydrogen-shift pathway [3, 5, 6, 26, 41]. The Hartree-Fock model is unable to give 
even a qualitatively correct description of the unimolecular hydrogen shift. The out-of-plane 
transition state, which is obtained at the Hartree-Fock level [3, 41], becomes planar as 
electron correlation is considered in the structure optimization [22]. Several authors found 
the dissociation-recombination pathway to have a significantly lower energy barrier [4, 
6, 22, 43]. But it has to be kept in mind that the recombination is unlikely to proceed, 
as the diazenyl radical was found to be unstable [22]. Since the activation energy for a 
bimolecular hydrogen exchange reaction was found to be quite low (17.9 kJ/mol, SCF), 
the isomerization is expected to proceed via a bimolecular hydrogen rather than a unimolec­
ular 1,2-hydrogen shift or a dissociation-recombination mechanism [44]. 

The energy barrier for the isomerization in the triplet states (triplet trans-N 2 H2 lies 
175 kJ/mol above singlet trans-N 2 H2 ) was calculated to be 148.1 kJ/mol. The height of the 
energy barriers for both the singlet and triplet states suggests that the isomerization is 
unlikely to proceed at room temperature [41]. 
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2.2.5.4.2 Decomposition 

In the Gas Phase 

N2H2, prepared by microwave discharge through N2H4 vapor and collected at 77 K, 
is always accompanied by a manifold excess of NH 3 ; it shows no sign of decomposition 
below 208 K. The major decomposition products are H2, N2, and N2H4. N2D2 dissociates 
almost completely into N2 and N2D4. No azide formation was detected, neither for N2H2 
nor for N2D2. The thermal decomposition, studied as a function of sample size, pressure, 
and temperature, shows essentially a first-order kinetics between 320 and 433 K (between 
320 and 575 K, see [1]) if the effects of self-heating and surface catalysis are taken into 
account. The Arrhenius expressions k,(N2H2)=1.8 exp(-17.6kJ·mol-'/RT) s-' and 
k, (N2D2) = 1.0 exp( -18.4 kJ· mol-' /RT) s -, were derived. The first step in the decomposition 
process is probably the rapid trans-cis isomerization which is followed by reactions of 
the more reactive cis-N2H2 isomer 

cis-N 2H2 + trans-N 2H2 --+ N2 + N2H4 (1) 

cis-N2H2 + trans-N 2H2 --+ N2 + H2 + trans-N 2H2 (2) 

[2]. The results of the preceding kinetic investigations [3 to 5] showed that reactions (1), 

cis-N2H2 --+ N2 + H2 (3), 

and a competitive reaction between reactions (1) and (3) are insufficient to describe the 
diazene decomposition, following the more comprehensive investigations of [2]. Possible 
pathways for the decomposition into N2H4 and N2 were investigated by ab initio SCF calcula­
tions; a mechanism where reactions (1) and (2) are preceded by trans-cis isomerization 
is supported by calculation, but the estimated overall activation energy is much higher 
than the observed one [6]. Decomposition only into N2 and H2 was observed at low pressures 
(0.1 Torr) [7] and is believed to arise from the concerted decomposition of cis-N2H2. How­
ever, this unimolecular reaction is symmetry-forbidden for cis-N2H2 and symmetry-allowed 
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for the trans isomer. Ab initio CAS SCF and CI studies [8] on the question whether diazene 
dissociates stepwise or by a simultaneous fission showed that the stepwise dissociation 
is preferred, even though the concerted dissociation is very close in energy. 

Gaseous N2H2, prepared by pyrolysis of alkali metal tosylhydrazides foLLowed by rapid 
trapping at 77 K, is almost free of NH3; compared to the N2H2 used above, it shows a 
different decomposition behavior. Thermolysis via disproportionation to N2 and N2H4 is 
the predominant reaction path at 393 K, but also simple decomposition into N2 and H2, 
dimerization via tetrazene to NHtN3", and cleavage to N2 and NH3 take place [9]. 

An empirical relation, which relates the activation parameters for the homolysis of various 
trans-azo compounds with thermodynamic quantities, aLLows one to estimate the activation 
energy for the stepwise homolysis of trans-N 2 H2 : Activation energies between 223 to 240 kJI 
mol were given [10]. Based on GVB CI calculations, a significantly higher value for the 
NH bond energy in trans-N 2 H2 , 299 kJ/mol, was estimated [11]. 

Photolytic decomposition of trans-N 2 H2 , produced by the hydrazine discharge method, 
into N2 and H2 was examined at room temperature at wavelengths between 310 and 405 nm. 
A radical chain mechanism was proposed: 

The primary photodissociation probably occurs from high vibrational levels of the electronic 
ground state reached by rapid intersystem crossing directly from the originaLLy excited 
1 Bg state. No evidence was found for coLLisional deexcitation, and the dissociation via reac­
tion (4) occurred with a quantum yield close to unity. Some molecular dissociation into 
N2 and H2 can not be excluded, because this process is symmetry-aLLowed for cis-N 2 H2 

[1, 12]. The successive fission of the NH bonds is predicted from ab initio SCF CI studies 
to be the preferred pathway in the photolysis of cis-N2H2 [13, 14]. The photolytic decomposi­
tion into N2 and H2 was already observed earlier in a few qualitative experiments at very 
low pressures « 0.1 Torr) [9]. 

In Solution 

The rapid decomposition of N2H2, generated in situ in solution (e.g. in ether) into N2 
and N2H4 in the absence of a reactive substrate, can be interpreted as self-reduction via 
a cyclic intermediate complex. Only under extremely basic conditions nearly complete 
decomposition into N2 and H2 is observed, probably via N2H2+OH- -+H20+N2H-, 
N2H- -+ N2 + H-, and H- + HB-+ H2 + B- [15, 16]. The acid-catalyzed decomposition in ethe­
real solution at low temperatures leads to dimerization via tetrazene to NH4N3 [17]. 

The decomposition of N2H2 in Liquid NH3 at temperatures from 208 to 235 K was observed 
spectrophotometricaLLy. N2H2 was found to be much more stable in NH3 than in the gas 
phase at room temperature. A rapid initial disappearance with a reaction order greater 
than one was observed, foLLowed by a first-order decay with k= 1.9 x 103 
exp(-27.6 kJ·mol- 1 /RT) S-1 [18]: 

In the Solid State 

N2H2 (NH3-free) decomposes quite rapidly at temperatures as low as 113 K into N2 
and N2H4 with smaLL yields of NH4N3 and H2 [9]; see also [19]. 
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2.2.5.4.3 Hydrogenation Reactions 

Unsaturated organic compounds can be hydrogenated with N2H2 in the gas and the 
liquid phase. Due to the highly functional selectivity and stereoselectivity, hydrogenation 
with N2H2 in the Liquid phase is a useful alternative to catalytic hydrogenation. N2H2 reduces 
nonpolar carbon-carbon and nitrogen-nitrogen bonds. Polar functional groups such as N02, 
C=N, C=N, S=O, and C=O are usually inert towards N2H2 under conditions in which the 
nonpolar multiple bonds are reduced. The hydrogenation is carried out with in situ prepared 
N2H2 in a variety of solvents or solvent mixtures in the temperature range from 258 to 
423 K. The yields increase occasionaLLy above 90%; they decrease with increasing substitu­
tion at the multiple bond. Trans double bonds are more rapidly attacked than cis double 
bonds. cis-N2H2 appears to be the most favorable structure for the concerted transfer of 
two hydrogen atoms to an unsaturated compound. Aside of simple and stericaLLy hindered 
alkenes and alkines, alkyl- or aryl aLLenes, and conjugated dienes, cyclic compounds (e.g. 
norbornadienes or endoperoxides), azobenzenes, and phenanthrenes are reduced by N2H2. 
A recently published review [1] surveys the literature up to mid-1988 and tabulates the 
reduction processes with diazene; in addition to the procedure and the reaction conditions, 
the yields are also given. For older, less informative reviews on the hydrogenation with 
N2H2 in solution, see [2 to 5]. 

In the gas phase the reaction of N2H2 (produced by the hydrazine discharge method) 
with a great number of unsaturates, e.g. ethylene, propene, 2-butene, 1,3-cyclohexadiene, 
azomethane, and acetylene, was examined, and relative reaction rates were determined. 
At room temperature only little reaction was observed, but at 372 K hydrogenation prevailed 
with a reasonable efficiency over self-reduction [6, 7]. An earlier proposal for the mechanism 
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[6J, i.e. a simple bimoLecuLar reaction with cis-N2H2 via a six-membered cyclic transition 
state, was Later revised by the same group [7]. Inconsistencies between the kinetic data 
suggested a competition between the reaction of N2H2 with the unsaturated compound and 
the normaL decay process according to 

trans-N 2H2 -+ cis-N2H2 

aLkene + cis-N2H2 -+ N2 + alkane 

Isomerization is the rate-determining process. In addition to direct hydrogenation, adduct 
formation, probabLy a 7t compLex between cis-N2H2 and the unsaturate, was suggested. 
The compLex then either undergoes a rearrangement to yieLd the hydrogenation products 
or it can hydrogenate trans-N 2H2 or another unsaturated compound [7]. The reaction of 
N2H2 (prepared by thermoLysis of aLkali metaL tosyLhydrazides) with CCl4 is mentioned in 
[8]; only 3% of N2H2 reacted with CCL4 . 

The reaction of cis-N2H2 with unsaturates, mainLy ethyLene, via a six-membered cyclic 
activated compLex was treated theoretically assuming that the dihydrogen transfer proceeds 
in a concerted way [9 to 151. Two recent semiempiricaL SCF MO studies (AM1 and MINDO) 
took a Look at the hydrogenation not only via the concerted, but aLso examined a stepwise 
mechanism. Whereas the AM1 method favors the concerted hydrogen transfer, the MINDO 
method favors the stepwise pathway [16, 17]. 
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2.2.5.4.4 MisceLLaneous Reactions 

ELectrons. The mass spectrum of gaseous N2H2 (at 70 eV) shows, aside of the peaks 
for the molecuLar ions N2H; and N2H~+, mainly peaks for ions with an intact nitrogen 
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chain, such as N2H + and N1. Ions formed by rupture of the N=N bond, i.e. NH1, NH +, 
and N+, notabLy have Low intensity « 10%) [1 to 3]. The spectrum at 20 eV shows onLy 
peaks for N2H1 and N2H+ [3, 4]. The mass spectra of the mono- and dideutero diazene 
show the same characteristic features as the spectrum of N2H2 [2]. Appearance potentiaLs 
AP (given in eV) were determined to be AP(N2H1)=9.7±0.1, AP(N2H+)=10.98±0.05, and 
AP(N;J=14.00±0.05 [5]. Deuteration seems to have not much influence on the vaLue of 
the appearance potentiaLs; compare AP(N2HD+) = 9.84± 0.3 and AP(N2D1) = 9.42 ± 0.3 [2]. 

F. Using an arrested-reLaxation infrared-chemiLuminescence technique, the reaction with 
N2H2 generated by thermoLysis of Na tosyLhydrazide was studied between 353 and 397 
K. The reaction is very fast and yieLds vibrationaLLy excited HF via F + N2H2 ---> HF(v ~ 5) + N2H 
(~Hg = - 305 kJ/moL). The initiaL vibrationaL energy distribution of HF is inverted, peaking 
at HF(v = 2). It was assumed that the reaction occurs without the formation of a Long-Lived 
intermediate species and that perhaps the excess energy (the maximum vibrationaL excita­
tion possibLe is v=7) partly remains in the N2H fragment which then may dissociate [6]. 

H2 , Ab initio SCF caLcuLations (using various basis sets) of the hydrogenation energy 
for the reaction N2H2 + 2 H2 ---> 2 NH3 gave vaLues between - 340.6 and - 379.5 kJ/moL (the 
ex·perimentaL vaLue at 0 K, corrected for zero-point vibrations, from thermodynamic and 
spectroscopic data is -349.4 kJ/moL) [7, 8]. 

·N2 • Ab initio SCF caLcuLations at various LeveLs were performed on the symmetric dihydro­
gen transfer reaction cis-N2H2 + N2; a peri cyclic transition structure with synchronous 
motion of the transferring hydrogen atoms was derived [9]. 

02. N2H2 (from metaL tosyLhydrazides) causes a sLow reduction of O2 to H20 2 at 77 
K [3]. 

HF. A semiempiricaL caLcuLation on- the structure of the hydrogen-bonded N2H2· HF com­
pLex shows that the nitrogen-bonded compLex is more stabLe than the fluorine-bonded 
compLex [10]. 

N2 H2 • The acid-cataLyzed decomposition Leads bydimerization via tetrazene to ammoni­
um azide [11]. SpectrophotometricaLLy, the absoLute rate constant for the reaction of N2H2 
with itseLf in aqueous soLution (at pH~6) was determined to be 2.0x 104 L·moL- 1 ·s- 1 at 
298 K [12]. The reactions of cis-N 2H2 with trans-N 2H2 and with cis-N2H2 were investigated 
by ab initio methods at various LeveLs [13, 14]. In aLL cases hydrogen-bonded compLexes 
were found. CaLcuLations of the reaction barriers reveaLed that it is necessary to incLude 
eLectron correLation which was·notdone earlier [14]. The formation of tetrazetidine by the 
reaction of two trans-N 2H2 moLecuLes was investigated by ab initio caLcuLations (see p. 171) 
[15]. 

N2 H4 • Ab initio caLcuLations at various LeveLs showed the reaction trans-N 2H2 with N2H4 
to proceed probabLy via a pericycLic transition structure, aLthough the exact transition struc­
ture couLd not be Located [9]. 

Complexes. The structures and some properties of compLexes, such as HN=NH· BeF2 
[16], N2H2·H30+ [17], N2H2·U+[18], Ni(PH3h·trans-N2H2 [19], and of Ni(HNCh·trans-N2H2 
[20], were investigated by ab initio an9 semiempiricaL caLcuLations. 
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2.2.6 The Diazene Cation, N2H: 

Systematic name: Diazenylium(1 + ) 

CAS Registry Numbers: N2H; {76986-17-9J, trans-N 2 H; {59952-06-6J, cis-N 2 H; 
{86631-37-0J, trans-N 2 D; [59952-07-7J 

N2H; (together with other products) is formed in collisions of N2H4 with 0+, Ar+, and 
Kr+ ions at center-of-mass collision energies between 1 and 30 eV according to the scheme 
0+ (Ar+, Kr+) + N2H4 -+ O(Ar, Kr) + N2H; + H2. The reactions of 0+ with N2H4 and its deriva­
tives are important chemical processes in the plasma environment surrounding spacecraft 
in low earth orbit [1]. The formation of HNNH+ as an intermediate in the reaction N; + H2-+ 
N2H + + H was discussed [2]. 

The appearance potential for N2H; from N2H4 is 10.75±0.08 eV (N2H4 +e- -+N2H; + 
H2+2 e-) [3] replacing an older value of 10.98±0.2 eV [4]. Other authors [5 to 7] obtained 
(partly not reproducible) values in the range 9.7 to 11.9 eV. A second app.earance potential 
of 16.6 ± 0.1 eV (N2H4 + e - -+ N2H; + 2- H + 2 e -) was also reported [7]. 

The enthalpy of formation of N2H; was obtained by combining the enthalpy of formation 
of N2H2 (determined with the appearance potential given above; see p. 56) with the ionization 
energy of N2H2 yielding for trans-N2H; AfH~98 = 1137 kJ/mol. For cis-N2H; 
AfH~98 = 1150 kJ/mol was derived [9] from an ionization energy, which was apparently esti­
mated, and by considering a 20 kJ/mol higher energy for cis-N2H2 based on calculations 
by [8]. 

From the photoelectron spectrum (PES) of gaseous trans-N2H2 and trans-N2D2 [10, 11], 
the following term energies To and vibrational frequencies v for various electronic states 
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(all of C2h symmetry) of the ion are known [12]: 

j(2Ag A 2Au EPBu C2Ag 

trans-N 2 H2 

To in cm- 1 0 36390(160) 41310(160) 53250(160) 
v in cm- 1 -1850 1180(30) 1110(30) 1170(30) 940(30) 
appro type of mode NN stretch NNH bend NN stretch NNH bend NNH bend 
trans-N 2 D2 

To in cm- 1 0 36310(160) 40990(160) 
v in cm- 1 1020(30) 1110(30) 960(30) 
appro type of mode NND bend NN stretch NND bend 

The geometry of the ground-state ion was deduced from the vibrational structure of 
the corresponding band in the PES. Compared to the neutral species, the angle is widened 
by about 200 and the NN bond is slightly shortened; cf. p. 47. The following table compares 
these data with the results of ab initio calculations: 

molecule r(N-N) in A r(N-H(D)) in A LH(D)NN method Ref. 

trans-N 2 H; 1.222 1.045 1270 PES [10] 
trans-N 2 D; 1.232 1.051 1270 PES [10] 
trans-N 2 H; 1.186 1.045 123.50 MP2/6-31G* [13] 
trans-N 2 H; 1.19 1.02 1280 C1/4-31G [14] 
cis-N 2 H; 1.173 1.047 132.50 MP2/6-31G* [13] 
cis-N 2 H; 1.17 1.02 1380 C1/4-31G [14] 

trans-N 2 H; was calculated to be more stable than cis-N 2 H; by 27:5 (MP2/6-31G*) [13] 
and 28.9 kJ/mol (CI/4-31G), respectively [14]. Ab initio calculations on cis-N 2 H; as a function 
of the angle HNN were reported in [15]. 
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Systematic name: Diazenylium(2 +) 

CAS Registry Number: [63559-79-5] 
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The N2H~ + ion is linear with the valence electron configuration ... (20"g)2 (20"u)2 (30"g)2 
(11t)4 [1]. The NN bond length is noticeably shortened compared to that in N2H2 as was 
concurringly shown by ab initio HF and semiempirical calculations [1 to 4]. An HF/6-31G 
calculation gave an equilibrium structure with r(NN) = 1.067 and r(NH) = 1.080 A [2]. The 
barrier to form HNNH2 + from N2H + and H + was calculated to be higher than the barrier 
to remove a proton to form N2H+ (371 and 125 kJ/mol; HF/4-31G) [1]. 
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2.2.8 The Diazene Anion, N2H; 

Systematic name: Diazylide 

Other name: Hydrazylide 

CAS Registry Number: [100429-75-2] 

Ab initio calculations at the UHF level predicted a planar trans structure eBg) with 
the geometrical data r(NN) = 1.353, r(NH) = 1.012 A, and L HNN = 104.7°, The 1,2-H shift to 
pyramidal H2NN- was calculated to be endothermic by 126 kJ/mol with an energy barrier 
of 246 kJ/mol [1]. Ab initio calculations on cis-N2H2' as a function of the angle HNN were 
reported in [2]. 
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2.2.9 1,1-Diazene, H2NN 

Other names: Isodiazene, aminonitrene, 1, 1-diazine, 1, 1-dihydrodiazine 
CAS Registry Numbers: H2NN [28647-38-3], D2NN [91210-61-6], H215N15N [91210-62-7], 
D215N15N [91210-63-8] 

This chapter deals with 1,1-diazene, H2NN, the third of three possible N2H2 isomers; 
cis- and trans-N 2 H2 are discussed in Chapter 2.2.5, p. 37; for a review, see [1]. Ab initio 
studies predict H2NN to lie about 85 to 145 kJ/mol above trans-N 2 H2 (cf. trans-N2H2 ...... H2NN 
isomerization reaction, p. 58) [2]. 

Formation 

H2NN (HDNN and D2NN) is produced by irradiating the corresponding aminoisocyanate 
isolated in an Ar matrix at 12 K with 313- or 254-nm light [3]. Accordingly prepared H2NN 
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has better optical quality and yield than H2NN prepared by irradiation of carbamoyl azide 
in a glass matrix at 80 K or in an Ar matrix at 10 K [4]. The blue-violet species was 
characterized by IR and UV spectroscopy. Due to its photolabiLity visible Light has to be 
excluded. Mass-spectrometric results had earlier led to the assumption that H2NN forms 
during the thermolysis of Cs tosylhydrazide or by microwave discharge through hydrazine; 
the thermolysis of Rb tosylhydrazide was said to give a mixture of H2NN and cis-N2H2 
[5, 6]. The mass-spectrometric evidence was later questioned, and H2NN formation in this 
way could not be confirmed [1]. 

Molecular Properties and Spectra 

The electronic states of 1,1-diazene were examined at various levels of ab initio theory. 
There is some disagreement as to the nature of the electronic ground state. Early theoretical 
work suggested the possibility of a nonplanar triplet ground state with C. symmetry (3A") 
[7 to 10], but this question now seems to be firmly resolved in favor of a planar singlet 
ground state with C2v symmetry CA,) [2, 11 to 13]. USing larger basis sets and, even more 
importantly, the inclusion of electron correlation lower the singlet state with respect to 
the triplet state [7, 8]. For the first time, a CI calculation placed the singlet state lower 
in energy than the triplet state, though only by 6.7 kJ/mol [11, 12]. In more extended ab 
initio calculations, the adiabatic singlet-triplet energy separation for H2NN was predicted 
to range from 58 to 65 kJ/mol [13] and to be 62 kJ/mol [11], 50 kJ/mol [14], and 44 kJ/mol 
[2]. The stabilization of the singlet ground state with respect to the triplet state is due 
to the large double-bond character of the NN bond (H2N+=N-), as reflected by the short 
bond length and large dipole moment (see below) [2, 11]. A vibrational frequency calculation 
showed that planar triplet H2NN with C2v symmetry eA2), proposed by Davis and Goddard 
[11] to be the stable triplet species, has an imaginary frequency and hence is a transition 
state on the triplet surface [14]. 

From SCF calculations the electronic configuration for the singlet state C A,) was deduced 
as follows: (1a,)2 (2a,)2 (3a,)2 (4a,)2 (1b2)2 (1b,)2 (5a,)2 (2b2)2 2b, 6a, [14, 15]. Using 
the approximate chemical description, the three highest occupied orbitals can be written 
in agreement with N2H2 (cf. p. 43) to be 7t, n +, n _. But in contrast to N2H2, the two lone-pair 
orbitals in H2NN are on the same N atom [15]. 

The first excited state of singlet H2NN is pyramidal with C. symmetry C A") and was 
calculated to Lie 175 to 177 kJ/mol above the 'A, state [13]. 

Values for the calculated bond distances and bond angles of H2NN in the singlet and 
triplet states are Listed in the table below. Additionally, bond distances and angles of H2NN, 
derived from ab initio calculations at the HF level, are given in [2, 7, 10, 11, 17 to 19, 
28,29]. The geometry was also calculated with semiempirical methods [9, 20 to 24]. Calcula­
tions predict the singlet state to be planar and the triplet state to be pyramidaL. Surprisingly, 
a slight distortion from the C2v symmetry in singlet H2NN was found in an MCSCF calculation 
[25]. The equilibrium geometry of the first excited singlet H2NN C A") was calculated using 
a CASSCF wave function with a DZ + P basis: r(NN) = 1.356 A, r(NH) = 1.000 A, L HNN = 
115.5°, and <l> = 35.5° (angle between the plane defined by the H atoms and the central 
N atom and the NN bond) [13]. 

The ionization potentials for H2NN in its' A, state were obtained by ab initio calculations. 
The value for the first ionization potential varies between 7.23 and 9.4 eV [11, 12, 15, 30]. 
An ionization potential was also calculated for the 3 A2 state, assumed to be planar [11]. 

Fundamental vibrational frequencies were obtained from IR spectra of matrix-isolated 
H2NN [3, 4]. The values are also compiled in [31]. The fundamentals observed for 1,1-diazene 
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r(NN) r(NH) . LHNH LHNN method of electronic Ref. 
in A in A in degree in degree calculation state 

1.248 1.012 115.6 122.2 GVB(DZ+P) 'A, [13] 
1.389 1.002 111.8 <1>=50.70 GVB(DZ+P) 3A" [13] 
1.26 1.02 112 124 CI(4-31G) 'A, [12] 
1.39 1.00 115 115 CI(4-31G) 3A" [12] 
1.23 1.03 123.3 CI(ANO) 'A, [26] 
1.221 1.044 124.2 MP2(6-31G") 'A, [27] 
1.221 1.0371 124.1 MP2(6-31G"") 'A, [3, 14] 
1.224 1.038 124.4 MCSCF(DZ + P) 'A, [25] 

and its mono- and dideutero compounds in an Ar matrix are listed below [3]. Only the 
NN stretching frequency of 1574 cm-' was assigned in [4]. Good agreement was found 
between the observed [3] and calculated (MP2 [3] and CASCF [13]) spectra of singlet H2NN, 
HDNN, and D2NN. The normal modes, being more sensitive to the hydrogen basis, were 
overestimated in both calculations [13]. The same holds for the results of an SCF calculation 
[32]. Frequencies for H2NNC A,), estimated from the experimental results on hydrazine, 
are given in [11]. Values calculated for the vibrational frequencies of the non planar 1 A" 
and 3A" states are given in [13], and those for the planar 3A2 state, estimated on the 
basis of the frequencies of diazene and hydrazine, in [11]. 

X2NN (C2vl HDNN (Cs ) 

Vi type of mode H2NN D2NN Vi type of mode V in cm-' 
V in cm-' v in cm-' 

v,(A,) vs (NX2) 2862.0 s 2140.2 vs v,(A') v(NH) 
v2(A,) O(NX2) 1644.7 w v2(A') v(ND) 
v3(A,) v(NN) 1574.2 m 1599.0 mw v3(A') v(NN) 1587.2 mw 
v4 (B,) Y 1002.7 vs 793.5 ms v4 (A') O(NHD) 1507.6") mw 

1498.9") mw 
v5(B2) vas(NX2) 2804.6 m 2107.0 s v5(A') p(NHD) 
v6(B2) p(NX2) 1287.5 vw v6(A") Y 913.5") m 

899.5") s 

") Splitting is caused by complexation with CO. 

Three quantum-chemical studies on H2NN include the calculation of the dipole moment 
1-1. An SCEP calculation gave for the ground state 1-1 = 3.64 D [28], whereas a GVB calculation 
gave 1-1=4.04 D for the 'A, state and 1-1=2.35 D for the 3A2 state [11]. A value of 1-1=3.19 
was obtained from a semiempirical calculation [22]. 

The indirect nuclear spin-spin coupling constant 'JC 5N'5N) = -10.45 Hz was obtained 
from an ab initio EOM (equation-of-motion) calculation [33]. 

The valence force constants were obtained by MCSCF calculations. The surprisingly 
slight distortion from C2v symmetry (see above) found for the molecule effects the force 
constants. In addition to one NN stretching force constant, f R = 11.66 mdyn/A, and one out-of­
plane torsion bending force contant, f1 = 0.912 mdyn' A, two NH stretching force constants, 
fr and fr" for the tight and loose bonds as well as two force constants for the in-plane 
deformation, fa and fa" do exist: f,=5.885 mdyn/A, f,.=4.605 mdyn/A, fa=1.489 mdyn·A, 
and fa' = 1.469 mdyn' A [25]. In another study the force constants were calculated (SCF) 
to be fR = 11.14 mdyn/A and fr = 8.65 mdyn/A [19]. 
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MCSCF CI calculations gave an NH bond dissociation energy of 179.9 kJ/mol at 289 K 
for H2NN in the singlet ground state [34]. An NN bond dissociation energy of Do = 288.7 kJ/mol 
(to ground state products) was derived from extensive CI calculations [11]. A value of 
Do=350.2 kJ/mol was calculated for H2NN(3A2) [11]. 

1,1-diazene was predicted to have two transitions in the near ultraviolet and visible 
region, a weak symmetry-forbidden one, S, C A2) +- SoC A,), at 558 nm and a strong 
symmetry-allowed one, S2C A,) +- SoC A,), at 175 nm [3]. The spectrum of H2NN at 80 K, 
photochemically prepared in 2-methyltetrahydrofuran, reveals a structured absorption in 
the visible range between 500 and 720 nm with A.max =636 nm [4]. which is assigned to 
the S, +-So transition [3]. The S2+-S0 transition was only indirectly identified, and it was 
concluded that the onset of the absorption lies somewhere between 313 and 254 nm [3]. 

Ab initio studies at the CISD (energies modified by the Davidson correction) level yielded 
AfHg = 328.3 (AfH398 = 323.2) kJ/mol for the enthalpy of formation of H2NN C A,) [14]. A value 
of AfHg = 308.4 kJ/mol was predicted from ab initio calculations at the G2 level [27]. Larger 
values were derived from GVB CI (AfHg = 368.2 [34] and 369.9 kJ/mol [11]) and MCSCF 
(AfHg=447.8 kJ/mol [25]) calculations. The entropy of H2NN was calculated at the CISD 
level (without the Davidson correction) to be 217.8 J. K-' . mol-' at 298 K [14]. 

Chemical Behavior 

Decomposition. Irradiation of H2NN in a matrix at 80 K with visible light results in decolor­
ation of the blue-violet species and in apparently quantitative formation of H2 and N2 [4]. 
Carrying out the irradiation at 254 nm also produces hydrogen atoms. At wavelengths 
>570 nm the formation of hydrogen atoms could not be proven. Three different mechanisms 
were proposed for this photochemical reaction: (a) cleavage into the diazenyl radical and 
a hydrogen atom, (b) direct cleavage into molecular nitrogen and hydrogen, and (c) con­
certed cleavage into molecular nitrogen and hydrogen. Taking the isotopic effects measured 
for HDNN and D2NN into account, the feasibility of the proposed pathways was discussed, 
but no final conclusion could be arrived [3]. From ab initio studies, ArHo= 173.6 [34] and 
145.2 kJ/mol [26] were derived for a decomposition according to pathway (a) [34]. Tentatively, 
it was proposed that warming the glass to the softening point (90 K) results in the rearrange­
ment H2NN -+trans-N2H2, which is consistent with the observation of trans-N 2H2 in the 
UV spectrum [4]. 

The 1,1-diazene~trans-diazene isomerization reaction is discussed in Section 2.2.5.4.1, 
p.58. 

Ab initio calculations were performed on the proton aHinity of H2NN in comparison to 
other double-bond systems [16], on the concerted hydrogen transfer from H2NN to cis­
and trans-N 2 H2 with respect to the energy barrier of the coplanar intermediate a-complex, 
and the dimerization reaction of H2NN [32, 35]. Ab initio [18, 35, 36] and semiempirical 
[24] calculations were performed on the potential surface of the cycloaddition reaction of 
H2NN with H2C=CH2. The calculations on one hand indicate the existence of a stable complex, 
but on the other hand a high reaction barrier. 
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2.2.10 The 1,1-Diazene Cation, H2NN+ 

CAS Registry Number: [63986-30-1J 

The planar H2 NN+ cation has C2v symmetry in its ground state 2B2. The following geome­
tries were obtained from ab initio calculations (bond lengths in A, bond angles in degree): 
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r(NN) r(NH) L HNN 

1.178 1.044 120.7 
1.24 1.02 121 

References: 

method of caLcuLation 

MP2(FULL 6-31G) 
CI(4-31G) 

[1] PopLe, J. A.; Curtiss, L. A. (J. Chem. Phys. 95 [1991] 4385/8). 
[2] Baird, N. C.; Wernette, D. A. (Can. J. Chem. 55 [1977] 350/4). 

2.2.11 The 1,1-Diazene Dication, H2NN2 + 

CAS Registry Number: [123641-79-2J 

Ref. 

[1] 
[2] 

In its ground state 'A" H2NN2+ has C2v symmetry. In the course of theoreticaL investiga­
tions on muLtipLy charged isoeLectronic anaLogues of C3H~, the species NH2NCH~ + and 
its fragmentation products H2NN2+ + CH~ were studied with various ab initio methods. TotaL 
and zero-point vibrationaL energies of H2NN2 + and reLative energies of the fragmentation 
products of NH2NCH~+ were caLcuLated. 

Reference: 

Wong, M. W.; Radom, L. (J. Am. Chem. Soc. 111 [1989] 6976/83). 

2.2.12 The Hydrazyl Radical, N2H3 

Other names: HydrazinyL, diazyL 

CAS Registry Number: [13598-46-4J 

2.2.12.1 Formation 

From Hydrazine 

Decomposition of Hydrazine. N2H3 radicaLs were generated by a MW discharge [1, 2] 
and by photoionization [3, 4] of hydrazine as shown by mass spectrometry. 

N2H3 radicaLs were detected spectroscopically (EPR, UV) during eLectron puLse radioLysis 
of aqueous N2H4 soLutions [5] and Liquid N2H4 [6], during eLectron irradiation of Liquid N2H4 
adsorbed on a zeolite matrix [7], and during radioLysis of frozen N2H4 [8, 9], frozen aqueous 
N2H4 soLutions [10], and Mg(CL04b' 2 N2H4 and hydrazinates of other ionic saLts, such as 
Ca(Cl04h or MCL2 (M = Ca, Zn, Ba, Mg) [11]. 

The formation of N2H3 radicaLs during the Low-pressure Hgep, )-photosensitized decom­
position of gaseous hydrazine was demonstrated by adding dimethyL mercury to give mono­
methyLhydrazine [12]. 

N2H3 radicaLs were UV-spectroscopicaLLy observed during flash photoLysis of gaseous 
N2H4 [13]. The primary step in the photoLysis of gaseous N2H4 was discussed to be the 
formation of N2H3 radicaLs via N2H4 + hv -+ N2H3 + H; for details, see e.g. [14 to 21]. 

N2H3 radicaLs were mass-spectrometricaLLy detected during the decomposition of hydra­
zine on a heated pLatinum surface between 773 and 973 K [22]. The formation of N2H3 
via a secondary reaction (N2H4 + H, see beLow) during the thermolytic decomposition of 
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gaseous hydrazine at 1123 K [23], at 1273 K [24], between 750 and 1000 K [25], between 
1200 to 2500 K [26], and during flash heating of gaseous hydrazine in the presence of 
NO [27] was discussed. 

Reactions of Hydrazine. N2H3 radicals were obtained by the hydrogen abstraction reac­
tion N2H4 + M -> N2H3 + MH. The reaction with H atoms (M = H) is an important secondary 
reaction in the decomposition of N2H4 (see above). The generation of N2H3 by photolysis 
of CH3SH (1..=253.7 nm) in the presence of N2H4 is described in [28]. Several studies of 
the N2H4 + H reaction were performed in flow systems by recording the concentration profiles 
mass-spectrometrically [29 to 31] and by EPR [30 to 32]. The results were fitted to the 
following Arrhenius equations (rate constant k in cm3·mol- 1 ·s-1, activation energy E in 
kJ/mol): 

k=A·exp( - E/RT) temperature Ref. 
range 

3.5 x 1011 exp( - 8.4/RT) 298 to 423 K [29] 
(1.5± 0.3) x 1012 exp[ - (5.4± 0.8)/RT] 300 to 540 K [32] 
(1.3± 0.3) x 1013 exp[ - (10.5± 0.8)/RT] 213 to 473 K [31] 

The rate law given in [31] was recommended in a critical evaluation of kinetic data 
on high-temperature reactions [33]. A reevaluation led to a 50% higher rate constant at 
room temperature, k=3x1011 cm3·mol- 1·s- 1 [34]. The rate constant for the reaction 
N2H4 + D -> N2H3 + DH at 295 K was determined to be k= 1.6 x 1011 cm3. mol- 1 ·s- 1 [30]. 

The formation of N2H3 radicals during the reaction of 0 atoms with hydrazine in a 
flow system was investigated. A rate constant of k=3.2x 1012 cm3·mol- 1 ·S-1 for the reac­
tion channel N2H4 + 0 -> N2H3 + OH was determined at room temperature [34]; for further 
investigations, see [30, 35]. 

The abstraction of H atoms from N2H4 by F atoms in a flow system was used to produce 
N2H3 radicals [34]. 

Hydrazyl radicals were spectroscopically detected during pulse radiolysis of aqueous 
hydrazine solutions in the presence of N20. The radicals were formed by the reaction 
of N2H4 with OH radicals produced via N20 + e;q + H20 -> OH + OH - + N2 [36]; for a similar 
investigation, see [37]. The reaction N2H4 + OH -> N2H3 + H20 was also discussed as one 
of the steps in the chain mechanism of the manganese-catalyzed autoxidation of aqueous 
hydrazine [38] and of the 'Y-radiation-induced, N2H4-inhibited oxidation of Fe2+ in sulfuric 
acid in the presence of oxygen [39]. 

For the formation of N2H3 radicals by the reaction of N2H4 with NH2 radicals, see" Nitro­
gen" Suppl. Vol. B 1. 

N2H3 radicals were generated by abstracting H atoms from hydrazine in benzene solution 
with tert-butoxy radicals (formed by photolysis of di-tert-butyl peroxide) [40]. 

N2H3 radicals were formed in aqueous hydrazine solutions containing one-electron­
oxidants like Fe3+ [41 to 43] and n 3+ [44]. 

From Ammonia 

N2H3 radicals were detected (by EPR) during the 'Y radiolysis of NH3 adsorbed on zeolites 
[45] or trapped in solid nitrogen [46], and in the mass spectrum of NH3 [47]. 
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N2H3 radicals are believed to be intermediates in the radiolytic [48 to 50] and Hg(3p,)_ 
photosensitized [51] decomposition of gaseous NH3 and in NH3 flames [52]. 
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2.2.12.2 Molecular Properties and Spectra 

Electron Configuration and Geometrical Structure 

The structure of the N2H3 radical has not yet been determined by experimental means. 
Several ab initio calculations on the radical were performed, but the results differ with 
respect to the spatial arrangement of the atoms. The most extensive ab initio studies, a 
CI calculation [1], a second-order M0l1er-Plesset perturbation (MP2) calculation [2], and 
several ab initio SCF MO calculations (STO-3G basis) [3 to 6], all yield a non planar structure 
(C, symmetry). A nonplanar form was also deduced from semiempirical calculations which 
roughly reproduced the results of the EPR spectra [7, 8]. A planar geometry resulted from 
ab initio SCF MO studies (4-31G basis) [4 to 6, 9, 10]. The electron configuration in the 
ground state is .... (7a)2(8a)2(9a)' 2A". The 9a orbital is slightly antibonding and predominant­
ly localized on N2 (see figure below), while the 8a orbital is mainly localized on N'. The 
cr orbital 7a is almost a pure Sp2 hybrid [1]. The electronic structure of free nitrogen-centered 
radicals, among them N2H3, was analyzed in terms of Linnett structures [11]. 

Bond distances r (in A) and angles ex are listed below according to the following number-
ing: 
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r(N'-N2) r(N'-H') r(N'-H2) r(N 2_H3) Ref. 

1.346 0.999 0.996 1.008 [1] 
1.352 1.017 1.012 1.026 [2] 

ex(NNH') ex(NNH2) ex(NNH3) ex(H' N' H2) Ref. 

121.5° 114.3° 106.2° 116.1 ° [1] 
119.7° 112.3° 105.2° [2] 

According to [1] the NH2 group is depressed from the N'-N2-H3 plane by about 28° 
(i.e., both hydrogen atoms are on the same side of the plane), whereas according to [2] 
the NH2 group is twisted around the N-N bond by the dihedral angle ex(H 2N' N2H3) = 29.8° 
(dihedral angle ex( H' N' N2H3) = 166.5°). 

Ab initio calculations yielded a low inversion barrier of about 2 kJ/mol for the motion 
of the NH2 group through the planar conformation [1]. Rotation around the N-N bond is 
shown to be the lowest energy path for interconversion between equivalent ground state 
structures (cis-trans isomerization). Rotation barriers of 104 [1] and 123 kJ/mol [10] were 
calculated; for a detailed discussion, see [1, 10]. 

The lowest excited doublet state has the configuration .... (7a) (8a)2 (9a)2 2A". The geome­
try in this state is characterized by the N-N-H3 plane bisecting the plane of the NH2 group. 
The vertical and adiabatic excitation energies of 4.32 and 1.37 eV, respectively, were 
obtained by SCF + CI calculations [1]. 

Other Molecular Properties. Spectra 

CI calculations gave a dipole moment of 11 = 2.95 D [1]. The proton affinity was determined 
to be -7.65 eV [12], and the electron affinity estimated to be 23.8 kJ/mol [13]. 

A photo ionization mass-spectrometric study of N2H3 yielded the adiabatic ionization 
potential E; = 7.61 ± 0.01 eV [14]; for a preliminary result, see [15]. From mass-spectrometric 
investigations of N2H4 , the ionization potentials E;=7.88±0.2 eV [16] and 7.85±0.05 eV [12] 
were obtained. Similarly, E; = 7.6 [17] and 8.2 eV [18] were determined from the mass spec­
trum of NH3 and N2H2, respectively. Quantum-chemically calculated ionization potentials 
[2, 17] agree well with the experimental values. 

The bond dissociation energies Do(HNNH-H) = 183 ±4.6 [14] and 184 kJ/mol [12] were 
derived from the ionization potential of N2H3. A well-agreeing value of Do(HNNH-H) = 182 kJI 
mol was obtained by a MP2 calculation [2]. A mean N-H bond dissociation energy of 223 ± 
13 kJ/mol was derived from the formation enthalpies of diazene and hydrazine [19]. 

EPR spectra of the N2H3 radical were produced by fast-electron irradiation of liquid 
hydrazine adsorbed on zeolite [7], by Y irradiation of hydrazinates of X(Cl04h (X= Mg, 
Cal and YCl2 (Y= Ca, Zn, Ba, Mg) [8], and by photolysis of hydrazine in a benzene solution 
containing di-tert-butyl peroxide [20]. 

The EPR spectrum of N2H3 from hydrazine adsorbed on zeolite, recorded between 233 
and 363 K, was best resolved at 363 K. It showed a doublet assigned to the H3 atom, 
two triplets assigned to the nitrogen atoms, and one triplet assigned to the H' and H2 
atoms. The assignments followed from the temperature dependence of the spectrum. The 
following isotropic hyperfine splitting constants (in 10- 4 T) were determined: 
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Tin K a(N') a(N2) a(H') a(H2) a(H3) Ref. 

363 8.8 11.7 2.3*) 2.3*) 18.8 [7] 
273 8.8 11.7 4.3 1.6 16.3 [20] 

*) Average value. 

Anisotropic hyperfine (HF) coupling constants were derived from the EPR spectra of 
N2H3 in dehydrated magnesium perchlorate hydrazinate. The parallel HF components (in 
10-4 T) were: A II (N')=18, A 11 (N2)=40, A II (H')=6, A II (H2)=3, A 11 (H3)=18. Perpendicular HF 
constants (in 10-4 T) could only be determined for the nitrogen atoms: AdN') = 4.2, 
AdN2) = - 2.4 [8]. 

Less resolved spectra were recorded from y-irradiated, pure, frozen hydrazine [21, 22], 
frozen alcoholic [23], and aqueous hydrazine solutions [24]. 

Semiempirically (INDO) calculated isotropic splitting constants [4, 5] are in agreement 
with the experimental values. Spin densities of 0.79 at the N2 atom and 0.21 at the N' 
atom were derived [4]. 

In flash-photolyzed gaseous hydrazine a continuous optical absorption (half-life ca. 
10 Jls) between 400 and 290 nm was assigned to the N2H3 radical [25]. The absorption 
increased in intensity towards the UV region. In pulse-radiolyzed, aqueous, alkaline (pH 9.2 
to 13.4) solutions of hydrazine, an absorption maximum at Amax = 230 nm (extinction coeffi­
cient Emax = 3.5 X 103 L· mol-' . cm-') was observed [26]. A similar absorption band around 
about 230 nm was found in photolyzed [27] and electron-irradiated [28] aqueous N2H4 solu­
tions. The optical absorption in y-irradiated amorphous hydrazine at about 400 nm was 
assigned to N2H3 (E=103 L'mol-' ·cm-') [22]. 
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2.2.12.3 Thermochemical Values 

The enthalpy of formation, i\fHg= 231 ± 1.3 kJ/mol, was derived from the adiabatic ioniza­
tion potential of N2H3 and the enthalpies of formation of N2H4 and H [1]. Ab initio calculations 
gave i\fH = 238.5 [2], 226.0 [3], 222.6 [4], and 227.7 kJ/mol [5]. A much higher value of 364 kJI 
mol [6] was based on the erroneous assumption that the radical has the same planar 
structure as the N2H~ ion. 

The enthalpy H29s -Ho=110.784kJ/mol, heat capacity Cp =48.476 J·mol- 1·K- 1, and 
entropy S=248.873 J'mol- 1 ·K- 1 at 298.15 K were obtained by ab initio calculations [3]. 
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2.2.12.4 Chemical Behavior 

2.2.12.4.1 Decomposition 

The decay of N2H3 radicals in the bimolecular reaction (1) 2 N2H3 -+ products occurs 
via two channels: (1a) dimerization followed by decomposition of the dimer and (1b) dispro­
portionation 

The rate constant k1 =3.5x 1010 L'mol- 1 'S-1 (at room temperature) was determined 
for the decay of N2H3 radicals in isothermally flash-photolyzed, gaseous N2H4 [1]. An investi­
gation of the gas-phase reaction of N2H4 with H atoms by mass spectrometry [2] and of 
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the thermolysis of N2H4 at 750 to 1000 K [3] led to the estimated values k1a~3x109 (at 
423 K) [2] and k1a =109 L·mol- 1·s- 1 [3]. In a computer simulation of the decomposition 
of ammonia-oxygen mixtures by pulse radiolysis at 349 K, a value of k1a = 1011 L· mol- 1 ·S-1 
was used [4]. The decomposition of the radicals presumably occurs via reaction (1a) during 
the thermolysis of N2H4 at about 1100 K [5] and during the adiabatic flash photolysis of 
N2H4 [6]. The isotope effect observed in another adiabatic flash heating study of 15N-marked 
hydrazine suggested reaction (1b) to be more important than reaction (1a) [7]. 

Reactions (1a) and (1b) are assumed to account for the decomposition of the N2H3 radical 
in gaseous hydrazine photolyzed at 1062 A [8]. Investigations of the gas-phase photolysis 
of isotopically marked hydrazine gave a ratio of k1b/k1a=2.8 [9], 3.7±0.9 [10], and 5 [11]. 

The rate constant for the decay of N2H3 radicals in aqueous solutions according to 
reaction (1a) was determined to be k1a= 1.2 X 109 L·mol- 1 ·S-1 (at room temperature) [12, 
13]. Reaction (1b) is of minor importance. In y-irradiated aqueous Fell solutions containing 
hydrazine as an oxidation inhibitor, about 90% of the N2H3 radicals formed react to give 
NH3 via reaction (1a) [2]. Similarly, decomposition with dimerization as the first step was 
assumed to account for the disappearance of N2H3 in oxidized aqueous hydrazine solutions 
[14 to 16]. Studies of the oxidation of acidic hydrazine solutions by Fe3+ ions led to 
k1 b/k1 a = 0.015 in chloride-containing solutions at 333 K [15] and k1 b/k1 a = 0.15 in sulfate­
containing solutions at 323 K [14]. The decay of N2H3 in frozen alcoholic solutions has 
been investigated [17]. 

In order to fit the reaction kinetics of ammonia combustion, the Arrhenius equation 
k= 1.2 x 1013 exp( - 243 kJ· mol- 1 /RT) cm3. mol- 1 ·S-1 [18] (k=3.5 x 1013 exp( -192 kJ· 
mol- 1/RT) cm3. mol- 1 ·S-1 [19]) was used for the reaction N2H3 + M ..... N2H2 + H + M [18]. 
A reaction enthalpy of about 226 kJ/mol was estimated [20]. 

N2H3 radicals in crystalline N2H4 were decomposed by photolysis (/",=280 to 400 nm) 
with the primary step N2H3 + hv ..... N2Hi ..... N2H2 + H to give N2 and H2 as final products. 
The kinetic parameters of the photoradical chain reaction were determined in the range 
77 to 194 K and interpreted in terms of a diffusion-controlled process [21]. 

In the photochemistry of hydrazine induced by an ArF laser, strong two-photon-induced 
fluorescence from excited radicals NH(A 3Il) was observed and attributed to secondary 
absorption by the N2H3 primary photoproduct according to N2H3 + hv ..... NH2 + NH* [22]; ror 
critical remarks, see [23, 24]. 

The reaction N2H3+M ..... NH2+NH+M was considered to interprete the mechanism 
of the pyrolysis of ammonia [20] and of hydrazine [3]. The Arrhenius equation was calculated 
to be k=6.31 x 1012 exp(-42 kJ·mol- 1/RT) [20] and k=7.9x 1012 exp(-75 kJ·mol- 1/RT) 
cm3·mol- 1 ·S-1 [3]. A reaction enthalpy of about 301 kJ/mol was estimated [20]. Similarly, 
the equation k=1013 exp(-84kJ·mol- 1/RT) cm3·mol- 1·s- 1 was derived for the reaction 
N2H3+M ..... N2+H2+H+M [3]. 
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2.2.12.4.2 Reactions with Elements and Compounds 

Hydrogen. The rate constant k= (1.6± 0.8) x 1012 cm3. moL -1. S-1 at 300 K for the reaction 
(1) N2H3 + H -> 2 NH2 was derived by EPR and mass-spectrometric investigations of the 
reaction of N2H4 with H atoms in a flow system [1]. A revised mechanism for the N2H4 + H 
reaction did not appreciabLy change the rate constant k(N2H3 + H) [2]; for a discussion of 
reaction (1) in earlier work on the N2H4 + H reaction system, see [3, 4]. Reaction (1) was 
considered to occur in the gas-phase photoLysis of hydrazine [5, 6]. 

In a simuLation of atmospheric-pressure ammonia flames, the Arrhenius expression 
k=1 x 1012 ·To. 5 ·exp(-8.4 kJ'moL- 1/RT) cm3'moL- 1's- 1 was used for reaction (2) 
N2H3 + H ->N2H2 + H2 [7]. Reaction (2) was mentioned as one step in the photoLytic decompo­
sition of hydrazine [8]. 

EnthaLpies were estimated for the following reactions: 

reaction 

N2H3+H+ M -> N2H4 + M 
N2H3+5 H->2 N+4 H2 
N2H3+H-> N2+2 H2 

L\rH in kJ/moL 

- (377 to 397) 
-368.99 
-464 
- (473 to 494) 

Ref. 

[9] 
[10] 
[11] 
[9] 

A rate constant of 10- 10 cm3'moL- 1's- 1 for the reaction N2H3+H2->N2H4+H at room 
temperature was derived based on the rate constant of the reverse reaction [12]. 

A pKa vaLue of 7.1±0.1 was derived for the acid-base equilibrium N2Ht¢N2H3+H+ 
by monitoring radioLyzed aqueous hydrazine soLutions with an UV absorption spectrometer 
[13]. 
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Oxygen. A lower. limit for the rate constant, k ~ 3 X 109 L· mol- 1 . s -1, was derived for 
the reaction N2H3 + O2 + OH - -+ 02" + N2H2 + H20 in radiolyzed aqueous alkaline solutions 
of hydrazine containing oxygen [14]. 

The reaction N2H3 + O2 -+ 02" + H + + N2H2 is considered part of the reaction mechanism 
of the Mn"-catalyzed autoxidation of hydrazine in aqueous alkaline solutions [15]. A chain 
mechanism, including the reaction N2H3 + O2 -+ N2H30 2, was proposed for the decay of N2H3 
radicals in radiolyzed, oxygen-containing, aqueous hydrazine solutions [16]. 

In a simulation of atmospheric-pressure ammonia flames, the Arrhenius equation 
k3 = 2 X 1013 exp( - 4.2 kJ· mol- 1/RT) was used for the reaction (3) N2H3 + 0 -+ N2H2 + OH 
[7]. An upper limit of k3~5x 1012 cm3·mol-1·s- 1 was determined in an investigation of 
the gas-phase reaction system N2H4 + 0 at room temperature. For the reaction path (4) 
N2H3+O-+NH2+HNO, a rate constant of k4=4x 1013 cm3·mol- 1·s- 1 was derived [2]. A 
theoretical study of the kinetics of NH3-02 flames yielded the rate constant k4 = 1013 cm3. 
mol- 1 . s -1 which was used in a simulation of the reaction mechanism [17]. 

Miscellaneous. The oxidation of N2H3 by Felli and Cu" in aqueous solutions gives N2H2 
which in turn decomposes to give N2. The oxidation by Cu" at pH 0.6 and 323 K is about 
1200 times faster than the oxidation by Felli [18]. 

An upper limit of k5~5x1013cm3·mol-1·s-1 was determined for the reaction (5) 
N2H3 + OH -+ N2H2 + H20 from an investigation of the gas-phase reaction system N2H4 + 0 
at room temperature [2]. The Arrhenius expression ks = 3 X 1010 ·To. 58 ·exp( -5.40 kJ· 
mol- 1/RT) cm3·mol- 1·s- 1 was derived to simulate the kinetics in ammonia flames [7]. 
Another simulation of the ammonia-oxygen flames used k5 = 1013 exp( - 4.2 kJ· mol- 1/RT) 
cm3·mol- 1·s- 1 [17]. 

A free enthalpy of hydration of L\Go = 18.8 kJ/mol was estimated for the process 
N2H3(aq) -+ N2H3(g) [19]. 

UV-spectroscopic studies of the autoxidation of alkaline aqueous hydrazine solutions 
gave for the reaction N2H3 + H02" -+ N2H2 + OH + OH - an estimate for the rate constant of 
95 L·mol- 1·s- 1 [15]. 

The reaction enthalpy for N2H3 + N2H -+ N2 + N2H4 was calculated in a SCF MO study 
to be -276.6 (STO-3G basis) and -297.9 kJ/mol (4-31G basis) [20]. 

A rate constant of k = 2 X 1013 cm3. mol- 1 . s -1 was estimated for the reaction 
N2H3 + NH -+ N2H2 + NH2 and used to model the kinetics of a 98-reaction mechanism for 
ammonia-oxygen flames [17]. 

The reaction N2H3 + NH2 -+ NH3 + H2 + N2 is considered part of the mechanism of the 
thermolysis of hydrazine (at 1123 K) [21]. The reaction enthalpy was estimated to be 
L\rH= -(489 to 510) kJ/mol [9] and -469 kJ/mol [11]. For the reaction system NH2+N2H4 
(at 2.3 mbar) a rate constant of k(298 K)=5X 1013 cm3·mol- 1 ·S-1 was estimated for the 
reaction N2H3 + NH2 -+ NH3 + N2H2 [2]. 

N2H3 radicals are scavenged by NO via N2H3 + NO -+ N20 + NH3 [22, 23] ; L\rH = 502 kJ/mol 
[24]. 

In the Hg(3P1)-photosensitized decomposition of N2H4, the intermediate N2H3 reacts 
with CH3 radicals (from added dimethyl mercury) to give CH3NHNH2. A second reaction 
channel discussed is a fast reaction yielding CH4 and N2H2 [25]. The enthalpy of this hydro­
gen transfer reaction is L\rH= -218±25 [25] and -88 kJ/mol (ab initio calculation) [26]. 
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[25] Jones, A.; Lossing, F. P. (Can. J. Chern. 47 [1969]1391/3). 
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2.2.13 The HydrazyL Cation, N2H3'" 

Systematic name: Diazenium 

CAS Registry Number: [37369-93-0J 

Formation. N2H1 ions were observed as secondary ions in the mass spectrum of gaseous 
ammonia (electron energies up to 80 V, NH3 pressures of 2.5 x 10-3 to 65 X 10- 3 Torr). 
The ions were presumably formed by the reactions NH+ + NH3 --> N2H1 + Hand 
NH; + NH3 --> N2H1 + H2 (cross sections cr = 35 X 10- 18 and 5.3 x 10- 18 cm2. molecule -1, re­
spectively) [1]. 

N2H1 ions were mass-spectrometrically detected in electron-impact experiments on 
N2H4 [2 to 5] and methyl hydrazines [3], photoionization studies on N2H4 [6, 7] and CH3N2H3 
[6], and in a microwave discharge through N2H4 [8, 9]. The following appearance potentials 
AP of the catiori in the process N2H4 --> N2H1 + H + e - and enthalpies of formation l1f H298 
(in kJ/mol) were reported: 
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AP (eV) ....................... 11.1 ±0.1 11.18±0.1 11.3±0.1 11.1 10.86±0.05 11.10a ) 

L\f H29B ......................... 946 962 971 b ) 

Ref .............................. [6] [8] [2,'3] [7] [9] [10, 11] 

a) Calculated with ab initio methods (G2 procedure) [10]. - b) SemiempiricaLLy (MNDO) 
calculated value [11]. 

N2H~ ions were formed by interaction of N2H4 with a platinum surface. The yield of 
N2H~ ions was monitored with a field ion mass spectrometer in the range Of 298 to 448 
K, passing through a maximum at -335 K [12]. 

The formation of N2H~ ions was observed mass-spectrometricaLLy in coLLision reactions 
of N2H4 (at pressures of 0.133 Pal with beams of 0+, Ar+, Kr+, CO+, and CO;. For the 
reaction path 0 + + N2H4 ..... OH + N2H;, a reaction energy of L\E = - 637 kJ/mol was deter­
mined. For the reactions O+(Ar+' Kr+)+N2H4 ..... O (Ar, Kr)+N2H~+H, the energies L\E= 
-212 (-425, -251) kJ/mol were determined, respectively [13]. 

The formation of N2H~ ions was assumed to be the rate-determining first step in the 
electrooxidation of hydrazine at a dropping mercury electrode according to N2H4 + OH - ..... 
N2H~ + H20 + 2 e - [14]. 

Structure and Properties. Ab initio [10,11,15 to 17] and semiempirical [11,18] calculations 
predicted a planar structure (Cs symmetry) for the N2H~ ion in its electronic ground state 
, A'. An ab initio SCF MO calculation at the 4-31G level [16] and SCF MO [11] and MP2 
[10] calculations at the 6-31G** level gave the foLLowing optimized geometry (bond distance 
r in A, angles ex; for atom numbering, see p. 75): 

1.240 
1.213 
1.204 

1.032 
1.008 
1.013 

1.035 
1.008 
1.013 

1.035 
1.016 
1.016 

125.2° 
121.3° 
124.1° 

116.7° 
121.3° 
117.5° 

110.4° 
116.0° 
112.5° 

The bond distance r(N-N) = 1.271 A was obtained in a MP2/3-21G calculation [19]. 

.Ref. 

[10] 
[16] 
[11] 

Ab initio and semiempirical (MNDO) calculations were performed on the ion in the elec­
tronicaLLy excited. doublet and triplet states [11]. 

Further ab initio and semiempirical studies on N2H~ were reported in [19 to 22]. 

Ab initio SCF MO calculations and frontier molecular orbital analysis (FMO) reveal a 
preference for an inversion mechanism for the topomerization of the cation over a torsional 
process. The calculations gave for planar inversion (Le. H3 changes from trans position 
to cis position towards H' without rotation around the N-N bond) a considerably lower 
barrier (123 kJ/mol) than for rotation around the N-N bond (309.8 kJ/mol) [16, 23]; for earlier 
studies, see [24, 25]. 

Ab initio calculations yielded a high barrier of 264.8 kJ/mol for the 1,2-hydrogen atom. 
shift (Le. H' changes its position from N' to N2) passing through a C2v transition structure 
[17]. 

An N-N stretching frequency of 1570±80 cm-' was derived from the vibrational structure 
in the photoion-yield curve obtained by N2H3 photoionization mass spectrometry [26]. From 
the SCF MO equilibrium geometry the vibrational frequencies 1177, 1296, 1373, 1605, 1780, 
1974,3603,3648, and 3744 cm-' were calculated [11]. 
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A force constant of 13.1 mdyn/A was calculated for the N-N bond with the MNDO proce­
dure [19]. 

Calculated bond dissociation energies D(Hi N-NH) = 674 kJ/mol and D(HNN + H-H) = 

372 kJ/mol were reported in [9]. 

Reactions. A cross section of 8.9 x 10- 15 cm2. molecule -1 was determined for the decay 
of N2H~ ions formed as secondary ions in the mass spectrum of gaseous NH3 [1]. 

In the mechanism of the electrooxidation of hydrazine in aqueous hydrochloric acid 
solutions, the reaction N2H~ + Cl- - N2H3Cl was discussed in order to explain the significant 
lowering of the nitrogen yield [14]. 

The reaction N2H~ + N2H4 - N2H~ + N2H2 probably occurs in the high-pressure mass 
spectra of hydrazine. Rate constants of 1.0x 10- 10 and 3.8x 10- 10 cm3·molecule- 1 ·s- 1 

were measured at zero field strength using pulse techniques and at a constant repeller 
voltage of 10.5 V/cm, respectively [5]. 
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2.2.14 The Hydrazyl Anion, N2H; 

Other names: Diazanide, hydrazide, hydrazinide 

CAS Registry Number: [25415-88-7J 
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Formation. The onLy known hydrazides isoLated are the probabLy ionic compound NaN2H3 
(see" Natrium" 1928, pp.260/1 and" Natrium" Erg.-Bd. 3, 1966, pp.928/9) and the more 
covaLent compound Zn(N2H3h- The hydrazides are formed by the reaction of anhydrous 
N2H4 with metallic Na and Zn(C2H50b, respectiveLy. NaN2H3 is extremeLy unstabLe and 
expLosive; Zn(N2H3h is more stabLe, but hydroLyzes within a few seconds [1]. 

Structure and Properties. From ab initio caLcuLations [2 to 4] a nonpLanar structure with 
Cs symmetry, i.e., a staggered configuration of the NH2 group to the NNH pLane, was predicted 
to be the most stabLe form of the anion. This structure aLso followed from an anaLysis 
of the vibrationaL spectrum of the anion [5]. Bond distances (in A) and angLes (in 0) were 
obtained by ab initio caLcuLations at the 4-31G LeveL (for atom numbering, see p. 75): 

1.538 
1.540 
1.540 

1.004 
1.009 
1.009 

1.004 
1.009 
1.009 

1.032 
1.031 
1.031 

106.9 
106.5 
107.8 

100.8 
100.0 
100.1 

107.9 
120.7 
107.8 

Ref. 

[2] 
[3] 
[4] 

TheoreticaL studies were performed on the topomerization of the anion [2, 4, 6]. A com­
pLete topomerization of the anion requires both pLanar inversion and rotation around the 
N-N bond. The sum of the barriers of the consecutive processes, rotation (33.9 kJ/moL [2, 
4]) and inversion (31.4 kJ/moL [4]), is Lower than the barrier for the simuLtaneous interconver­
sion (72.05 kJ/moL); for details, see [4, 6]. 

A proton affinity for N2H3" of 1820 kJ/moL was obtained from ab initio caLcuLations [2]. 

The following wavenumbers of the nine fundamentaLs of the anion were reported in 
a revised anaLysis [5] of the vibrationaL spectra of NaN2H3 in NujoL and between NaCL 
pLates [1]; see" Natrium" SuppL. Vol. 3, 1966, p.929 (v denotes stretching, 8 bending, y 
twisting, 1: torsionaL vibrations, sciss scissoring and wag wagging modes): 

assignment. ................................ v, (A') 
approx. description .................... v(N2-H) 
frequency (in cm -') .................. 3202 

assignment. ................................ v5 (A') 
approx. description .................... 8wag (NH2) 
frequency (in cm-') .................. 1103 

0) Estimated vaLue. 
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3100 

v6(A') 
v(N-N) 
847 

v3(A') 
8sciss(NH2) 
1599 

v7(A") 
vas(NH 2 ) 

3155 

v4(A') 
8(NNH3) 
1330 

vB(A") vg(A") 
y(NH2 ) 1:(N-N) 
1232 386 0 ) 
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Based on these frequencies and on the estimated geometrical parameters r(N-N) = 1.47, 
r(N-H) = 1.03 A, cx.(H' NH2) = 107°, cx.(NNH3) = 101°, and cx.(H' NN) = 103°, a normal coordinate 
analysis was performed yielding the stretching force constants (in mdyn/A) f(N 2-H3) = 5.675, 
f(N-N)=3.15, and f(N'-H)=5.41 [5]. A force constant of f(N-N)=3.35 mdyn/A was calculated 
earlier [1]. 

The energy for the reaction N2H3" + H2 -> NH3 + NH2" was calculated with ab initio methods 
to be -177.0 [7] and -154 kJ/mol [3]. 

The free enthalpy of hydration for the gaseous N2H3" ion was estimated to be - 333.5 kJI 
mol [8]. 

An acid constant of 10-30 .5 for N2H4~N2H3" +H+ in aqueous solutions was predicted 
from a linear relationship between the acidities of a series of nitrogen acids and (ab initio) 
calculated average local ionization energies of the conjugate bases [9]. A free enthalpy 
of 181.2 kJ/mol was derived for this process [8]. 
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2.3 Trinitrogen Compounds 

2.3.1 Hydrogen Azide, HN3 

Other common name: Hydrazoic acid 

Systematic name: Hydrogen trinitride 

Other names: Azoimide, hydronitric acid, triazadiene 

87 

CAS Registry Numbers: HN3 [7782-79-8J, DN3 [14989-19-6J, H15NNN [14706-85-5J, HN15NN 
[15608-46-5J, HNN15N [14706-90-2J, D15NNN [101059-18-1J, DN 15NN [15608-43-2J, DNN15N 
[101059-17-0J, DN3 (labeled with 15N) [14989-20-9J 

General References: 

Jones, K.; Hydrogen Azide and Azides, in: 8ailar, J. C.; Emeleus, H. J.; Nyholm, R.; Trotman­
Dickensen, A. F.; Comprehensive Inorganic Chemistry, Vol. 2, Pergamon, Oxford 
1973, pp. 276/93. 

Mason, K. G.; Hydrogen Azide, in: Mellor's Comprehensive Treatise on Inorganic and Theo­
retical Chemistry, Vol. 8, Suppl. 2, Longmans, London 1967, pp. 1/15. 

Rosenwasser, H.; Hydrazoic Acid and the Metal Azides, AD-208892 [1958] 72 pp., 1/9; C.A. 
1961 15203. 

Pure hydrogen azide is a highly explosive, colorless liquid of unbearably acrid odor 
at ambient temperature. Explosions seem to be triggered by shocks. Aqueous solutions 
of less than about 20 wt% of HN3 do not detonate. Inhalation of the highly toxic vapors 
in small quantities causes the blood pressure to drop and irritates the mucous membranes. 
Contact with the aqueous solution damages the skin. 

HN3 is prepared by acidification of alkali azides, which can substitute it in many reactions. 
The acid strength of HN3 is similar to that of acetic acid. HN3 is used in organic reactions, 
either as a reactant, for example in additions to unsaturated bonds, or as an inhibitor 
of side reactions, for example by liberating nitrite. The application of HN3 for generating 
lasing species was also tested. Early work on HN3 is described in "Stickstoff" 2, 1935, 
pp. 285/303. 

Some relevant properties are: 

molecular weight 
melting point 
boiling point 
triple point 
vapor pressure 
standard enthalpy of formation (l) 
density (l) 
dipole moment (g) 
solubility in water 
enthalpy of solution 
dissociation constant pKa 

2.3.1.1 Preparation and Formation 

43.03 
193 K 
308.9 K (extrapolated) 
~ 193 K, 1 Torr 
498 Torr (298 K) 
267 kJ/mol (298 K, 1 bar) 
1.127 g/cm 3 (290 K) 
HN3: 1.70 D, DN3: 1.76 D 
completely miscible 
- 34 kJ/mol (1 M solution, 298 K) 
4.64 (298 K, ~ -> 0) 

All recent preparations of HN3 use the well known reaction of NaN3 with a stronger 
or less volatile acid. Mineral acids like HCl or H2S04 are used for its large-scale production. 
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Laboratory preparations invoLve H2S04 , H3P04 , or stearic acid. Other synthetic methods 
described in "Stickstoff" 2,1935, pp. 285/90, are not used any more. 

2.3.1.1.1 HydroLysis of Azides 

Gaseous HN3 is conveniently prepared on a Laboratory scaLe by adding concentrated 
H3P04 to dry solid NaN3 whiLe kept at 320 to 330 K under vacuum [1 to 3]. The reaction 
can be controlled by gentle warming or cooling [2]. A stabLe flow of gas resuLts from using 
severaL independent reactors simuLtaneousLy [4]. The synthesis of HN3 from a saturated 
soLution of NaN3 and concentrated H3P0 4 under vacuum at 363 K was described in [5]. 
Addition of concentrated H2S04 to NaN3 at 77 K under vacuum and sLow warming to ~350 K 
aLso yieLds HN3 upon condensation at 77 K [6]. The thus isoLated products contain moisture. 

Small amounts of dry HN3 are commonLy prepared from NaN3 and a slight excess of 
stearic acid under vacuum. The reaction of the solid mixture starts upon meLting and pro­
ceeds smoothLy at 350 to 360 K. The simuLtaneousLy formed HN3 is removed, for exampLe 
by condensation at ~230 K [7]. Moisture-free, gaseous HN3 is aLso obtained by passing 
HCL in an inert gas through a coLumn packed with fineLy powdered NaN3 [8]. An apparatus 
for preparing reLativeLy Large amounts of gaseous HN3 was described in a report [9]. 

An aqueous soLution with ~3% of HN3 resuLts by sLowLy acidifying a boiling, aqueous 
soLution of NaN3 with 40% H2S04 and collecting the distillate in a flask containing water 
[10]. SuLfate contamination in the HN3 soLution can be prevented by acidifying the coLd 
soLution and sLowLy heating it to the boiling point. The resuLting distillate contains up to 
80% HN3 [11]. An inherently safer method for the preparation of aqueous soLutions with 
up to 20% of HN3 invoLves passing a soLution of technicaL-grade NaN3 through a coLumn 
filled with the hydrogen form of a sulfonic acid-type cationic exchange resin. The concentra­
tion of HN3 in the eLuate is essentiaLLy the same as that of the NaN3 soLution used, cation 
impurities are effectiveLy removed [12]. Contact of HN3 with the resin shouLd be as short 
as possibLe. A more concentrated soLution with 30 to 60% HN3 can be obtained by bubbling 
N2 through the eLuate and condensing the voLatiLes at 273 K [13]. A diethyL ether soLution 
of HN3 distills upon adding 40% H2S0 4 to the aqueous NaN3 soLution covered with a Layer 
of ether. The distillation is compLeted by heating. The ether soLution is dried over CaCL2 
and redistilled [10, 14]. 

A gaseous mixture of HN3 in N2 for industriaL purposes resuLts from the reaction of 
crude NaN3 with aqueous HCL at ~350 K and stripping the HN3 thus formed from the soLution 
with a stream of N2 [15 to 17]. The yieLd of this process is maximized by separating the 
solid saLts formed in the process from the mother Liquor which then is reacted with additionaL 
azide [18]. 

Formation of HN3 from N3" and CH 2(CNh, CH 2(COCH 3b, and HC02H, but not with 
C2H5C02H, was observed during ion cycLotron resonance-spectrometric measurements of 
the proton affinity of N3" [19]. The Liberation of HN3 from MN3 (M = Na, Cs, N(CH3)4) by 
Less than one equivaLent of gaseous HF at ambient temperature Leaves a residue of MF· 
n HF in MN3 which is attributed to the formation of the more acidic HF:2 repLacing the 
weaker acid HN3 [20]. HydroLysis of Pb(N3b yieLds HN3 via Pb(N3b(s) + H20(L)¢HN3(g) + 
Pb(N3)OH(s) with an equilibrium constant of K=4.5 x 10- 2 Torr at 298 K. HydroLysis in the 
presence of CO2 Leads to HN3 and Pb 3(OHb(C03)2 [21]. A soLution containing the 1 : 1 compLex 
of N3" and Sm3+ decomposes with formation of HN3 at pH vaLues beLow 5.5 and temperatures 
above 298 K [22]. 
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2.3.1.1.2 Oxidation of Hydrazine and Its Salts 

The formation of HN3 by oxidation of N2H4 in aqueous HN03 can be formulated by 
the equation 17 N2H4+16 HN03--+4 HN3+4 NH4N03+4 N20+11 N2+32 H20. A kinetic 
investigation suggests N2H2 to be an intermediate [1]. The reaction is accelerated by y 
radiation; the yield of HN3 passes through a maximum of -35% in 2 M HN03 at 310 K 
and decreases with increasing concentration of HN03 [2]. 

The oxidation of N2H4 to HN3 by HN03 in aqueous solution is catalyzed by Tc ions 
[3, 4] and is also responsible for the degradation of N2H4 with formation of HN3 and NHt 
in aqueous, Tc-bearing process solutions during the U-Pu separation in the PUREX process 
[5]. The presence of TcO; ions catalyzes the formation of HN3, reaching a maximum yield 
of -50% in 5.3 M HN03 at 313 K [2, 6]. The oxidation of N2H4 leads to N2H5 N03 and 
HN3 at a molar ratio of 1.5 to 2 which remains constant as the oxidation of N2H4 and 
HN3 continues [4]. Addition of N02" ions decreases the HN3 yield [2]. The yield of HN3 
is hardly influenced by UIV and depressed by Pu lV ions [6]. The formation of HN3in diluted 
HN03 containing Fe2+ is attributed to intermediately formed HN02 [7]. The reaction was 
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also observed in solutions containing additional Cu2+ ions [8]. A minor amount of gaseous 
HN3 forms during fast thermolysis of N2H5N03 [9]. 

The formation of HN3 via the well known reaction N2H; + HN02 -> HN3 + 2 H20 + H + is 
nearly quantitative with excess N2H4 in aqueous HN03 [7] or HCl04 [10] at [H+]>0.2 mollL. 
Lowering [H +] decreases the yield of HN3 in favor of NH3 [10]. Experiments with 15N2H4 
and HN02 yield exclusively HN3 with 14N in one of the molecule's terminal positions and 
eliminate cyclic azide to be an intermediate during the formation of the product [11]. The 
reaction in HCl04 is catalyzed weakly by Cl- and Br- and much stronger by SCN -. A reaction 
mechanism was proposed involving nitrosation of N2H; by NOX (X=Cl, Br, SCN) and decom­
position of the thus formed adduct to HN3 and H20 or NH3 and N20, with the relative 
contribution of either reaction depending on the pH [10]. The reaction in aqueous 0.05 
to 0.5 M HN03 is given by 7 N2H4+12 HN02+H+->HN3+NHt+5 N2+6 N20+18 H20 
[12]. 

The formation of HN3 in a mixture of NH3 and other nitrogen-hydrogen compounds 
was established mass-spectrometrically upon exposing gaseous N2H4 at 233 K to a micro­
wave discharge [13]. A gaseous mixture of HN 3, N2, N20, NO, and H20 resulted when 
N20 4 was passed over condensed N2H4 [14]. Oxidation of N2H4 by primary aliphatic nitrate 
esters yielded a trace of HN3 besides N2, NH 3, and NO [15]. Mixtures of HN3 and NH3 
form during the oxidation of N2H4 by the 2-equivalent oxidizers H20 2, S20~-, ClOi, ClO~, 
BrOi, MnO~, TlIII, Pb 'v , VV , Sbv , CrV1 , MoV' , and SeVI in acidic solution. The yield of HN3 
increases with the temperature of the solutions [16]. Formation of HN3 by the overall reaction 
3 N2H5N3 + 2 KI03 -> 3 HN3 + 3 N2 + 2 KI + 6 H20 was observed in aqueous solution [17]. 
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2.3.1.1.3 Other Reactions 

The formation of HN3 during decomposition of organic azides, usuaLLy by thermolysis, 
was reviewed in [1). A 'Y-radiolyzed solution of H2 in liquid N2 at 77 K yielded HN3 as 
a by-product of NH3. G values of 0.02 and 0.7 extrapolated to an infinite concentration 
of H2 were obtained (2). A very smaLL yield of HN3 in addition to some NH3 resulted from 
the reaction of H2 with N2, when activated by glow and condensed discharges [3). The 
admixture of N2 and NH3 in a ratio of 1:4 to an Ar plasma yielded a condensable product 
which contained HN3 and N2H4 after evaporation of NH3 and other volatiles [4). Formation 
of HN3 was observed during 'Y radiolysis of liquid NH3 at doses exceeding 4 x 104 rad [5). 
Thermal decomposition of (CH3NH3)N03 yielded a trace of HN3 besides CH3NH2, N2 , NO, 
and H20 in the temperature range 400 to 770 K [6). Reactions of benzenesulfinyl azide 
with thiols or primary and secondary amines liberated HN3 [7). A mixture of NH2' and 
N20 in a selected-ion flow tube yielded HN3 and OH- (28%) and the conjugated base 
pair N3' and H20 (72%) in a rapid reaction with an enthalpy calculated to be -38 kJ/mol 
[8). Frequently, HN3 forms during the decomposition of compounds containing chains of 
three or more N atoms; see the corresponding chapters in the present volume. 

References: 

[1) Abramovitch, R. A.; Kyba, E. P. (in: Patai, S.; The Chemistry of the Azido Group, 
Interscience, London 1971, pp. 221/329). 

[2) Horigome, K.; Hirokami, S.; Sato, S. (Bull. Chem. Soc. Jpn. 51 [1978) 725/8). 
[3) Stewart, K. (Nature 157 [1946)191/2). 
[4) Koehne, R.; Lindner, F. (Dtsch. Luft-Raumfahrt Forschungsber. DLR-FB 75-27 [1975) 

1/43,27/8; C.A. 83 [1975) No. 100191). 
[5) Sutherland, J. W.; Kramer, H. (J. Phys. Chem. 71 [1967) 4161/2). 
[6) Miron, Y. (J. Hazard. Mater. 3 [1980)301/21). 
[7) Maricich, T. J.; Angeletakis, C. N. (J. Org. Chem. 49 [1984)1931/4). 
[8) Bierbaum, V. M.; Grabowski, J. J.; DePuy, C. H. (J. Phys. Chem. 88 [1984)1389/93). 

2.3.1.1.4 Preparation of HN3 Isotopomers 

Methods used for the preparation of DN3 and 15N-labeled molecules are basically the 
same used in HN3 syntheses. DN3 was prepared by reacting NaN3 with D3P04 [1, 2). This 
gave a much better yield than the reaction of NaN 3 with monodeuterated stearic acid [3) 
as described in [4). Formation of DN3 by exchange between HN3 and excess liquid D20 
was described in [5). 

Mixtures of H15NNN and HNN15N were obtained from NaNN15N and stearic acid [6) 
and from KNN15N and H2S04 [7). A mixture of aLL 15N-labeled isotopomers of HN3 resulted 
from end- and central-labeled NaN3 and H3P04 [1). A mixture of D15NNN and DNN 15N 
was obtained by gas-phase hydrogen exchange of labeled HN3 and excess D20 [8). 
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[7] Winnewisser, M.; Cook, R. L. (J. Chem. Phys. 41 [1964] 999/1004). 
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2.3.1.2 Purification 

Crude HN3 can be purified by fractionation under vacuum in traps cooled to 223, 173, 
and 77 K; HN3 collects at 173 K [1]. Distillation at ambient pressure can also be used, 
because HN3 and H20 do not form an azeotrope [2]. Double distillation through a dephlegma­
tor and drying the condensate with MgS04 or CaCl 2 yielded HN3 with less than 0.2% of 
impurities [3]. Residual moisture was removed from gaseous HN3 by passing it through 
drying towers filled with P40,o [4,5]. CaCl 2 [6]. or Mg(Cl0 4h [7] with loss of HN3 by absorp­
tion. Purification of HN3 by pumping on the condensate at ~210 K followed by slow distillation 
in the temperature range 200 to 230 K was used in [8]. The purity of gaseous HN3 can 
be checked by the doubling of the pressure after exploding a sample [9]. 
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2.3.1.3 Toxicity 

Hydrogen azide has an unbearingly pungent odor. The substance is classified supertoxic, 
the lethal dose for oral ingestion by humans being probably <5 mg/kg. The poisoning 
action of HN3 is similar to that of the azide ion [1]. Hydrogen azide solutions damage 
the skin. Inhalation of the gas causes dizziness, headache, and strong irritation of the 
mucous membranes; see "Stickstoff" 2, 1935, p. 290 for earlier results. Other symptoms 
are a rapid and severe drop of the blood pressure [2] and an increase in the pulse rate. 
Hypersensitivity to HN3 may develop [3]; a concentration as low as 0.5 ppm was sufficient 
to cause irritation to some workmen [4]. Bronchitis and pulmonary edema were mentioned 
to result from heavy exposure [1]. However, regular exposure to HN3 fumes at concentrations 
between 0.3 and 3.9 ppm over years did not lead to any pathological symptoms. Toxic 
effects of higher HN3 doses on animals are described in [2]. 

The maximum concentration at the workplace (MAK value) of HN3 in the Federal Republic 
of Germany is 0.1 ppm (0.27 mg/m3); occasional exposure to twice that concentration is 
tolerable for short periods of time [5]. A limit of 1 ppm to exposure is given in [6]. 

The recovery from moderate HN3 poisoning is fast upon ceasing the exposure [2] and 
admitting fresh air. In case of heavy poisoning, blood circulation analeptics may be useful 
in order to counteract paralysis of the vasomotor nerves [3]. 

The HN3 concentration in air can be determined colorimetrically via the reddish com­
pound which forms with Fe3+ in diluted HN03 [7] after absorbing HN3 either in an AgN03 
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solution and Liberating it with diluted H2S04 [8] or in sample tubes filled with solid diatoma­
ceous earth impregnated with Na2COa and desorption with water [9]. Determining HNa in 
soils by the HPLC method requires derivatization to 3,5-dinitrobenzoyl azide [10]. 
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2.3.1.4 Handling. Storage. Disposal 

Pure HNa in any physical state and solutions is noxious and potentially explosive. Appro­
priate precautions are required during work. Plastics are the preferable container materials, 
but nonsparking metals may also be used [1, 2]. Materials not corroded by HNa include 
glass, stainless steel, Al, Sn, Pb, Ti, Ag, and Au [2]. Other heavy metals are frequently 
attacked with formation of expLosive azides [3]. WhiLe poLyethene is inert to HNa, polyureth­
ane, cellulose products, and pLexiglass do react [4]. 

ExpLosions of HN3 seem to be triggered by shocks; if they are avoided, gaseous and 
also Liquid HNa can be reLativeLy safeLy handLed. AccordingLy, the Liquid should not be 
decanted, rather be transferred by slow evaporation and condensation. Conventional distilla­
tion should be avoided because of delayed boiling, possibLy resuLting in explosions [5]. 
Explosions may also result from HNa trapped in crevices of joints and corners of experimen­
tal equipment [6] or absorbed in drying towers. These residues have to be removed thorough­
ly after terminating the experiment [7]. The phase transition between solid and Liquid HNa 
is accompanied by a large volume change, thus increasing the risk of explosion. This risk 
is diminished in the presence of water in the vessel when cooled below the melting point 
(~193 K) of HNa [5]. 

The condensate of the vapor over a 0.05 M aqueous solution of HNa can reach the 
potentially expLosive concentration of 17% (4.7 M). A soLution with a concentration:::;;0.05 
M cannot evolve HNa in quantities sufficient to cause an expLosion damaging to an ordinary 
steel tank [8]. The safety aspects of HNa formed in solutions during the PUREX process 
are discussed in [9]. 

Moderate quantities of gaseous HNa can conveniently be stored several months in glass 
containers at pressures below 300 Torr and ambient temperature without decomposition 
[10, 11]. Gaseous HNa at less than 100 Torr did not decompose on contact with Hg or 
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silicon vacuum grease [12]. Storage of Liquid HN3 in suspended glass vessels was also 
described [5]. Exclusion of Light was recommended [13]; the same holds for aqueous solu­
tions in sealed containers [11]. The HN3 loss from open vessels is relatively fast for solutions 
with -45 gIL of HN3 and slows down with decreasing initial concentration, becoming negligi­
ble below 10 gIL HN3 [14]. 

Addition of ceric ammonium nitrate decomposes HN3 in aqueous solution [15]. Slowly 
forming HN3, for example from hydrolysis of Pb(N3b. is destroyed on contact with elemental 
Zn or Mg, thereby generating N2, NH 3, and the metal oxides. The metals can be used 
in bulk form or as pressed and sintered powders [16]. 
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2.3.1.5 Applications 

Hydrazoic acid itself has Little industrial significance [1]; however, its industrial use 
to prepare heavy-metal azides for shell detonators was mentioned [2]. A mixture of HN3 
in N2 can be used to prepare azides from the appropriate bases [3 to 5]. A detonation­
transferring copper azide coating on an inert support was prepared by reacting gaseous 
HN3 with a CuCl2 layer [6]. 

Photo- and spark-induced explosions of HN3-containing gas mixtures were investigated 
for the construction of lasers. Excited N2 thus formed leads to population inversion of CO2 
levels, but the gain is low due to the high rotational and vibrational temperature of CO2 
[7]. Chemical pumping of the IF(B 3rr;) state in HN3-CF31-F mixtures results from collisions 
with intermediately formed N3 radicals [8]; the system is theoretically treated in [9]. Chemical 
pumping of IF in HN3-F-H2 supersonic flames is discussed in [10, 11]. Excited XeF in 
HN3-XeF2-He mixtures is a potentially useful excimer lasant for a short-wavelength chern i­
cal laser [12, 13]. 
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HN3 effectively scavenges intermediately formed HN02 [14], for example in organic reac­
tions like the Fischer-Hepp rearrangement [15], the photolysis of nitrosamines [16], or oxida­
tions by HN03 [17]. Patents describe the effective, reductive removal of nitrogen oxides 
from exhaust and flue gases upon sparging the gas through aqueous HN3 at ambient temper­
ature [18, 19]. The formation of a greenish bLue VV complex in acetic acid with HN3 and 
a benzamidine can be used for the determination of V, for example in steel [20]. The feasibili­
ty of aqueous HN3 for chromatographically separating metaL ions was investigated; see 
[21, 22] for details. 

Semiconducting gallium nitride films can be grown from HN3 and Ga(CH3lJ by chemicaL 
vapor deposition at very low pressures. A silicon nitride film could be obtained similarLy 
[23]. The thermaL behavior of HN3 adsorbed on Si is described on p. 137; chemical vapor 
deposition of HN3 on silicon at elevated temperature yields hydrogen-containing silicon 
nitride suitable for transistors [24]. The patent literature also describes the surface treatment 
of semiconductors with a HN3 plasma [25] and the gas phase reaction of HN3 with silicon 
compounds for the deposition of photoconducting films; see for exampLe [26]. Gaseous 
HN3-H20 mixtures poison the autocatalytic decomposition of Pb(N3b by reacting with the 
metallic nucLei which are necessary for the catalytic acceLeration of the reaction [27, 28]. 
The inhibiting effect of HN3 on bacterial growth [29] and yeast activity was noted [30]. 
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ingshu CN 87-105937 [1988]4 pp. from C.A. 110 [1989] No. 126964). 
[26] Toshiba Corp. (Jpn. Kokai Tokkyo Koho 58-124224 [1983] 5 pp. from C.A. 100 [1984] 

No. 129854). 
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2.3.1.6 Molecular Properties and Spectra 

2.3.1.6.1 Molecular Structure of HN3 

The substitution structure of HN3 was determined from the rotational constants; it approxi­
mates the equilibrium structure. The planar HN3 has an angular N3 group and a trans 
configuration at the central bond; the internuclear distances in A and angles in degree 
are as follows [1]: 

LHNN LNNN 

1.015(15) 1.243(5) 1.134(2) 108.8(40) 171.3(50) 

Values estimated for the rotational constants Ao of H15NNN and HNN15N were used 
in determining the structural parameters; a later evaluation of microwave spectra confirmed 
these constants and the structure deduced therefrom [2]. The structure is consistent with 
the vibrational data, chemical reactivity [1], and the geometry predicted by earlier ab initio 
calculations [3, 4]. A planar HN3 is indicated by very small inertial defects of HN3 and 
the 15N end-labeled isotopomers [5]. The results of ab initio calculations on the geometries 
and energies of HN3 in the ground state until 1988 are summarized in [6] and more recently 
reviewed in [7]. 

All earlier structural determinations are based on the assumption of a linear N3 group. 
Other structural data from earlier microwave spectra [5, 8, 9] and an electron diffraction 
study [10] are similar to the values listed above. 

The experimentally unknown cyclic isomer of HN3 is described in Chapter 2.3.3 on 
pp. 154/5. 

A CNDO/2 calculation predicts an HN3 dimeric adduct with a hydrogen bond from one 
molecule to the terminal N atom of the second to be most stable with a dissociation energy 
of 31.8 kJ/mol. A second, linear structure and two cyclic ones are less stable [11]. These 
results agree qualitatively with the conclusions drawn from the IR spectra which are 
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described on p. 111. The possible formation of an (HN3h molecule with a hexaazabenzene 
skelet9n is discussed on p. 185. 
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2.3.1.6.2 Electronic Structure 

The electron configuration of ground-state HN3C A') is (1a')2 (2a,)2 (3a,)2 (4a,)2 (5a')2 
(6a')2 (1a,,)2 (7a,)2 (8a,)2 (9a,)2 (2a,,)2 [1]. The electron configuration of the first excited 
state 3A" is ... (9a,)2 10a' 2a" [2] or ... (9a,)2 2a" 10a'. Other low-lying valence states are 
two 3A' states with ... (9a')2 2a" 3a" and ... 9a' (2a,,)2 10a' and a 3A" state with ... 9a' 
(2a,,)2 3a" [3]. Slightly different electron configurations were used in earlier assignments 
of the photoelectron spectra; see below. 

The bonding in HN3 is usually described in terms of equal contributions of the resonance 
structures HN~=Np=N; and HN; -Np=Ny. The cr framework of HN3 approximately results 
from an sp hybrid at Np which is bonded to a pBs orbital of N~ and a p or pBs orbital 
of Ny. A second pBs orbital of Nm- is used for the cr bond to H. A supplemental, localized 
1t bond connects Np and Ny. The bonding of the N3 group is completed by a delocalized 
1t bond which Links Np with N~ and Ny [4, 5]. The calculation of the bond orders at the 
MP2/6-31G(d, p) level predicts less than a single bond for H-N~, an intermediate between 
a single and a double bond for N~-Np, and nearly a triple bond for Np-Ny [6]. 
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[5] Murgich, J.; Aray, Y. (J. Chern. Phys. 87 [1987] 3580/6). 
[6] Otto, M.; Lotz, S. D.; Frenking, G. (Inorg. Chern. 31 [1992] 3647/55). 

2.3.1.6.3 Ionization Potentials 

Six photoelectron bands, expected for nonlinear HN3 analogous to the spectrum of the 
isoelectronic Linear N20, were observed in the most recent studies of He I and He II photo­
electron (PE) spectra. The first three bands exhibit vibrational splitting; see p. 154 for details. 
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Vertical ionization potentials E; in eV are as foLLows: 

E; [1] ...................... 10.74(2) 12.25(2)a) 15.45(2) 16.8(1) 20.3(1) 21.6(1 ) 
E; [2] ...................... 10.72 12.24 15.47 16.8 20.6 21.9 
E; [3] ...................... 10.70 12.2b) 15.47 16.7 17.4 20.1 c) 

assignmentd ) ......... 2a" 9a' 8a' 7a' 1a" 6a' 

a) Adiabatic E; = 11.70 eV. b) Adiabatic E; = 11.6 eV. - c) Additional peaks at 24.0 eV 
(5a') and 26.4 eV (4a') in the X-ray PE spectrum of frozen HN3. - d) From STO-3G and 
MINDO calculations [1] and INDO and ab initio literature data [3]. 

The interpretation of the PE spectra depends on whether to assign one or two ionization 
potentials to the fourth band and consequently on the designation of the higher bands 
[4, 5]. Energies and assignments of the first four bands from earlier He I PE spectra [6, 
7] are similar to the more recent results, whereas the earlier published ionization potentials, 
11.5 and 12.6 eV from Rydberg series [8] and 10.3 eV from the mass spectrum [9], disagree 
with the PE values [1 to 3]. The energy gaps between the three peaks of lowest energy 
in the PE spectrum of HN3 adsorbed on an Si(110) surface agree reasonably weLL with 
those of gaseous HN3 [10]. 

The N 1s core binding energies were taken from X-ray PE spectra of frozen HN3 relative 
to the Au 4f spin doublet. The spectrum at 150 K consists of two bands with a 1:2 intensity 
ratio. The weaker, narrower band at 403.6 eV is assigned to the central N atom, and the 
stronger, broader band at 399.7 eV can be devoluted into two bands of the terminal N 
atoms differing by 0.9 eV. This energy splitting confirms the largely covalent HN3 structure 
[3, 11] and agrees with a splitting of 1.0 eV reported earlier, where ionization energies 
for HNNN of 401.5, 405.6, and 402.5 eV were assigned by comparing them with values calcu­
lated by the SCF method [12]. 
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2.3.1.6.4 Proton Affinity 

The proton affinity of HN3 is 738.9 ± 4.2 kJ/mol; the value was calculated from the experi­
mental equilibrium constant of proton transfer between N3H; and methyl nitrate and agrees 
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with the result of an MP2 calculation. Tandem mass spectrometry indicated that the amino­
diazonium ion, H2NNN +, forms preferentially. A calculation at the MP2 level gave proton 
affinities of 636.0 kJ/mol and 168.2 kJ/mol for the formation of the isomers HNNNH+ and 
HNN(H)N+ [1]; see pp. 157/8 for additional results. A proton affinity of 749±29 kJ/mol for 
the formation of the H2NNN+ isomer was estimated from the experimental core binding 
energy of isoelectronic H2NCN and the heat of formation of HN3 (equivalent-cores approxi­
mation) [2]. 
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2.3.1.6.5 Dipole Moment 

The electric dipole moments II of H'4N3 and D'4N3 were obtained by vector addition 
of the components Illal ('" along the N3 axis) and Illbl (perpendicular to lla in the plane 
of the molecule). These were determined from the results of Stark effect measurements 
in microwave spectra as follows (values in D): 

molecule II Illal used transition Illbl used transition Ref. 

H'4N3 1.70(5) 0.8369(20)*' J=4+-3, K= 1 1.48(5) 250 . 25 +- 24, . 24 [1] 
D'4N3 1.76(5) 0.894(10) 10 ., +-00 • 0 1.51 (5) 160 .'6+- 15,.'5 [2] 

*J From [3]. An earlier value of Illal in [4] was less precise. 

The II values of both isotopomers agree satisfactorily with each other [2]. Theoretical 
calculations show that II is essentially parallel to the N-H bond [1, 2], the positive end 
being the H atom [2]. 

The dipole moment of HN3 can be calculated without too much difficulty with an accuracy 
of 0.1 to 0.2 D. Experimental dipole moments are compared with values from own and 
previous ab initio calculations at different levels [5]. 
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2.3.1.6.6 Nuclear Quadrupole Coupling Constants 

The resolution of the hyperfine structure in microwave Fourier transform spectra yielded 
precise values of the N coupling constants. The assignment of the bands was facilitated 
by comparing them with the simpler spectrum obtained with the mixed isotopomers H' 5NNN 
and HNN'5N. The 101 +-000 transition was used for the determination of eqaaQ ; the other 
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constants resulted from a-type Q-branch transitions. Values for HN.N~Ny in MHz are [1]: 

eq •• Q. = 4.727(5) 
eq •• Q~ = - 0.84(3) 
eq •• Qy= -1.224(14) 

eqbbQ• = - 1.228(3) 
eqbbQ~ = 0.52(2) 
eqbbQy = 2.611 (7) 

eqccQ• = - 3.499(3) 
eqccQ~ = 0.32(2) 
eqccQy = - 1.387(7) 

Earlier values of eq •• Q. [2, 3] and eq •• Qy [2] from microwave spectra are in exceLLent 
agreement with the more recent results, but are less precise [1]. The quadrupole coupling 
constant given in [4] is incorrect [2, 3]. Experimental 14N quadrupole coupling constants 
are compared with the values from own and previous ab initio calculations in [5] which 
also gives calculated eq.b values. 
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2.3.1.6.7 Rotational Constants. Centrifugal Distortion Constants 

HN3 and DN3 are semirigid, slightly asymmetric rotors: HN3 with K= -0.99916 [1] and 
DN3 with K= - 0.99769 [2]. The asymmetry suffices to Lift the degeneracy of the transitions 
starting from levels with the rotational pseudoquantum numbers K;;= 1 and 2 (lower state) 
[3, 4]. The large value of Ao means that even for moderate numbers of K. the rotational 
levels of the ground vibrational state have energies comparable to the rotational levels 
in the V5 state; perturbations result [5]. Therefore, an analysis of the spectra has to include 
sextic terms for larger values of K [4]. Simultaneous analyses of several vibrational bands 
were used in recent papers in order to eliminate difficulties arising from interactions [5, 
6]. 

The most exact rotational constants were derived from Fourier transform IR (FT -IR) 
[7] and FT -MW spectra [8] for HN3 and from FT -IR [6] and MW spectra for DN3 [2]. The 
results were evaluated within the Watson representation of the Hamiltonian for the near­
symmetric asymmetric top and are Listed in Table 8. The only rotational parameter published 
for HN15NN is (Bo+Co)=23.814 MHz [9]. 

Table 8 
Effective Ground State Rotational Constants of Hydrogen Azide in MHz. 

molecule Ao Bo Co analysis includes Ref. 

HN3 611036.95(78) 12034.1734(42) 11781.4759(36) dodeca'ic terms [7] 
H15NNN 605583.30(15) 11667 .5433( 15)·) 11427.8558(15)·) sextic terms [8] 
HNN15N 610979.7(2) 11641.7764(14)·) 11405.0788(14)·) sextic terms [8] 
DN3 344746.849(90) 11350.832(21 ) 10964.999(21) octic termsb) [6] 
DN3 344746.589(64) 11350.983(16) 10964.755(15) sextic terms [2] 

.) The values were refined from the results in [4]. - b) Interaction with V5 was included. 
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The Watson representation of the Hamiltonian for the near-symmetric asymmetric top 
was also used in order to obtain centrifugal distortion constants from FT -IR spectra [5 
to 7]. FT -MW spectra [8], and a continuous MW spectrum [2]. The resulting quartic constants 
are given in Table 9; see the cited papers for the values of the sextic and higher terms. 

Table 9 
Quartic Centrifugal Distortion Constants of Hydrogen Azide in kHz. 

molecule .1J .1K .1JK 8J 8K 

HN3a ) 4.8770(42) 270479(249) 790.46(2.28) - 0.0916(20) -0.0176(43) 
HN3b ) 5.52(18) 270560(12) 605.6(3.0) 0.096(15) 435(66) 
H15NNN c ) 4.627(5) 270480.0f) 769.0(8) -0.0836(15) - 0.023(14) 
HNN 15Nc ) 4.540(5) 270480.0f) 752.3(8) - 0.0827(15) -0.027(13) 
DN3d ) 4.329(18) 92588(33) 335.2(4.2) 0.1745(33) 281(12) 
DN3e ) 4.281 (16) 92242(33) 444.51(44) 0.1864(41) 365.1 (7.7) 

Terms included in the analysis are a) dodecaYc [7], - b) octic [5], - c) sextic [8], - d) octic [6], 
- e) sextic [2]. - f) Fixed value from [7]. 

Less complete or earlier sets of rotational and centrifugal distortion constants for hydra­
zoic acid in the ground state were given in a number of papers which are listed in Table 10. 
Very early microwave investigations of HN3 and DN3 are described in [9. 10]. 

Table 10 
Additional Rotational Parameters of Hydrazoic Acid in the Ground State. 

molecule determined parameters 

8 0, Co • .1J 

Ao. 8 0 , CO • .1J . .1K . .1JK. 8J• 8K• four sextic terms 
Ao. (80 +Co), .1J • .1K . .1JK• 8J. 8K• four sextic terms 
8 0 , .1K 
Ao. (80 + Co), .1J . .1K . .1J K. one sextic term 
Ao-(80 +Co)/2 . .1J . .1K • .1JK• one sextic term 
Ao. 8 0 • CO . .1J . .1K . .1JK• 8J• three sextic terms 
Ao - (80 + Co)/2 • .1K• three sextic terms 
.1J • .1K • .1J K. 8J 
Ao. 8 0 • Co • .1J • .1J K. two sextic terms 
Ao. 8 0 • Co • .1J • .1J K. two sextic terms 

.1J . .1K . .1J K. 8J 

Ao. 8 0 , Co • .1J . .1J K. two sextic terms 

Ao. 8 0 , CO • .1J • .1K . .1JK. 8J. 8K• four sextic terms 
Ao. (80 + Co) • .1J . .1K . .1J K. one sextic term 
Ao - (80 + Co)/2 . .1K• three sextic terms 
.1J • .1K • .1J K. 8J 
Ao. 8 0, Co • .1J . .1J K. two sextic terms 
Ao. 8 0, CO . .1J • .1J K. two sextic terms 
8 0 +Co• 8 0 -Co. DJ 

Gmelin Handbook 
N Suppl. Vol. 82 

source 

FT -IR of V4 

far FT -IR 
FT -IR of v5 • Vs 
laser-IR of V3 
far Raman 
far Raman 
MW 
far IR 
valence force field 
MW 
MW 

valence force field 

MW 

far FT -IR 
far Raman 
far IR 
valence force field 
MW 
MW 
IR of V4 

Ref. 

[11] 
[3] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[4] 

[18] 

[4] 

[20] 
[14] 
[17] 
[18] 
[19] 
[4] 
[21] 
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RotationaL and centrifugaL distortion constants were aLso determined for various vibra­
tionaLLy excited states of hydrogen azide. The resuLting parameters are Listed in TabLe 11. 

TabLe 11 
RotationaL Parameters of HN3 and DN3 in VibrationaLLy Excited States. 

moLecuLe state determined parameters spectrum 

HN3 v 1 , V2 +V4 ' 3v1 B, D, and sometimes H for each K FT-IR 
v2 (B+C), ~J Raman 
V3 B, ~K for each K Laser-IR 
v5 , V6 A, (B+C), ~J' ~K' ~JK' 8J , 8K , four FT-IR 

sextic terms 
V5 , V6 (A-B), ~K IR 
3v1 ,4v1 A, B, C, ~J' ~K' ~JK near IR, visibLe 
5v 1 ,6v1 (B+C) photodissociation 

DN3 v 1 A, B, C, ~J' ~K' ~J K, 8J and seLected IR 
parameters for each K 

v 1 A, (B + C), ~J' ~K' ~J K' one sextic term IR, Raman 
v 5 , v6, (v4 ) A, (B+C), ~J' ~K' ~JK' 8J , 8K , four FT-IR 

sextic terms and an octic one 
V4 B+C, B-C, DJ , 8J IR 
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2.3.1.6.8 Coriolis Coupling. Rovibrational Interactions. Fermi Resonances 

CorioLis coupling constants are usually caLcuLated from the fundamentaL vibrations by 
the methods of MeaL and PoLo [1, 2] and Smith and Mills [3]. OnLy the CorioLis coupling 
constants II;;~sl = 0.07755(16) for HN3 [4] and 0.093(8) for ON 3 [5] were obtained from rovibra­
tionaL spectra. The caLculated vaLues are as folLows [1]: 

constant HN3 ON3 constant HN3 ON3 

I;;fs -0.0308 - 0.0212 1;;~6 0.2998 0.1028 

I;;~s - 0.0125 -0.0368 I;;~s -0.8254 -0.8324 

I;;~s -0.0010·) -0.0662 I;;~s 0.0335 0.0321 

I;;~s -0.4027 -0.5330 b ) I;;~s 0.0013 0.0022 

I;;~s -0.6863c ) -0.7266d ) I;;~s 0.0099 0.0159 

.) - 0.31 (5)[3]. - b) - 0.41 (5)[3]. - c) - 0.93(2)[3], - 0.9227 [2]. - d) - 0.82(2) [3], - 0.8308 [2]. 

CaLcuLated constants I;;~s are - 0.9255 for H,sNNN and - 0.9224 for HNN,sN [2]. 

Perturbations of the vibrational fundamentals of HN3 and ON3 are extensive. The experi­
mental observations are described separateLy for each isotopomer. 

HN3 . Perturbations were observed in the upper LeveLs K' = 0 to 2 of v,. The interactions 
take place by anharmonic resonance for K' = 0 and K' = 1. The vibrational leveLs Vs or Vs 
or both are probably involved in the first case, whereas in the second one, v2 + 2vs is 
possibly interacting. The small anomaly at the K'=2 level of v, is due to two different 
perturbations [6]. 

Substantial mixing of the HNN bending mode V3 with the skeLetal stretching mode v4 

is indicated by the change of the rotationaL constant upon V3 excitation and the changes 
in the IR spectrum upon substitution of the terminaL N atom. An a-type CorioLis interaction 
of V3 with Vs and Vs was aLso suggested [2]. However, this CorioLis coupling is not compatibLe 
with the anomaLousLy small energy difference between the V3 subbands for K = 0 and K = 1 
observed in a high-resolution IR spectrum. The small energy difference probably arises 
from Fermi resonance of V3 with 2vs, which is raised in energy by Fermi resonance with 
v4 . Interaction of V3 with Vs and Vs aLso cannot expLain the observed K dependence of 
the effective B and ~ vaLues of V3' A perturbation by energetically close, unidentified states 
was suggested instead [7]. 

The fundamentaL v4 of HN3 is gLobally disturbed. The perturbation is attributed to CorioLis 
coupling to nearby LeveLs, the most likeLy being Vs + Vs for symmetry reasons. AdditionaL 
perturbations are possibLy invoLved. A LocaL interaction invoLving crossing between the Levels 
K. = 3, 4 of v4 and K. = 2, 3 of V3 was deduced from anomalies in the rotationaL constants 
B [8]. Another crossing at the K.=8 and 9 LeveLs of the v4 state with LeveLs of an unassigned 
vibrationaL state was observed in the high-resoLution IR spectrum [9]. 

The main resonance in Vs is a strong first-order a-CorioLis perturbation by Vs which 
strongLy effects the positions of the K LeveLs in both bands [10]. FundamentaLs from a Low-
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resolution IR spectrum yielded I;;~s (see above) [3]. A second-order a-CorioLis interaction 
between V5 and Vs for levels with L\K= ±2 was additionaLLy found in a later high-resolution 
spectrum [11]. The centrifugal distortion parameters C~b=7.9309(13) x 10-5 cm- 1 and II;;~sl 
(see above) were determined in a simultaneous analysis of the vibrational ground state, 
V5' and vs, taking into account the resonance between the ground state and V5 via centrifugal 
distortion and the a- and b-CorioLis-type interactions between V5 and Vs [4]. 

DN3 • A perturbation in the K structure of v1 became obvious when observed and calculat­
ed frequencies were compared. Possible candidates for a Fermi interaction were given 
[12]. Fermi resonance between V2 and V3+V4 and v3+2v5 was observed in the IR spectrum 
[2]. 

The subbands of v4 are strongly disturbed for Ka::::::8 by interactions with V5 states. Other 
interacting bands are vs, probably v3, and overtones and combination bands of V5 and 
Vs [13]. 

The perturbation of the V5 band is similar to that of V5 in the HN3 spectrum. An analysis 
showed that there is a resonance between the ground state and V5 due to centrifugal distor­
tion, a- and b-CorioLis type interactions of V5 and vs, and an a-type CorioLis resonance 
between v4 and vs. A centrifugal distortion parameter C~b=6.29(12) x 10-5 cm- 1 and II;;~sl 
(see above) were determined [5, 14]. 

An additional, weaker interaction of V5 and Vs was found with the hydrogen bending 
mode V4 [3]. This local, second-order a-CorioLis interaction between Ka = 7 and 8 of Vs 
and Ka = 5 and 6 of V4 was identified for DN3 by the perturbation of the Vs band. The 
poor fit of some subbands indicates perturbations in v4 due to other levels [5]. A second­
order a-CorioLis resonance between V5 and Vs for levels with L\K = ± 2 [11] was observed 
for DN3 between the levels Ka = 3 and 4 in Vs and Ka = 5 and 6 in V5 [5] as predicted 
in [4]. 
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2.3.1.6.9 Fundamental Vibrations 

Ground State. Hydrogen azide has Cs symmetry; the six fundamentals (5A' + 1A") are 
aLL active in IR and Raman spectra [1,2]. The vibrational spectra of HN3 show great complex­
ity despite the smaLL number of fundamental vibrations because of strong CorioLis coupling 
and Fermi resonances [3] as described above. The fundamental vibrational frequencies 
of HN3 and DN3 are given in Table 12 and those of 15N-substituted isotopomers in Table 13. 
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Table 12 
Fundamental Vibrational Frequencies (Band Origins) of Gaseous HN3 and DN3 in cm -1 . 

Vi description HN3 DN3 
IR Raman IR Raman 

V1 v(XN) 3339.8908 [4] 2478.443(2) [5] 2478.324(9) [6] 
v2 vas(NNN) 2139.8(6) [7] 2140.308(4) [8] 2141 [1] 
V3 o(XNN)a) 1266.63223(38) [9] 1184.7(2) [7] 

1266.6327(3) [10] 
v4 vs(NNN)a) 1147.4075(5) [3] 954.769(1) [11] 957.7(3) [12] 

1147.4042(3) [10] 
V5 o(NNN)b) 537.2480(17) [13] 495.7479(10) [12] 
VS ,(NNN)C) 606.3586(15) [13] 586.4994(12) [12] 

a) A normal-coordinate treatment of hydrazoic acid indicates that the pair V3 and v4 consists 
of an H(D)NN bending mode and an NNN stretching mode, respectively. The hydrogen bend­
ing mode is V3 for HN3 and V4 for DN3 [14]. - b) In-plane. - c) Out-of-plane. 

The earlier fundamental frequencies V1 = 3336 (m), v2 = 2140 (vs), V3 = 1274 (m), v4 = 1150 
(vs), V5 = 522 (w), and Vs = 672 (w) cm -1 of gaseous HN3 [1] were often used for caLcuLating 
moLecuLar properties. 

The IR band Vs in the gas phase spectra depends on V5 via Coriolis coupling for most 
of its intensity [15]. The inherently small intensity of Vs becomes evident when comparing 
spectra of the gases with those of solid sampLes, where there is no Coriolis coupling [7, 
15]. The energy transfer from the very strong a-component of the V5 band through first-order 
a-Coriolis resonance Leads to the observed a-type band of Vs which is in contrast to the 
c-type band expected for the moLecuLar symmetry. The absence of the Coriolis interaction 
for Ka=O results in the missing Ka=O subband in Vs [12]. 

TabLe 13 
FundamentaL VibrationaL Frequencies of 15N-Substituted, Gaseous Hydrogen Azide in cm- 1 

[7]. 

moLecuLe v1 v2 V3 v4 V5 V a) s 

H15NNN 3491.1 2133.7(4) 1265.2 1124 525.7 
HNN 15N 3497.3 2116.5(4) 1257.5b) 1146.3 523.7 
D15NNN 2455c ) 2126.5d ) 1164.0(5) 947.6 492.9 
DNN 15N 2466c ) 2107.1 d ) 1172.1(5) 954.4 490.5 

a) Not observed. - b) ExtrapoLated from the QQ K branches with K= 1 to 6. _ c) In an 
N2 matrix. - d) CaLcuLated from the force fieLd; the band is Fermi-resonance-shifted. 

Q-branch frequencies of V3 and V4 for HN 3, HNN15N, of v1 for DN 3, and of v4 for the 
deuterated 15N isotopomers from gas spectra are listed in [7]. Q-branch frequencies of 
V5 and Vs for HN3 and DN3 [16] and near 700 cm- 1 [1] were aLso reported. 

The fundamentaLs of HN3 and DN3 absorbed on an Si(100) surface at 120 K were measured 
by high-resoLution eLectron energy Loss (HREEL) spectroscopy and were found to be similar 
to those of the gaseous molecuLes [17]. 
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Electronically Excited States. The fundamentaLs of excited HN3 were partly identified 
in the UV spectrum of the gas. Average vaLues are v~ = 1475 to 1490, v~ = 788 ± 40, Vs and 
vs=428±26, and vs~645 cm-'. A comparison with the ground-state fundamentaLs demon­
strates that the excited species has a considerably bent N3 group. The vibrational splitting 
of Rydberg states is aLso given [2]. 
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2.3.1.6.10 Mean Amplitudes of Vibration. Bastiansen-Morino Shrinkage 

The paralleL (reLative to the moLecuLar axis) mean amplitudes of vibration were caLcuLated 
from earlier published vibrationaL frequencies [1] and structuraL data assuming a Linear 
N3 group [2]. ResuLts at 300 K in A are [3]: 

moLecuLe u(H(D)-N.) 

0.07433 
0.06345 

0.03835 
0.03844 

0.03558 
0.03567 

u(H(D).··Np) 

0.10580 
0.09901 

0.12140 
0.11550 

The mean amplitudes of the N-N vibrations are the same for HN3 and DN3 [3]. SimiLar 
resuLts were obtained in a more recent caLcuLation [4]. PerpendicuLar mean-square ampli­
tudes are given in [5]. 

The caLcuLated Bastiansen-Morino shrinkage effect in the N3 group (taken to be Linear) 
was found to be 0.004251 A for HN3 and 0.003923 A for DN3 [5]. 
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2.3.1.6.11 Force Constants 

The most recent caLcuLation of the force constants of hydrogen azide in a generaL vaLence 
force fieLd [1] is based on earLy vibrationaL [2] and structuraL data [3]. In internaL coordinates 
there are three stretching force constants, fR' fro and fr' with R= r(H-N), r= r(N~-N~), and 
r' = r(N~-Ny). The angLe deformation constants are f~ with (l= L HNN and f~ and ft for the 
in-pLane and out-of-pLane deformations of the NNN unit. These vaLues and those of the 
most important interaction force constants in 105 dyn/cm are as follows [1]: 

f r' f~ f~ fr~ 

6.1702 13.8971 13.5851 0.5251 0.4089 0.6193 0.3915 1.2590 0.3487 

Force constants in a generaL vaLence force fieLd in [4] are based on simiLar moLecuLar 
parameters; the force constants in a Urey-BradLey force fieLd were Less satisfactoriLy. Force 
constants from an SCF caLcuLation with a doubLe-zeta basis set are given in [5]. An earLy 
caLcuLation [6] using structuraL parameters from [7] yieLded somewhat uncertain force con­
stants because of strong correLation among them. Other earLy [8] or incompLete [9] sets 
of force constants were obtained from simpLe vaLence force fieLds. Some force constants 
were estimated by empiricaL methods [10 to 12]. 
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2.3.1.6.12 Gas Phase Acidity. Bond Dissociation Energies 

The standard gas phase acidity of HN3 has an enthaLpy of 1439±8 kJ/moL and was 
measured by ion cycLotron resonance of gas-phase proton transfer reactions. This result 
disagrees with vaLues caLcuLated from Born-Haber cycLes [1]. Thermodynamic data for the 
dissociation in aqueous soLution are given on p. 151. 

D(H-N3)' Average H-N3 standard dissociation energies of Dg = 385 to 389 kJ/moL [2] and 
384.6 ± 20.9 kJ/moL at 0 K [3] were determined via the reaction of HN3 with F atoms. An 
earlier investigation of this reaction yieLded ~ 350 kJ/moL [4]. The thermaL emission of N3" 
from a filament heated in gaseous HN3 was studied in a magnetron ceLL and yieLded 
Do=377±33 kJ/moL [5]. VaLues of D=386± 19 [6] and D3oo=343± 12 kJ/moL [7] were caLcu­
Lated from the enthaLpies of formation of N3 which in turn were derived from the radicaL's 
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experimental electron affinity [6] and reaction enthalpy [7]. A dissociation energy of 347 kJI 
mol was obtained from a mass-spectrometric investigation of HN3 [8]. A dissociation energy 
of 385±20 kJ/mol was calculated from the enthalpy determined for the gas phase acidity 
of HN3 [1]. A Born-Haber cycle gave an energy of 406 ± 17 kJ/mol [9]. An ab initio study 
(second-order M011er-Plesset perturbation theory, various basis sets) yielded Do = 405 to 
415 kJ/mol [13]. 

D(HN-NN). An HN-NN bond energy of~42 kJ/mol at 298 K was determined from the 
reaction of HN3 with excited Kr atoms [10]. An upper limit of the dissociation energy with 
formation of NH(X 31:-) and N2(X) is 59.3 kJ/mol at 0 K. The value was calculated from 
the experimentally observed energy of NH(a 'L\) and spectroscopic constants [11]. A value 
of 38.5 kJ/mol resulted from mass-spectrometric investigations on HN3 [8]. Thermodynamic 
data yielded 73.2 kJ/mol [12]. A value of about 21 kJ/mol at 298 K was calculated from 
a Born-Haber cycle [9]. An ab initio study (see above) gave Do~63 kJ/mol [13]. The low 
HN-NN dissociation energy would require dissociation of HN3 at ambient temperature; the 
molecule's actually observed stability stems from an additional energy barrier towards 
decomposition. It originates from the spin-forbidden character of dissociation into the prod­
ucts in their ground states [8]. The dissociation energy of 224.3 kJ/mol for HN3 -+ NH(a ' L\) + 
N2 (X) was calculated from thermodynamic data [12]. 
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2.3.1.6.13 Quantum-Chemical Calculations 

The HN3 molecule has been the subject of a series of quantum-chemical studies. The 
more important ones are referenced in conjunction with the individual properties of HN3. 
For a more complete survey of quantum-chemical calculations and especially those covering 
computational aspects, consult the bibliography of ab initio calculations given on pp. 16/7. 

2.3.1.6.14 Spectra 

Nuclear Magnetic Resonance 

The 'H NMR shift of HN3 in CCl 4 at 298 K and infinite dilution is 0=4.10 ppm; the width 
of the singlet (half-width 50 Hz) results from the short quadrupole relaxation time [1]. A 
shift of 0 = 6.45 ppm with a coupling constant' J(HN) = 69 Hz was found at 303 K in a 10% 
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(C2H5hO solution of triply labeled H'5N3 which does not show quadrupole broadening. 
The value of ' J(HN) is consistent with Sp3 hybridization at the H-bonded N atom; the coupling 
constant is probably negative [2]. 

The '5N chemical shifts of 10% of triply labeled H'5N3 in (C2H5hO solution at 303 K 
[2] agree well with the chemical shifts of H'4N3 which were obtained earlier under similar 
conditions [3], but are less exact due to quadrupole coupling. Spectroscopic data of HN.NpNy 
(negative high-field shifts in ppm) with respect to 1 M '5N03" in D20 are as follows [2]: 

N. Np Ny 

'5N chemical shift C H-decoupled) - 321.085 -130.557 -174.816 
coupling constant' J(NN) in Hz 13.95 7.20 
coupling constant J(HN) in Hz 70.18 2.26 2.25 

The signals of the terminal N atoms become exchange-averaged in the presence of 
excess acid; a signal at 8 = - 240 ppm in the presence of H20 is the exchange-averaged 
signal of the terminal N atoms in HN3 and in N3" [3]. 

Microwave Spectra 

The bands in the MW spectra of the HN3 isotopomers were all assigned to ground 
state rotational levels. They are identified by the rotational quantum numbers J. Usually 
the subscripts K_" K, are added, which are the pseudoquantum numbers for the limiting 
cases of the prolate and oblate symmetrical rotors. The pure rotational spectra of HN3 
and DN3 are qualitatively similar. They consist of partially overlapping subbands, each 
subband characterized by the value of K;; for the initial state and LiKa = 1. The spacing 
between the subbands of DN3 is about half the spacing found in the HN3 spectrum in accor­
dance with the decrease of the constant Ao upon substitution. The spacing between the 
rotational lines in the P and R branches of the individual subbands is nearly unaltered 
after HID exchange, because the Bo and Co constants remain nearly unchanged [4]. 

The MW spectra of HN3 exhibit quadrupole hyperfine splitting for some bands; see for 
example [5, 6]. Complete resolution of the hyperfine splitting was achieved by Fourier trans­
form spectroscopy [7]. Following are the results of MW measurements: 

molecule spectrum rotational transitions between lowest band Ref. 
range in GHz and highest J levels type 

HN3 24 10,,<-00.0 a [7] 
20 to 72 22., <- 1, ,0 to 555.5, <- 544. 50 a [8] 
9 to 125 8,.7<-8,.8 to 280.28 <-27,.27 a, b [6] 
24 to 167 1o" <-00,0 to 75,3<-65,2 a [9] 
213 to 215 90,g<-80,8 to 96,4<-86,3 a [10] 
24 1_, +- 00 [11] 

H'5NNN 5 to 37 1o" <-00,0 to 250,25<-24,,24 a, b [7] 
92 to 209 40,4+-30,3 to 93,7+-83,6 a [10] 

HNN'5N 5 to 40 1o" +-00,0 to 260,26<-25,,25 a, b [7] 
92 to 208 40,4<-30,3 to 93,7<-83,6 a [10] 

DN3 8 to 338 1o" <-00,0 to 46,,45<-452,44 a, b [5] 
66 to 180 30,3+- 20,2 to 85,4+-75,3 a [9] 

Early results on the HN3 isotopomers were reported in [12] without experimental details. 
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Infrared and Raman Spectra 

Investigations of the vibrational spectra of gaseous and frozen hydrogen azide are Listed 
below. Spectra in CCl4 [13, 14] and CS2 solution [14] were also described. The IR spectra 
of HN3 and DN3 measured before 1950 were critically discussed in [13]. Studies on spectra 
of hydrogen azide are Listed in Table 14. 

Table 14 
IR and Raman Studies of Gaseous Hydrogen Azide at Ambient Temperature. 

molecule spectrum frequency range in cm-' investigation of Ref. 
(resolution in cm -') 

HN3 FT-IR 1100 to 1200 (0.03) v4 , coupling [15] 
FT-IR 3000 to 3500 (0.007) v" V 2 +V4 ' 3v4 , coupling [16] 
IR 900 to 1900 (0.005) v3, v4 , coupling [17] 
FT-IR 190 to 370 rotation, coupling [18] 
FT-IR 20 to 400 (0.03) rotation, v5, v6 , coupling [8] 
FT-IR 300 to 900 (0.03) v5, v 6 , coupling [19] 
laser-IR 1240 to 1290 (0.007) v3, coupling [20] 
Raman a ) 2050 to 2210 (0.25) v2 , V 2 +V5' V2 +V6 [21] 
Raman 2 to 470 (0.5) rotation [22] 
Raman not given (0.3) rotation [23] 
IR 20 to 260 (0.5) rotation [24] 
IRb ) 400 to 1300 (1) v3, v5, v6 , coupling [25] 
IR 170 to 3700 rotation, fundamentals, coupling [26] 
IRe) 450 to 3500 fundamentals, overtones [13] 
IRd) 3000 to 3500 v, [27] 
IRe) 290 to 3500 monomer, dimer, polymers [28] 

H'5NNN IR 500 to 3500 fundamentals, coupling [26] 
HNN'5N IRe) 500 to 3500 fundamentals, coupling [26] 

DN3 FT-IR 400 to 1020 (0.03) V4 , V5, v 6 , coupling [29] 
FT-IR 20 to 400 (0.03) rotation, v5, v6 , coupling [4] 
IR 2430 to 2520 (0.005) v" coupling [30] 
Raman 2200 to 2600 (0.3) v, [31] 
FT-IR 2200 to 2600 (0.07) v, [31] 
IR 900 to 1050 (0.03) v4 , coupling [32] 
Raman 2 to 390 (0.5) rotation [22] 
IR 20 to 240 (0.5) rotation [24] 
IR b ) 400 to 1300 (1) v4 , v5, v 6 , coupling [25] 
IR 350 to 3700 fundamentals, overtones, 

coupling [26] 
IRe) 450 to 3500 fundamentals, overtones [13] 

D'5NNN IR 480 to 1200 fundamentals, coupling [26] 
DNN'5N IRe) 480 to 2500 fundamentals, coupling [26] 

a) Also includes Raman spectrum at 423 K. b) Also of polycrystalline films at ~85 K. 
- e) Also spectra of the solid at 80 K and > 120 K. - d) In Xe, Ar, N2 matrix at 20 K. 
- e) In N2 matrix at 20 K. 
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Subband origins (K=O) of 3v4 at 3509 cm-' and of V2+V4 at 3251 cm-' were observed 
in the IR spectrum of HN 3. The vaLue of v2 + v 4 is considerabLy beLow the harmonic vaLue 
of ~3290 cm -'. One reason for this is the intensity transfer from v, by anharmonic resonance 
which is aLso responsibLe for the absence of the expected b-type component of the v2 + v4 

band. The rotationaL structure of the v2 + v 4 band is disturbed; additionaL subbands for 
K = 1 to 3 form the K structure of another vibrationaL Level. Both interact by a-CorioLis 
coupling; the magnitude of the intensities suggests that the other LeveL is v2 + V5 + vs. Addi­
tionaL resonances in both LeveLs are noticeabLe [16]. 

The hydrogen bonding in solid HN3 and DN3 shifts aLL bands invoLving HN vibrations 
reLative to the gas-phase frequencies [13]. An acyclic structure of the hydrazoic acid dimeric 
adduct in an N2 matrix was deduced in dilution experiments with HN3-DN3 mixtures from 
the observation that there are onLy two additionaL bands irrespective of the D/H ratio. The 
bands at 387 and 302 cm -, were assigned to the torsionaL distortions of a hydrogen and 
deuterium bond. The dimer v(NH) frequency is shifted 150 cm-' towards Lower frequencies 
in an N2 matrix and is considerabLy smaller than the shift of 216 cm-' observed in the 
pure crystal. The hydrogen bond energy (~9.6 kJ/moL) and the bending force constant (0.089 
mdyn/)i.) of the hydrogen bridge were estimated for HN3 in an N2 matrix [28]. No hydrogen 
bonding of HN3 was observed in CCL4 soLution [13]. 

The Q branches of the hot-band transitions V5 --+ v2 + V5 and Vs --+ v2 + Vs were identified 
at 2129.3(1) cm-' in the Raman spectrum of gaseous HN3 at ambient temperature [21]. 

Near-Infrared, Visible, and Ultraviolet Spectra 

Overtone and combination bands of gaseous HN3 were investigated in the near-IR and 
visibLe ranges between 1070 and 500 nm. 3v" 4v" and 5v, were excited conventionally 
[33], whereas 5v" 6v" 7v" and associated combination bands were excited by direct pump­
ing or by IR-visibLe doubLe-resonance pumping through the v, band [34 to 36]. The band 
origins in cm-' are: 

3v, [33] 4v, [33] 5v, [33, 35] 6v, [35] 7v, [36] 

9547.35(2) 12414.03(5) 15121(1) 17671 20070 

Earlier observations on the 3v, and 4v, overtones were discussed in [33] and confirmed 
qualitativeLy. The 3v, overtone band is an a- and b-type hybrid. The ratio of the individuaL 
vibrationaL transition moments, lla/llb = 0.37 ± 0.05, corresponds to an angLe of 1600 between 
the totaL transition moment and the N3 group. This vaLue is considerabLy Larger than the 
angLe HNN and inconsistent with a dipoLe moment transition aLong the N-H bond as implied 
by the 3v, band's excLusive origin from the N-H stretching mode. RotationaL perturbations 
of the 3v, band were observed in the rotationaL LeveLs with K' = 2 and 4; their origin couLd 
not be determined [33]. The pure a-type bands of 4v, [33], 5v, [33, 34], and 6v, [34] at 
ambient temperature show that the transition moment approaches the N3 axis with increasing 
excitation of v,. Line broadening in 4v, and 5v, suggests predissociation [33]. 

The photodissociation spectra of 5v" 6v, [34, 35] and 7v, [36] were measured at a 
rotationaL temperature of 8 K after free-jet expansion in Ar and were much better resoLved 
than the room temperature spectra; see aLso [37]. The activated, rotationaL LeveLs of the 
vibrationaLLy excited species and their predissocialion Lifetimes 1: are as follows [34]: 
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vibrational rotational rotational levels 1: in ns 
level temperature 

5v, 8 K J=O to 7, K=O 210± ~6° 
300 K J = 5 to 30, K = 0 to 2 80±~g 

6v, 8 K J=O to 4, K=O 0.95±0.15 
300 K J = 5 to 30, K = 0 to 2 1.3±0.2 

7v, [36] ~8 K ~ 0.0026 

The predissociation lifetime at 8 K does not vary significantly with J for 5v, and 6v,. The 
energy range between these overtones contains combination bands of 5v, which are much 
weaker; their band origins and predissociation lifetimes are given in [35]. Combination 
bands of 6v, are observed in the wavenumber range 6v, to 7v, ; their positions and assign­
ments are given in [36]. 

An analysis of the observed lines demonstrates that the description of these vibrational 
eigenstates at high energies by normal- or local-mode motions is inadequate [35, 36]. 
Deconvolution of the 6v, band gives a maximum amount of 35% of 6v, character for this 
eigenstate. The discrete, resolvable spectral features observed for the local mode actually 
result from anharmonic (Fermi) coupling of the N-H stretching states with background vibra­
tionallevels which is facilitated by the high state density of~ 10 states/cm-' at the required 
energy [35]. The Cs symmetry of HN3 does not severely restrict the vibrational states that 
couple through anharmonic resonances [34]. Inhomogeneous contributions from rotation 
and hot bands, and homogeneous (Lorentzian) broadening from the coupling of bound vibra­
tionallevels to the dissociation continuum were observed in individual transitions [35]. 

The UV spectrum of gaseous HN3 contains the absorptions given below. The experimental 
extinction coefficients differ slightly; the values in aqueous solution [38] are given in paren­
theses: 

position in nm extinction coefficient I; absorption assignment [38] 
[38,39] in cm 2 /mol coefficient in 

[39] [38] (atm·cm)-' [40] 

264 (~260) 24 ~20 (~47) 'A" e~.:;-)+-- 'A' e~;) 
200 (~197) 498 ~450 (~600) 'A" eL1u)+--'A' e~;) 
190 (~187) 805 ~740 (~660) ~78 'A' eL1u)+-- 'A' e~;) 
170, shoulder ~500 'A" eng.u)+-- 'A' e~;) 
156 ~20000 2200 'A' eng.u)+-- 'A' e~;) 
140 1480 'A' e~~)+--'A' e~;) 

The UV spectrum between 210 and 114 nm is displayed in [40], and an additional broad 
band below 130 nm with a maximum at ~ 120 nm was mentioned. An absorption coefficient 
of 1.40 x 10- 3 (Torr· cm) -, was measured at 254 nm and 296 K [41]. The absorption coefficient 
in cm 2 /mol at 230 nm can be described by 1;=35+0.12 x (T-600) from 600 to 1200 K and 
by 1;=35+0.15x (1700-T) from 1200 to 1700 K [42]. The absorption coefficient of 
(2.2±0.2) x 105 cm 2 /mol at 206 nm changes very little between 1200 and 1350 K [43]. The 
gas-phase spectra exhibit rather rich vibrational structures [38, 40, 44]; vibrational bands 
of electronically excited HN3 are given on p. 106. The spectrum of the solid at 87 K exhibits 
a weak absorption at ~262 nm and a strong band which begins near 230 nm and cuts 
off transmission at 210 nm [39]. 
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The absorption of light by aqueous HN3 at 260 nm falls off with increasing concentrations 
of acids added at ambient temperature. The decrease is not related directly to the protonation 
equilibrium [45]. The absorption at 260.3 nm in aqueous solution shifts to 264.3 nm in i-octane 
solution and to 264.4 nm in HCCl3 solution. The insensitivity of the band position to a gross 
change in solvent polarity was taken to be consistent with a forbidden, perpendicular Tt*-Tt 

transition [46]. 

The low-lying Rydberg states 3A" at ~200 nm and 'A" at ~190 nm were calculatea 
[47]. Four Rydberg series were observed in the vacuum UV spectrum. Their onsets are 
at 153.3, 133.8 (ns +-Tt), 135.4 (np +-Tt), and 129.8 nm (nd +-Tt) and yielded (outdated) ionization 
potentials [38]; see also p. 98. 

The photolytic dissociation of HN3 is described on pp. 125/32. 

References: 

[1] Nelson, J.; Spratt, R.; Nelson, S. M. (J. Chern. Soc. A 1970 583/7). 
[2] MOller, J. (Z. Naturforsch. 33b [1978] 993/6). 
[3] Beck, W.; Becker, W.; Chew, K. F.; Derbyshire, W.; Logan, N.; Revitt, D. M.; Sowerby, 

D. B. (J. Chem. Soc. Dalton Trans. 1972245/7). 
[4] Bendtsen, J.; Nicolaisen, F. M. (J. MoL. Spectrosc. 125 [1987]14/23). 
[5] Bendtsen, J.; Winnewisser, M. (Chem. Phys. 40 [1979] 359/65). 
[6] Bendtsen, J.; Winnewisser, M. (Chern. Phys. Lett. 33 [1975]14115). 
[7] Gerry, M. C. L.; Heineking, N.; Maeder, H.; Dreizler, H. (Z. Naturforsch. 448 [1989] 

1079/86). 
[8] Bendtsen, J.; Nicolaisen, F. M. (J. MoL. Spectrosc. 119 [1986] 456/66). 
[9] Kewley, R.; Sastry, K. V. L. N.; Winnewisser, M. (J. MoL. Spectrosc. 12 [1964]387/401). 

[10] Winnewisser, M.; Cook, R. L. (J. Chem. Phys. 41 [1964]999/1004). 

[11] Rogers, J. D.; Williams, D. (Phys. Rev. [2] 82 [1951]131). 
[12] Amble, E.; Dailey, B. P. (J. Chem. Phys. 18 [1950]1422). 
[13] Dows, D. A.; Pimentel, G. C. (J. Chern. Phys. 23 [1955]1258/63). 
[14] Nelson, J. (Spectrochim. Acta A 26 [1970] 235/47). 
[15] Bendtsen, J.; Nicolaisen, F. M. (J. MoL. Spectrosc. 133 [1989]193/200). 
[16] Cheung, A. S.-C.; Merer, A. J. (J. MoL. Spectrosc. 127 [1988] 509/26). 
[17] Bendtsen, J.; Nicolaisen, F. M. (J. MoL. Spectrosc. 152 [1992]101/8). 
[18] Hegelund, F.; Bendtsen, J. (J. MoL. Spectrosc. 124 [1987] 306/16). 
[19] Bendtsen, J.; Hegelund, F.; Nicolaisen, F. M. (J. MoL. Spectrosc. 118 [1986]121/31). 
[20] Yamada, K.; Takami, M. (J. MoL. Spectrosc. 84 [1980] 431/46). 

[21] Bendtsen, J. (J. Raman Spectrosc. 9 [1980]162/5). 
[22] Bendtsen, J. (J. Raman Spectrosc. 6 [1977] 306/13). 
[23] Bendtsen, J. (Proc. 5th Int. Conf. Raman Spectrosc., Freiburg i. Br., FRG, 1976, pp. 410/1 ; 

C.A. 87 [1977] No. 191470). 
[24] Krakow, B.; Lord, R. C.; Neely, G. O. (J. MoL. Spectrosc. 27 [1968]148/76). 
[25] Levine, D. M.; Dows, D. A. (J. Chern. Phys. 46 [1967]1168/72). 
[26] Moore, C. B.; Rosengren; K. (J. Chern. Phys. 44 [1966]4108/15). 
[27] Becker, E. D.; Pimentel, G. C. (J. Chern. Phys; 25 [1956] 224/8). 
[28] Pimentel, G. C.; Charles, S. W.; Rosengren, K. (J. Chern. Phys. 44 [1966] 3029/33). 
[29] Bendtsen, J.; Hegelund, F.; Nicolaisen, F. M. (J. MoL. Spectrosc. 128 [1988] 309/20). 
[30] Bendtsen, J.; GuelachviLi, G. (J. MoL. Spectrosc. 107 [1984] 385/94). 

[31] Bendtsen, J. (J. Raman Spectrosc. 15 [1984]113/9). 
[32] Bendtsen, J.; Nicolaisen, F. M. (J. MoL. Spectrosc. 145 [1991]123/9). 

Gmelin Handbook 
N Suppl. Vol. 82 



114 

[33] Carlotti, M.; Di Lonardo, G.; Galloni, G.; Trombetti, A. (Trans. Faraday Soc. 67 [1971] 
2852/61). 

[34] Foy, B. R.; Casassa, M. P.; Stephenson, J. C.; King, D. S. (J. Chem. Phys. 90 [1989] 
7037/45). 

[35] Foy, B. R.; Casassa, M. P.; Stephenson, J. C.; King, D. S. (J. Chem. Phys. 92 [1990] 
2782/9). 

[36] Casassa, M. P.; Foy, B. R.; Stephenson, J. C.; King, D. S. (J. Chem. Phys. 94 [1991] 
250/61 ). 

[37] Foy, B. R.; Casassa, M. P.; Stephenson, J. C.; King, D. S. (AlP Cont. Proc. No. 191 
[1989]612/4; C.A. 111 [1989] No. 243197). 

[38] McDonald, J. R.; Rabalais, J. W.; McGlynn, S. P. (J. Chem. Phys. 52 [1970]1332/40). 
[39] Papazian, H. A.; Margozzi, A. P. (J. Chem. Phys. 44 [1966] 843/4). 
[40] Okabe, H. (J. Chem. Phys. 49 [1968] 2726/33). 

[41] Fueno, T.; Fukuda, M.; Yokoyama, K. (Chem. Phys. 124 [1988]265172). 
[42] Zaslonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Kinet. Katal. 13 [1972] 829/35; 

Kinet. Catal. [Engl. Transl.]13 [1972] 745/50). 
[43] Kajimoto, 0.; Yamamoto, T.; Fueno, T. (J. Phys. Chem. 83 [1979] 429/35). 
[44] Baronavski, A. P.; Miller, R. G.; McDonald, J. R. (Chem. Phys. 30 [1978]119/31). 
[45] Templeton, J. C.; King, E. L. (J. Am. Chem. Soc. 93 [1971] 7160/6). 
[46] Closson, W. D.; Gray, H. B. (J. Am. Chem. Soc. 85 [1963] 290/4). 
[47] Meier, U.; Staemmler, V. (J. Phys. Chem. 95 [1991]6111/7). 

2.3.1.7 Mechanical and Thermal Properties 

Density. Expansion Coefficient. The pycnometric density of pure, liquid HN3 is 1.127 
g/cm 3 at 290 K [1]. The density in the range t = 0 to 21 °C is described by Q = 1.152/(1 + 0.0013 
t) [2, 3]. The density of gaseous HN3 of 1.91 kg/m 3 (temperature not given) was estimated 
from the experimental densities of other inorganic substances [4]. 

Sound VeloCity. A sound velocity of 1300 mls in liquid HN3 is cited in [5]. The sound 
velocity at 294 K in pure, gaseous HN3 and HN3-N2 mixtures was given in [6] as follows: 

speed in mls ......... 266 279 302 323 
diluent N2 in % ..... 0 20 50 75 

Viscosity. The viscosity of gaseous HN3 of 11295 = 109 ~P was calculated from kinetic 
theory and agrees with the experimental value. The Lennard-Jones parameters a=3.98 A 
and e/k=355 K were calculated from empirical relations [7]. 

Triple Point. Boiling Point. The triple point temperature of HN3 is ~ 193 K, where the 
vapor pressure is ~ 1 Torr. The normal boiling point of 308.9 K was extrapolated from 
the vapor pressure curve [3]. 

Heats of Transition. An enthalpy of melting of 6.0 kJ/mol was estimated for HN3 by com­
parison with the data of other inorganic substances [4]. The experimental heat of evaporation 
is 30.5 kJ/mol at 286.6 K and yields a Trouton constant of 92 J·mol- 1 ·K- 1 indicative of 
an unassociated liquid [3]. 

Vapor Pressure. The vapor pressure of HN3 between 273 and ~ 195 K is described 
by log(p/Torr) = 6.8426 -1302.1/T + 0.0567 log T. The temperature range between 273 K and 
the boiling point requires slightly different constants: log(p/Torr) = 7.8533 -1578.3/T + 0.0567 
log T [3]. 
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2.3.1.8 Thermodynamic Data of Formation. Heat Capacity. Thermodynamic Functions 

The experimental enthalpies of formation are 296.6 ± 2.1 kJ/mol for gaseous HN3 and 
263.6 ± 2.9 kJ/mol for the liquid at or slightly below ambient temperature and at constant 
pressure. The data were obtained from the heat of explosion [1]. Thermodynamic data 
of formation of gaseous and liquid HN3 and of a 1 M aqueous solution are summarized 
in Table 15. 

Table 15 
Thermodynamic Data of Formation for HN3 at 1 bar. 

state 

gas 

liquid 

aqueous 
solution 

temperature ~fGo in kJ/mol 

OK 

298 K 332.13 
327.6 
328.1 

298 K 331.12 
327.3 

298 K 321.8 
321.3 

300.290 
300.49 
299.83 
292.9 
294.1 
294.000 
269.32 
264.0 
260.08 
259.12 

~SO in J. K - 1 . 

mol- 1 

-115.5 
-113.68 

-214.35 

-207.1 

Ref. 

[2] 
[3] 
[4] 
[5] 
[3] 
[2] 
[4] 
[3] 
[3] 
[5] 

A value of ~fHo=259.12±0.8 kJ/mol for the formation of undissociated HN3 in aqueous 
solution at infinite dilution was also calculated from the measured enthalpy of HN3 dissocia­
tion [4]. 

Standard entropies of liquid HN3 at 298 K were calculated from thermodynamic data 
to be 140.6 [3] and 138.16 J·K- 1 ·mol- 1 [4]; a value of 146.0 J·K- 1 ·mol- 1 was given for 
a 1 M aqueous solution [3]. Values of ~Go were calculated from vapor pressure measure­
ments of HN3 over aqueous solutions. Results for HN3 at 1 atm and in a 1 M solution 
are [5]: 
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~Go in kJ/mol. .... - 8.58(21) 

297.58 
-6.15(13) 

309.11 
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322.62 
- 3.93(13) 
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Thermodynamic data of HN3 in the ideal gas state are given in Table 16. Similar calcula­
tions in [6] are based on earlier published vibrational frequencies and structural parameters 
taken from microwave spectra. 

Table 16 
Thermodynamic Functions of HN3 in the Ideal Gas State at 1 atm Pressure [2]. 

T -(Go-Hg)/T HO-Hg So Co 
p 

in ~ in J·K- 1 ·mol- 1 in kJ/mol in J·K- 1 ·mol- 1 .in J·K- 1 ·mol- 1 

100 165.001 3.329 198.294 33.608 
200 188.340 6.893 222.804 38.338 
298.16 202.502 10.948 239.222 44.224 
500 222~708 20.927 264.562 54.077 

1000 255.033 51.851 306.884 67.825 
1500 277.384 87.607 335.789 74.455 
200.0 294.839 125.794 357.736 77.950 
3000 321.520 205.654 390.072 81.2833 
4500 350.293 329.443 423.500 83.501 
6000 371.759 455.7791 447.724 84.924 

The thermodynamic values W- Hg= 10.874 kJ/mol, So = 238.97 J. K- 1 ·mol- 1 , and C~=43.68 
J·K- 1 ·mol- 1 were reported for gaseous HN3 at 298.15 K in [3]. SO=237.40 J·K- 1 ·mol- 1 

in [4]. 
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2.3.1.9 Standard Potentials. Electrochemical Behavior 

Standard potentials for the following reactions of HN3 in aqueous solutions at 298 K 
were calculated from thermodynamic data: 

reaction 

HN3(g) -+ 3/2 N2 + W· + e­
HN3(aq) -+3/2 N2+H+ +e­
HN3+2 H+ +2 e- -+3 NH 
HN3+3 H+ +2 e- -+ NHt +N2 
HN3+5 H+ +2 e- +3 H20-+3 NH30H+ 
HN3+ 11 H+ +8 e- -+3 NHt 
2 HN3+13 H++10 e--+3 N2H~ 

-3.40 
-3.09 

0.64 
1.96 

-1.26 
0.69 
0.34 

Ref. 

[3] 
[3] 
[2] 
[1] 
[2] 
[1, 2] 
[2] 
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The standard potential for the decomposition of HN3 has temperature coefficients of 
dEo/dT= -1.193 mV/K [3] and d2Eo/dT2= -0.562 IlV/K2 [4] for gaseous HN3 and dEo/dT= 
-1.57 mV/K for aquated HN3 [3]. The first and second temperature coefficients were calculat­
ed from the entropy and molal heat capacity, and they can be applied to the design of 
fuel cells. A standard potential of EO= -3.334 V with dEo/dT= -2.141 mV/K was calculated 
for the N2(g), H + /HN3 couple at 298.15 K and pH 0.000 [5]. 

The electrochemical reduction of HN3 can be described by HN3 + 6 H + + 6 e - -+ 

N2H4 + NH3 when carried out in an aqueous azide solution with a glassy carbon electrode 
pretreated with an [M02FesSs(SCsH5)9]3- solution in CH3CN. The rate of N2H4 formation 
increases as the pH is lowered from 10 to 5; a mechanism involving the reduction of coordin­
ated HN3 is proposed [6]. 

The polarographic reduction of HN3 in aqueous solution at 298 K is described by 
4 HN3 + 3 e - -+ 3/4 NH1 + 1/2 H2 + 15/4 N3" based on the charge transfer to the mercury work­
ing cathode and the composition of the products. The stepwise, catalytic reduction in the 
presence of COli ions was also investigated, and a mechanism was proposed [7]. In acidified 
solutions the half-wave potential of HN3 initially decreased linearly with increasing concen­
tration of H2S04 from -1.2 V in 8 M solution to a limiting value of about - 0.75 V which 
was reached in a 12.8 M solution. The polarographic wave is diffusion-controlled in the 
experimental concentration range and is suitable for analytical purposes. The single­
electron reduction of HN3 is completely irreversible as N2 is set free. N2H4 is expected 
to be the second product. The shift of the half-wave potential to positive values in increasing­
ly acidic solutions may indicate initial formation of H2N~ [8]. The polarographic oxidation 
wave of HN3 in an acidic solution containing Ru 'V ions was observed at -1.00 V [9]. 
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115/28). 
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2.3.1.10 Chemical Behavior 

2.3.1.10.1 Decomposition 

The unimolecular decomposition of gaseous HN3 at low pressures can be expected 
to start with a scission of either the H-NNN or HN-NN bond. Experiments show that the 
initial formation of NH and N2 is favored. The reaction enthalpies are 60 to 75 kJ/mol for 
the dissociation into N2(X) and NH(X) and about 385 kJ/mol for the dissociation into N3 
and H; see pp. 107/8. HF calculations of the potential energy surfaces employing a 6-31G** 
basis set predicted that the reaction yielding N2 and NH prevails because of its low activation 
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energy. A barrier of dissociation of Ea = 150 to 180 kJ/moL was obtained in experimentaL 
and theoreticaL studies; see beLow and p. 126. 

The bimoLecuLar decomposition 2 HN3 --> H2 + 3 N2 occurs at the high pressures encoun­
tered in expLosions. An HF/6-31G caLcuLation predicted an activation energy of 192 kJ/moL. 
The enthaLpy of reaction is about - 600 kJ/moL; see beLow. The most favorabLe potentiaL 
energy surface of the reaction indicates a mutuaL approach of two HN3 moLecuLes by the 
H-bonded N atoms Leading to 2 N2 and N2H2 as initiaL products. 

Reference: 

Haskins, P. J.; Cook, M. D. (Proc. Symp. ExpLos. Pyrotech. 13 [1986] 11-1111-6; C.A. 109 
[1988] No. 112938). 

2.3.1.10.1.1 Nonphotolytic Decomposition 

The non photoLytic decomposition of gaseous HN3 can be induced by heat, either applied 
directly or via a shock wave, by sparking, by TesLa coil discharges, by gLow discharges 
(see the following paragraphs for references), or by high-voLtage eLectric puLses [1]. A 
microwave discharge Leaves HN3 unchanged [2]. StabLe products result from the reactions 

2 HN3(g) --> H2 + 3 N2 with ~rH = - 594 kJ/moL and 
3 HN3(g) --> NH3 + 4 N2 with ~rH = - 942 kJ/moL 

The enthaLpies were caLcuLated from thermodynamic data [3]; an enthaLpy for the first 
reaction of - 603 kJ/moL results from an MP2/6-31G(d, p) calcuLation [4]. The spark-induced 
expLosion of hydrogen azide does not yieLd ammonia [5]; the products were identified to 
be N2 and H2 [6, 7]. The decomposition in a flame [8] and the thermoLysis of gaseous 
HN3 at > 1000 K by shock waves mainLy follow the first reaction, but the second one becomes 
more noticeabLe with increasing concentration of added diLuents [5, 9] and with decreasing 
temperature of decomposition [10]. However, the yieLd of NH3 is aLways Less than 33% 
with respect to the initiaL quantity of HN3 in the used gas mixtures [5]. An earLy mass­
spectrometric investigation of the thermoLysis of HN3 at 538 to 598 K showed NH3 and 
N2 to be the excLusive products; intermediates were not found [11]. Small amounts of H2 
were formed during thermoLysis at 620 K [12]. Upon passing a TesLa coil discharge through 
HN3 at 0.2 Torr or Less, the decomposition products N2, NH3 [13], and H2 were identified 
with a mass spectrometer. The yieLd of H2 exceeded that of NH3 [14]. 

Thermolysis. Kinetic investigations of the thermoLysis require diLution of HN3 by Ar in 
order to suppress possibLe contributions of the rapid and compLex subsequent reactions 
[15]. The decrease of the induction period of the reaction with increasing temperature is 
more noticeabLe for mixtures at higher HN3 concentrations. Above 1250 K the induction 
period becomes short reLative to the half-time of the reaction [10]. The decomposition is 
first order in both HN3 and Ar [15]. The resuLts of shock-wave experiments are as follows: 

temperature in K rate constant in cm3. moL -, . s -, HN3 concentration Ref. 

1200 to 1350 7.6 x 10'4 exp( -18200/T) <0.5 moL% [15] 
1250 to 1400 5.5 x 10'3 exp( -14000/T) 0.5 moL% [10] 
>1400 2.2 x 10'2 exp( - 9750/T) 0.5 moL% [10] 

The rate constants at 1250 to 1400 K in [10] agree with the earlier data in [15]. The 
Larger rate constants found for mixtures containing 2% HN3 can be attributed to the effect 
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of the exothermicity of the reaction on the heated gases, which also explains the differences 
between the results of [10] and [16]. The activation energy of -150 kJ/mol indicates a 
spin-forbidden decomposition to N2 and NHe~) as does the small preexponential factor 
which predicts the probability of the singlet-to-triplet transition to be in the range 10-2 

to 10-3 [15]. A larger value of the activation energy was found at higher temperatures; 
this probably indicates that the decomposition at higher temperatures takes place from 
a vibrational nonequilibrium state (see also below), because the time intervals required 
for relaxation and decomposition then become similar [10]. The first-order reaction, deter­
mined in early investigations of the decomposition of diluted HN3 by shock waves [16, 
17] and discussed theoretically in [18], is probably due to insufficient dilution [15]. The 
diluents He, Ar, and N2 lead to different first-order decomposition rates [19]. Lower activation 
energies were observed upon decreasing the initial total pressures of mixtures of 5.4 mol% 
HN3 in Ar [20]. 

The thermal decomposition of pure HN3 at 538 to 598 K is first order with 
k(S-I) =44.5 x 108 exp( -130 kJ· mol- 1/RT); the supposed reaction chain is not interrupted 
by added NO. The large entropy of activation of - 109 J. mol-I. K- 1 indicates a decomposi­
tion on the glass surface of the reaction vessel [11]. The decomposition of HN3 after injection 
into a vessel heated to 820 to 970 K follows first-order kinetics with a rate constant of 
k(S-I) = 1012 exp( -172 kJ· mol- 1/RT) [21]. 

The emissions from the intermediates NHC n -+ 1.1), NHen -+ 3~), NH2, N3, and 
N2cn -+ 3~) were observed in the given sequence upon thermolysis in a shock wave. The 
following mechanism with the most likely reactions and .1rH~98 in kJ/mol was deduced 
[10] : 

HN3 + Ar -+ NHC.1) + N2 + Ar 224 
HN3+NHC.1)-+2 NH(3~-)+N2 -78 
HN3+NH(3~-)-+NH2+N3 -71 
HN3 + NH2 -+ NH3 + N3 
2N3-+3N2 -835 

The decomposition is probably accelerated by the transfer of energy to the vibration V2 
of HN3 from vibrationally excited N2(v) which forms via HN3 + NH -+ N2 + N2(v) + H2. This 
reaction takes the observed excess in the emission of V2 of HN3 from the Boltzmann distribu­
tion at temperatures exceeding 1000 K into account [10, 20, 22]. The maximum excess 
of the vibrational energy of v2 over the temperature reaches 500 to 800 K at about the 
half-conversion point [23]; this was discussed theoretically in [24]. The excitation autoacce­
lerates the decomposition reaction, whereas due to the nonequilibrium character of the 
reaction the maximum heat release is found at -90% HN3 conversion by observing the 
density gradient behind the shock wave [25, 26]. 

The 3n -+ 3~ emissions of excited NH [27, 28] and ND [27 to 29] after thermolysis in 
a shock wave were reported in earlier papers. The emission from NH2 is weak [27, 28]. 
The fluorescence of the 2Al -+ 2Bl transition demonstrates the intermediate formation of 
electronically excited NH2 during thermolysis at 620 K [12]; additional experimental results 
and theoretical considerations are described in [30]. 

Ionization during decomposition of HN3 (0.5 to 3.2%) in He by a shock wave reaches 
a maximum yield of -7.3 x 10- 6 electrons per HN3 molecule at 2060 K. The yield in Ar 
reaches only -40% of that in He. The maximum electron concentration is reached earlier 
than the maximum NH concentration. The activation energy of the ionization process 
decreases from -188 kJ/mol at 1200 K to -134 kJ/mol in the temperature range 1750 to 
2100 K for both diluents, but the absolute rate in Ar is about one order of magnitude smaller. 
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The activation energy for the reaction yielding NH shows a similar decrease from -100 
to -46 kJ/mol. The ionization is supposed to occur in collisions of the vibrationally excited 
minor product N2H2 with the diluent gas with different rates for He and Ar [31]. Preliminary 
observations are described in [32]. 

A mass-spectrometric investigation of laminar flames of HN3 in noble gases allowed 
the identification of the intermediates NH and NH2 [33] and of N3 [8]. The suspected formation 
of N2H2 in small amounts [14] was confirmed mass-spectrometrically in hf discharge experi­
ments on mixtures of HN3 and DN3 [13]. The identification of NH and N3 did not succeed 
in this case [14]. The explosion of HN3 (DN3) after sparking was accompanied by emissions 
in the UV-visible range from' II-'.1 and 3II_3~ transitions in NH and NO and from electroni­
cally excited N2. The weak emissions from NH2, NHD, and ND2 were assumed to result 
from a chain mechanism [6, 7]; see also [34, 35]. 

Incomplete Decomposition. Partial decomposition of HN3 is achieved by passing the 
gas typically at a pressure of 0.5 Torr or less through a glow discharge, a furnace heated 
to -1270 K [36, 37], or a Tesla coil discharge [38]. The reaction proceeds via 6 HN3---> 
7 N2 + H2 + NH4N3 (or NH3 + HN 3) [36]. The yields of N2, H2, and NH3 increase and those 
of NH4N3 decrease with increasing length of the furnace [39]. Cooling the exit gas to 77 K 
after allowing sufficient time for the reaction yielded colorless NH4N3 containing HN3 [40] 
and a trace of N2H5N3 [41, 42]. Appreciable amounts of N2H5N3 were also found in the 
warm-up product from UV-irradiated, frozen HN3 [43]. Fast condensation of partly decom­
posed HN3 yielded a blue, low-temperature glass [36, 39, 43]. A blue product consisting 
principally of NH4N3 also formed upon UV photolysis of condensed HN3 [36, 40, 44, 45] 
with liberation of N2 [46]. A Tesla coil discharge on glassy, slowly condensed (at 77 K) 
HN3 did not produce a colored sample, whereas a blue spot appeared on crystalline HN3. 
Two separate spots were obtained when the discharge was applied in a magnetic field. 
The difference in the intensity of their colors increased with the field strength, indicating 
that the color results from bombardment with charged particles formed from the residual 
gas during the discharge [2, 47]. 

The origin of the blue color of the product resulting from fast condensation is not known 
and without noticeable influence on the product composition [41]. The UV-visible spectrum 
of the blue solid contains an absorption at 650 nm (originally assigned to N2H2 [36] or 
to NH2 [40]), an absorption at 350 nm (assigned to NH [36, 40]), and an unassigned band 
at 228 nm in UV-irradiated solid HN3 [48]. Only the first band was found in samples generated 
by thermolysis [36]. IR bands were assigned tentatively to polyazenes in [46]. The blue 
solid resulting from a 253.6-nm irradiation of frozen HN3 or from condensation after subject­
ing gaseous HN3 at 0.2 Torr to an electric discharge or to thermolysis at -1220 K exhibit 
a single ESR line at g=2.003±0.002 which could not be assigned [49]. Decomposition of 
HN3 in Tesla coil discharges and freezing the products at 77 K in the presence of the 
matrix gases Xe, CO2, or H20 demonstrate that the blue color cannot originate from NH 
radicals, because it disappears at the same temperature for all matrix materials. CrystaL 
defects in NH4N3 can aLso be excLuded, because the coLor is observed in matrix-isoLated, 
diLuted sampLes [38]. The bLue coLor was aLso attributed tentativeLy to N3H3 in anaLogy 
to the color of 0 3; see for exampLe [41]. 

Warming resuLts in coLor Loss at - 146 [43] to -150 K for thicker sampLes and at -125 K 
for thin deposits [36] without drastic chemicaL changes and with crystaLlization of NH4N3 
after sLow transitions through severaL solid phases. The crystallization seems cLoseLy remi­
niscent of a devitrification process [43]. Only the liberation of some H2 and N2 [46] in 
Less than 0.2% of the totaL trapped materiaL at the temperature of the color change can 
be attributed to a reaction and indicates that the products aLready form nearLy all in the 
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gas phase. The composition of the gas before condensation at 77 K and the gas resuLting 
from evaporation of the condensed solid are identicaL [14]. The product formation in the 
gas phase is aLso consistent with the constant composition of the product in spite of the 
fact that the time eLapsed before condensation varied [41]. 

Detonation. In a 100-cm3 vesseL gaseous HN3 has a Lower expLosion Limit of 4.5±0.5 
Torr at ambient temperature. The expLosion is accompanied by a bright yeLLow flame [50]. 
An expLosion Limit of 3.88 ± 0.12 Torr at 295 K was determined in a more recent investigation 
[51]. The expLosion Limits of DN3 and HN3 are identical. The Limiting pressure is hardLy 
influenced by increasing the voLume to 500 cm3, by increasing the temperature to about 
330 K, and by the position of the eLectrodes used for sparking [52]. A continuous decrease 
of the expLosion Limit with increasing intensity of the spark puLse was found at Low sparking 
intensities and LeveLs off at higher intensites [53]. The expLosion Limit in tubes increases 
with decreasing diameter [54]. 

The expLosion of gaseous HN3 (25 Torr) upon contact with a heated vesseL requires 
a minimum temperature of 560 K. Even at 570 K the induction period Lasts for severaL 
minutes and decreases with increasing temperature to fractions of a second. The expLosion 
Limit decreases from 23 Torr at 820 K to a minimum of 5 Torr at 1000 K, increases to 
14 Torr at 1050 K, and then decreases to 10 Torr at 1100 K. The maximum indicates that 
the decomposition mechanism of HN3 changes with temperature and shows the increasing 
roLe of a branching reaction [21]. The expLosion Limit of HN3 in a heated vesseL with different 
surface to voLume ratios drops exponentially from ~40 Torr at 720 K to ~5 Torr at 910 K. 
The Lower decomposition Limit with Luminescence decreases from ~5 Torr at 720 K to 
~3 Torr at 870 K. The decomposition at Lower pressures is sLow and proceeds without 
Light emission [55]. A kinetic investigation using p(HN3) :::;0.15 Torr found 538 K to be sufficient 
for decomposition [11]. 

The detonation speed of gaseous HN3 increases from 2550 mls at 4 Torr about linearLy 
to 2774 mls at ~ 10 Torr. The speed LeveLs off at higher pressures [51] and reaches 2802 
mls at 100.0 Torr [56]; see aLso [57]. The detonation speed in tubes decreases with the 
tube diameter at constant pressure [58]. Gradients of pressure [54, 59] and temperature 
[54] behind the detonation wave in tubes were investigated. The spatiaL speed of defLagration 
of gaseous HN3 increases with pressure and was measured after eLectric sparking in a 
constant-voLume bomb. ExperimentaL vaLues at room temperature are as follows [60]: 

pressure in Torr ............................. 5.6 
speed of defLagration in mls ......... 178 

a) From [61]. - b) From [62]. 

8.5 10 11.8 
188a ) 196b ) 202 

25.0 
214 

The flame characteristics of HN3 in burners were measured. The ratio of the fundamentaL 
burning veLocities of HN3 and DN3 is 1.13 and seems to precLude a decisive roLe of H 
and D radicaLs in the decomposition [57]. 

Gaseous eLements and inorganic compounds (see the next paragraphs for exampLes) 
act as inert inhibitors in the expLosion of HN3; organic diLuents Lead to additionaL side 
reactions, which are described on p. 149. The expLosion Limit of HN3 shifts to higher pressures 
when the diluent gas pressure is increased at moderate temperatures. The individuaL hyper­
bolic curves at Low totaL pressures become Linear at higher totaL pressures [9]. Changing 
the temperature between 288 and 373 K had onLy a smaLL effect on the Lower expLosion 
Limit [63]. 

An extrapoLation indicated that HN 3 at a partiaL pressure of 1/7 atm shouLd be stabLe 
in H2 at normaL pressures and temperatures [6, 50]. The effects of CO2 [63] or He [9] 
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are similar to that of H2. The strong inhibiting effect of H2 or He was attributed to their 
high temperature conductivity [5]. Stable mixtures with N2 [6], HCl, and HBr [62] contain 
only about half as much HN3 as a stable HN3-H 2 mixture. Similar results were found for 
Ar at ambient temperature [6]. However, adding increasing amounts of Ar to HN3 at constant 
temperatures between 768 and 903 K decreases the explosion limit of HN3 [21]. Experimental 
explosion limits at ambient temperature were given for mixtures with He [5, 9, 51, 64], 
Ar [5, 6, 9, 50, 51, 63, 64], H2 [5, 6, 50, 51, 64], N2 [5, 6, 9, 50, 51, 63, 64], Cl2 and Br2, 
HF and HCl [5, 9, 64], CO2 [5, 9, 63, 64], and NF3 [9]. Hydrocarbons inhibit the decomposition 
of HN3 more effectively than inorganic compounds and elements [5, 64]. The stabilizing 
effect increases with the chain length of alkanes and the length of the side chain of arenes 
[63]. Experimental results are given in the cited literature and also in [65, 66]. 

Experimental detonation speeds of mixtures of HN3 with He, Ar, and N2 are given in 
[51]. Equimolar mixtures of HN3 and H2 or He detonate with a higher velocity than pure 
HN3 at the same pressure, whereas the detonation speed decreases with the amount of 
N2 or Ar added [56]. Experimental deflagration velocities in HN 3-N 2 mixtures in tubes [61] 
and spherical vessels [60] were determined. The inhibiting effect of monohalogenated meth­
anes was measured in [62] and assigned to their reaction with the radicals formed; inhibition 
by HCl, HBr, CCl4 , and CH 2Br2 was also investigated. The flame characteristics of HN3 
diluted with N2 were determined and were used to kinetically estimate the decomposition 
in [57]. Similar investigations on HN3-He and HN3-Ar mixtures are described in [67]. Explo­
sion parameters of HN3 and its mixtures with gaseous diluents are given in [68,69]. 

The detonation speed of pure, liquid HN3 and its aqueous solutions were measured 
after initiation by a detonator cap [70]. The resulting shock wave causes a retarded adiabatic, 
secondary explosion of the compression-heated liquid. The induction period of the explosion 
decreases with increasing pressure of the initiating shock wave [71]. The brightness and 
color methods gave a detonation temperature of 4700 K for pure HN3. The detonation pres­
sure at the (Chapman-Jouget) pOint of a stable explosion was measured to be 166 kbar. 
Explosions in the high-velocity range of solutions with less than 80% of HN3 required 
an additional detonator. The limit of the high-speed detonation range is appreciably below 
54%. Experimental speeds are as follows [70]: 

concentration of HN3 in % ......... 100 88.2 78.4 68.6 58.8 53.9 
speed of detonation in m/s ........ 7570(20) 7390(30) 7070(70) 6630(20) 6340(120) 5900(55) 

Preliminary detonation speeds are given in [72]. Earlier published detonation velocities 
in this concentration range [73] are inaccurate [70]. Explosion parameters for liquid HN3 
were calculated in [74, 75]. 

Deflagration parameters were measured on solutions with less than 80% of HN3 in 
the absence of an additional detonator to be: 

HN3 concentration in % ......... 77.4 68.6 63.7 58.8 
deflagration rate in m/s ......... 2750 2330 2150 1940 
Ref ............................................ [70] 

65 61 54 48 38 16.7 
1700 630 233 40 2.5 0.14 
[73] 

The critical diameter for detonating pure, liquid HN3 at ambient temperature is 0.08 
mm based on experiments in capillary tubes. A further decrease of the diameter first leads 
to deflagration and then prevents decomposition [76]. 

Gmelin Handbook 
N Suppl. Vol. B 2 



NonphotoLytic Decomposition 123 

References: 

[1] Dzhidzhoev, M. S.; Pimenov, M. I.; PLatonenko, V. G.; FiLippov, Yu. V.; KhokhLov, R. 
V. (Zh. Eksp. Teor. Fiz. 57 [1969] 411/20; SOY. Phys.-JETP [Engl. Transl.] 30 [1970] 
225/9). 

[2] Papazian, H. A. (J. Chem. Phys. 27 [1957] 813/4). 
[3] Gray, P.; Waddington, T. C. (Proc. Roy. Soc. London A 235 [1956] 106/19). 
[4] Otto, M.; Lotz, S. D.; Frenking, G. (Inorg. Chem. 31 [1992] 3647/55). 
[5] Rozenberg, A. S.; Arsen'ev, Yu. N.; Voronkov, V. G. (Fiz. Goreniya Vzryva 6 [1970] 

302/10; Combust. ExpLos. Shock Waves [Engl. Transl.] 6 [1970] 271/7). 
[6] Guenebaut, H. (BuLL. Soc. Chim. Fr. 1959962/1018). 
[7] Pannetier, G.; Guenebaut, H.; Gaydon, A. G. (C. R. Hebd. Seances Acad. Sci. 240 

[1955] 958/60). 
[8] Dupre, G.; PaiLLard, C.; Combourieu, J. (Dyn. Mass Spectrom. 4 [1976] 233/45). 
[9] Rozenberg, A. S.; Voronkov, V. G. (Zh. Fiz. Khim. 43 [1969] 2377/9; Russ. J. Phys. 

Chem. [Engl. Transl.] 43 [1969] 1333/5). 
[10] PailLard, C.; Dupre, G.; Combourieu, J. (J. Chim. Phys. Phys.-Chim. BioI. 82 [1985] 

489/97). 

[11] Franklin, J. L.; DibeLer, V. H.; Morris, P. P., Jr. (J. Res. Natl. Bur. Stand. 61 [1958] 
41/6). 

[12] PavLov, A. A.; Rozenberg, A. S. (Dokl. Akad. Nauk SSSR 227 [1976] 394/6; Dokl. Phys. 
Chem. [Engl. Transl.] 226/231 [1976] 257/9). 

[13] Foner, S. N.; Hudson, R. L. (J. Chem. Phys. 28 [1958] 719/20). 
[14] Franklin, J. L.; Herron, J. T.; Bradt, P.; DibeLer, V. H. (J. Am. Chem. Soc. 80 [1958] 

6188/90). 
[15] Kajimoto, 0.; Yamamoto, T.; Fueno, T. (J. Phys. Chem. 83 [1979] 429/35). 
[16] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Fiz. Goreniya Vzryva 9 [1973] 339/44; 

Combust. ExpLos. Shock Waves [Engl. Transl.] 9 [1973]295/9). 
[17] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Kinet. Katal. 13 [1972] 829/35; 

Kinet. Catal. [Engl. Transl.] 13 [1972] 745/50). 
[18] Demin, A. I.; ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Kinet. Katal. 14 [1973] 

283/8; Kinet. Catal. [Engl. Transl.]14 [1973] 238/42). 
[19] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Fiz. Goreniya Vzryva 12 [1976] 

4/8; Combust. ExpLos. Shock Waves [Engl. Transl.] 12 [1976] 2/5). 
[20] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Dokl. Akad. Nauk 210 [1973] 112719; 

Dokl. Phys. Chem. [Engl. Transl.] 208/213 [1973] 478/80). 

[21] Voronkov, V. G.; PavLov, A. A.; Rozenberg, A. S. (Dokl. Akad. Nauk SSSR 210 [1973] 
892/4; Dokl. Phys. Chem. [Engl. Transl.] 208/213 [1973] 455/7). 

[22] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V.; Demin, A. I. (Kinet. Katal. 14 [1973] 
549/56; Kinet. Catal. [Engl. Transl.] 14 [1973] 472/8). 

[23] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V.; Demin, A. I. (Dokl. Akad. Nauk 
SSSR 202 [1972] 1121/4; Dokl. Phys. Chem. [Engl. Transl.] 202/207 [1972] 127/30). 

[24] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V. (Kinet. Katal. 13 [1972] 29/32; Kinet. 
Catal. [Engl. Transl.]13 [1972] 23/5). 

[25] ZasLonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V.; Mukoseev, Yu. K. (Kinet. Katal. 
16 [1975] 1111/7; Kinet. Catal. [Engl. Transl.]16 [1975] 967/71). 

[26] Zaslonko, I. S.; Kogarko, S. M.; Mozzhukhin, E. V.; Mukoseev, Yu. K. (Fiz. Goreniya 
Vzryva 10 [1974] 623/34; Combust. ExpLos. Shock Waves [Eng I. Transl.] 10 [1974]541/52). 

[27] Guenebaut, H.; Pannetier, G.; Goudmand, P. (BuLL. Soc. Chim. Fr. 196280/6). 

Gmelin Handbook 
N Suppl. Vol. B2 



124 

[28] Guenebaut, H.; Pannetier, G.; Goudmand, P. (C. R. Hebd. Seances Acad. Sci. 251 [1960] 
1166/8). 

[29] Pannetier, G.; Goudmand, P.; Dessaux, 0.; Guenebaut, H. (C. R. Hebd. Seances Acad. 
Sci. 256 [1963] 3082/5). 

[30] Pavlov, A. A.; Rozenberg, A. S. (Dokl. Akad. Nauk SSSR 227 [1976] 1159/62; Dokl. 
Phys. Chem. [Engl. Transl.] 226/231 [1976] 352/5). 

[31] Aravin, G. S.; Karasevich, Yu. K.; Vlasov, P. A. (Khim. Fiz. 1982 1360/7). 
[32] Aravin, G. S.; Karasevich, Yu. K.; Shumeiko, A. N. (Fiz. Goreniya Vzryva 13 [1977] 

721/9; Combust. Explos. Shock Waves [Eng I. Transl.]13 [1977]611/8). 
[33] Paillard, C.; Dupre, G.; Combourieu, J. (Adv. Mass Spectrom. B 8 [1980]1943/52). 
[34] Pannetier, G. (C. R. Hebd. Seances Acad. Sci. 232 [1951]817/8). 
[35] Pannetier, G.; Gaydon, A. G. (J. Chim. Phys. Phys.-Chim. BioI. 48 [1951] 221/4). 
[36] Rice, F. 0.; Grelecki, C. (J. Am. Chem. Soc. 79 [1957]1880/1). 
[37] Rice, F. 0.; Freamo, M. (J. Am. Chem. Soc. 75 [1953] 548/9). 
[38] Clarke, J. W.; McTurk, G. (Nature 184 [1959] 2014/5). 
[39] Rice, F. 0.; Luckenbach, T. A. (J. Am. Chem. Soc. 82 [1960] 2681/2). 
[40] Mador, I. L.; Williams, M. C. (J. Chem. Phys. 22 [1954]1627/8). 

[41] Wannagat, U.; Kohnen, H. (Z. Anorg. Allg. Chem. 304 [1960] 276/95). 
[42] Wannagat, U.; Kohnen, H. (Angew. Chem. 69 [1957] 783). 
[43] Bolz, L. H.; Mauer, F. A.; Peiser, H. S. (J. Chem. Phys. 30 [1959] 349/50). 
[44] Rice, F. 0.; Ingalls, R. B. (J. Am. Chem. Soc. 81 [1959]1856/9). 
[45] Becker, E. D.; Pimentel, G. C.; Van Thiel, M. (J. Chem. Phys. 26 [1957]145/50). 
[46] Papazian, H. A. (J. Chem. Phys. 32 [1960] 456/60). 
[47] Papazian, H. A. (J. Chem. Phys. 29 [1958] 448/9). 
[48] Papazian, H. A.; Margozzi, A. P. (J. Chem. Phys. 44 [1966] 843/4). 
[49] Gager, W. B.; Rice, F. o. (J. Chem. Phys. 31 [1959] 564). 
[50] Pannetier, G.; Lecamp, M. (Bull. Soc. Chim. Fr. 1954 1068/70). 

[51] Paillard, C.; Dupre, G.; Combourieu, J. (J. Chim. Phys. Phys.-Chim. BioI. 70 [1973] 
811/8). 

[52] Guenebaut, H. (Bull. Soc. Chim. Fr. 1959962/1018). 
[53] Aizatullin, T. A.; Voronkov, V. G.; Zubov, V. P. (Dokl. Akad. Nauk SSSR 140 [1961] 

1356/7; Dokl. Phys. Chem. [Engl. Transl.] 136/141 [1961]784/5). 
[54] Paillard, C.; Dupre, G.; Lisbet, R.; Combourieu, J.; Fokeev, V. P.; Gvozdeva, L. G. 

(Acta Astronaut. 6 [1979] 227/42). 
[55] Gray, P.; Waddington, T. C. (Nature 179 [1957] 576/7). 
[56] Hajal, I.; Combourieu, J. (C. R. Hebd. Seances Acad. Sci. 253 [1961] 2346/8). 
[57] Laffitte, P.; Hajal, I.; Combourieu, J. (10th Symp. Combust., Cambridge 1964 [1965], 

pp. 79/85; C.A. 64 [1966]3275). 
[58] Paillard, C.; Dupre, G.; Lisbet, R.; Combourieu, J. (1st Colloq. Int. Berthelot-Vieille-Mal­

lard-Le Chatelier Actes, Talence, Fr., 1981, Vol. 2, pp. 449/54; C.A. 98 [1983] No. 128711). 
[59] Paillard, C.; Dupre, G.; Lisbet, R.; Combourieu, J.; Fokeev, V. P.; Gvozdeva, L. G.; 

Bazhenova, T. V. (Prog. Astronaut. Aeronaut. 75 [1981]134/49). 
[60] Hajal, I.; Combourieu, J.; Guenebaut, H. (J. Chim. Phys. Phys.-Chim. BioI. 57 [1960] 

941/6). 

[61] Hajal, I.; Combourieu, J.; Guenebaut, H. (C. R. Hebd. Seances Acad. Sci. 250 [1960] 
1043/5). 

[62] Le Bras, G.; Hajal, I.; Combourieu, J.; Laffitte, P. (J. Chim. Phys. Phys.-Chim. BioI. 
64 [1967] 1153/60). 

[63] Pannetier, G.; Mignotte, P.; Chevillon, M. (Bull. Soc. Chim. Fr. 1960804/7). 

Gmelin Handbook 
N Suppl. Vol. B2 



Photolysis 125 

[64] Rozenberg, A. S. (Zh. Fiz. Khim. 45 [1971] 2212/5; Russ. J. Phys. Chern. [Eng!. Trans!.] 
45 [1971]1252/4). 

[65] Rozenberg, A. S.; Arsen'ev, Yu. N.; Voronkov, V. G. (Zh. Fiz. Khim. 44 [1970] 2057/8; 
Russ. J. Phys. Chern. [Eng!. Trans!.] 44 [1970]1165/6). 

[66] Rozenberg, A. S.; Arsen'ev, Yu. N.; Voronkov, V. G. (Zh. Fiz. Khim. 46 [1972] 1447151; 
Russ. J. Phys. Chern. [Eng!. Trans!.] 46 [1972] 833/6). 

[67] Hajal, I.; Combourieu, J. (J. Chim. Phys. Phys.-Chim. BioI. 63 [1966] 899/905). 
[68] Bazhenova, T. V.; Gvozdeva, L. G.; Fokeev, V. P.; Paillard, C.; Combourieu, J.; Dupre, 

G.; Lisbet, R. (Fiz. Goreniya Vzryva 21 [1985] 120/4; Combust. Explos. Shock Waves 
[Eng!. Trans!.] 21 [1985]114/8). 

[69] Hajal, I.; Combourieu, J. (C. R. Hebd. Seances Acad. Sci. 255 [1962] 509/11). 
[70] Kurbangalina, R. Kh.; Patskov, E. A.; Stesik, L. N.; Yakovleva, G. S. (PMTF Zh. Prik!. 

Mekh. Tekh. Fiz. 1970 No.4, 160/5; J. Appl. Mech. Tech. Phys. [Eng!. Transl.] 1970 
672/7). 

[71] Yakovleva, G. S.; Kurbangalina, R. Kh. (Detonatsiya Mater. 6th Vses. Simp. Goreniyu 
Vzryvu, Alma-Ata 1980, pp. 56/60; C.A. 95 [1981] No. 100042). 

[72] Yakovleva, G. S.; Apin, A. Ya.; Kurbangalina, R. Kh.; Stesik, L. N. (Dok!. Akad. Nauk 
SSSR 156 [1964]152/3; Dok!. Phys. Chern. [Eng!. Trans!.] 1541159 [1964]472/3). 

[73] Joyner, A. R. (in: Taylor, J.; Detonation in Condensed Explosives, Oxford University 
Press, London 1952, pp. 158/9).' 

[74] Pepekin, V. I. (Pol. J. Chern. 55 [1981]1405/10). 
[75] Pepekin, V. I.; Lebedev, Yu. A. (Dokl. Akad. Nauk SSSR 234 [1977] 1391/4; Dokl. Phys. 

Chern. [Eng!. Trans!.] 232/237 [1977] 630/3). 
[76] Yakovleva, G. S.; Kurbangalina, R. Kh. (Fiz. Goreniya Vzryva 12 [1976]774/5; Combust. 

Explos. Shock Waves [Eng!. Trans!.] 12 [1976] 692/3). 

2.3.1.10.1.2 Photolysis 

Infrared Photolysis. Photolysis of HN3-DN3 mixtures (20 to 50 Torr) by a CO2 laser gener­
ates after an induction period of 1 to 2 ~s an orange flash, which is indicative of a decomposi­
tion reaction and represents the intrinsic light emission from the explosion. This is followed 
by a stronger, thermally initiated light emission with a maximum at -250 ~s. The rotational 
temperature of added HCl (which inhibits the reaction) showed initial heating to -600 K 
by the laser pulse and an explosion temperature exceeding 3000 K [1]. Nitrogen and NH 
or ND are the initial products, and H2 and N2 are the final ones [1,2]. 

The photolysis of a jet-cooled mixture of D15NNN' and DNN 15N with the P(18) line from 
a CO2 laser yielded exclusively 15ND; the DNN 15N isotopomer did not react [2]. 

Infrared multiphoton dissociation (IRMPD) of HN3 and DN3 results from exposure to 
the 946 cm -1 P(18) line of CO2 laser pulses under collision-free conditions (0.035 Torr 
or less) [2,3]. The laser light weakly interacts with the P branches of the Y2- Y4 hot band 
of HN3 and strongly with the P branches of the v4 fundamental of DN3 [3]. 

The reaction of DN3 along its X 1 A' surface requires the absorption of -18 IR photons 
and shows product state selectivity [2]. The overtone photodissociation of vibrationally ex­
cited XN3 (X = H, D) under collisionless conditions proceeds via the reaction.channels: 

XN3(X 1 A') -+ NX(X 31: -) + N2(X 11::) (spin-forbidden) [2,4], L\H = 63 kJ/mol [5] 

XN3(X 1 A') -+ NX(a 1 L\) + N2(X 11::) (spin-allowed) [2,6], L\H = 213 kJ/mol [5] 
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The ND products were probed by laser-induced fluorescence to determine initial product 
state distributions. The yields of both ND states were found to have the same order of 
magnitude. ND(X) forms selectively in the symmetric spin-rotation states F, and F3. Less 
than 6% of ND(X) are obtained in the antisymmetric F2 state. The ND(X) population of 
vibrational states is below 3%. The rotational states follow a Boltzmann distribution with 
temperatures of 920 ± 100 (F" F3 states) and 500 ± 200 K (F2 states) and have a total rotational 
energy of ~620 cm-'. The kinetic energy of 6430 cm-' is known from the Doppler profiles 
of ND(X). In the spin-forbidden channel, ~94% (10100 cm-') of the available energy appears 
as kinetic energy, indicating that aLL the energy of the exit channel barrier plus substantial 
energy above threshold is released into translation. The spin-aLLowed ND(a) exhibits a 
low channel propensity; the population of the symmetric, e-labeled A-doublet levels slightly 
exceeds the population of the antisymmetric, f-labeled levels. The population of vibrationaLLy 
excited levels is below 2%. The rotational state distribution is characterized by a temperature 
of ~425 K. The Doppler profiles demonstrate that ~80% of the product energy are released 
as kinetic energy amounting to 930 cm-' and suggests a smaLL exit barrier in the spin­
aLLowed channel [2]. 

The spin-forbidden decomposition of HN3(X' A') with formation of NH(X 3l;-) probably 
is significant only near the threshold as indicated by an extended CI calculation of the 
spin-orbit effects in this reaction [7]. The decomposition was analyzed by CASSCF (complete 
active space SCF) and MCSCF CI (multiconfiguration SCF CI) calculations. The multiphoton 
IR pumping leads to the products via a crossing from the HN3(X ' A') surface to the HN3eA") 
surface. The energy minimum of the crossing for HN3 occurs with a nearly Linear N3 backbone 
and the NH bond being nearly perpendicular to the N3 group. The HN-NN bond is stretched, 
whereas the bond lengths in the N2 and NH subunits are already similar to those of the 
separated molecules and indicate that both products form in their vibrational ground states 
[8, 9]. The calculated activation energy of 153 to 189 kJ/mol agrees with the experimental 
values (see p. 119); the spin-aLLowed decomposition to NH(a '~) and N2 has a calculated 
activation energy of 170 to 219 kJ/moL. The potential energy surface in the exit channel 
of the spin-forbidden reaction implies a significant degree of rotational excitation in the 
departing N2 fragment and insignificant rotational excitation of NH [10]. The observed forma­
tion of NH(X 3l;-) in the symmetric A states F, and F3 by coplanar dissociation agrees 
with the theoretical expectations [8, 9]. 

A UV emission at about 336 nm, identified as the 3rr -+ 3l; - transition of ND, and a 
broad chemiluminescence, attributed to the 2A, -+ 2B, transition of NH2 and ND2, were 
observed in earlier IRMPD investigations. Both types of fluorescent radicals stem from 
a complex scheme of secondary reactions which are initiated by the primary fragmentation 
product NH(D) (a '~) [3, 11]; see also [12 to 15]. 

Photolysis by Visible Light. The excitation of the H-N stretching overtone (nv,) and 
the combination states in ground-state HN3(X ' A') by IR-visible, double-resonance pumping 
or by direct overtone pumping leads to dissociation. Excitation Lies in the range of 5v, 
(15120 cm-') to 7v, (20070 cm-'). The Lifetimes of the combination bands show that the 
dissociation rates do not depend on the nominal participation of vibrations involving a 
motion along the reaction coordinate, but actuaLLy are average rates for the different kinds 
of molecular motions with the same total energy in agreement with the Limited eigenstate 
character of the bands (cf. p. 112) [4, 6, 16]. The dissociation rate increases by a factor 
of 200 on going from the 5v, level to the 6v, level; statistical unimolecular reaction theory 
predicts a much smaLLer increase [17]. 

The overtone photodissociation of HN3 yields NH and N2 fragments by two channels 
which were also observed in infrared multiphoton dissociation of hydrogen azide; see above. 
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The asymptote of the NH singlet channel lies 12688.39 ± 0.10 cm -, above that of the triplet 
channel which is the singlet-triplet splitting of both electronic states in their lowest quantum 
states [18]. The relative propensities for forming NH X 31;- and a ' ~ products for the different 
overtone and combination bands are as follows [6]: 

band ................. 5v, [4] 6v, [4] 6v, +v5 6v, +v4 6v, +2v4 7v, 
EVib in cm-' ..... 15120 17670 18190 18755 19740 20070 
NH(X 31; -) ........ exclusively >99% >70% ~10% 

NH(a'~) ........... - ~90% >80% >97% 

The threshold for the spin-allowed channel lies between 18190 and 18755 cm -', but probably 
close to the upper limit. The energy release by the dissociation from 7v, gives ~H°:-:;;211 kJ/ 
mol for the spin-allowed reaction [6]. 

The Doppler profiles of the products formed by 5v" 6v" and 7v, dissociations confirm 
that they all form exclusively in the vibrational ground state. The observed energy partition­
ing into rotation and translation with the average energies given in cm -, (calculated values 
from energy partitioning models are given in the paper) are as follows [6]: 

mode ................................... 5v, 6v, 7v, 
total translational energy ... 9000 7000 to 10000 1350 
rotational energy of NH ..... 200 (from [4]) 400 230 
rotational energy of N2 ...... - >2000 >850 

The NH(a) formed by dissociation from 7v, has a rotational temperature of 330 ± 60 K. 
The rotational A-doublet components are observable from the rotational ground state with 
J = 2 up to a maximum value of J = 7 and have a Boltzmann-type distribution. The population 
ratio of NH(a) in the symmetric (~(A')) and the antisymmetric (~(A")) A states increases 
smoothly with J. The ratios indicate that planar dissociation processes predominate in pro­
ducing the highest J(NH) fragments [6]: 

J ....................... 2 4 
~(A')/ ~(A") ...... 1.0 ± 0.3 1.2 ± 0.3 

5 
1.7±0.3 

6 
2.1 ±0.3 

7 
4±1 

The population ratio of the A states as a function of J could be reproduced by complete 
active space SCF (CASSCF) calculations [19]. The A doublet of NH(a) formed from the 
6v, + v4 state is equally populated for J = 2 [6]. 

Nascent NH(X) from 5v, and 6v, forms in about equal amounts in the symmetric F, 
and F3 spin-rotation states [4]. The population of the F2 state is about 3 to 4% [17]. More 
than 96% of the energy liberated is released by translation. The rotational distributions 
correspond to NH temperatures of 280 ± 50 K for dissociation from 5v, and 570 ± 60 K for 
dissociation from 6v" and the population of the vibrational ground level is > 95% yielding 
an average increase of the internal energy by only 200 cm-'. The decomposition from 
5v, and 6v, is similar to that of DN3 in the IRMPD experiments [4]; see above. 

Ultraviolet Photolysis. Overall products of the photolysis of HN3 (50 Torr) at 313 nm 
and 303 K are N2, H2, and NH4N3 in average quantum yields of 4.85, 0.494, and 0.842 
independent of the light intensity. The conversion of HN3 does not exceed 12.8% [20] in 
close agreement to the value found during flash photolysis of HN3 diluted by H2, N2, or 
CO2 [21]. The concentration ratio of formed H2 and N2 is 0.090 ± 0.005 and does not change 
with the pressure of HN3 [22]. The influences of the HN3 pressure and added Xe on the 
yields is moderate; see [20] for details. The rate of the photolysis increases with p(HN3) 
at pressures in the range of a few Torr and is independent of the pressure at p> 100 
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Torr. The inhibition of the photolysis by added CO2 or hydrocarbons is attributed to the 
quenching of reactive intermediates [22]. 

The decomposition of gaseous HN 3, induced by irradiation at ~248 nm, takes place 
from the A 1 An state [23]. The states B 1 A' and C 1 An of HN3 are excited in addition at 
193 nm [24]. The number of photons absorbed during the photolysis of HN3 at 193 nm was 
determined as 1.0±0.1 [25]. Dissociation times :<;;120 fs for excited DN3 and :<;;160fs for 
excited HN3 during 308 nm photolysis [26] and :<;; 100 fs for HN3 at 248 nm were estimated 
from the bipolar moments ~v~ derived from the vector v of the NH recoil velocity and the 
transition dipole moment J1 of hydrazoic acid [23] which has to be perpendicular to the 
molecular plane for symmetry reasons [27]. The possible channels leading to products 
during UV photolysis are given in Table 17. The complete active space SCF (CASSCF) method 
with inclusion of valence CI predicts exclusive formation of NH(a 1 A) by photolysis at 
>220 nm [28]. 

Table 17 
Possible Dissociation Channels Accessible for the UV Photolysis of HN3 [25]. 

reaction and products dissociation energya) threshold wavelength 
in cm- 1 in nm 

(1 ) HN3 -> NH(X) + N2(X)b) 4000 2500 
(2) NH(a) + N2(X) 16590 603 
(3) NH(b) + N2(X) 25240 396 
(4) HeS) + N3eTI9) 34610c ) 288.9c ) 

(5) N(4S) + HeS) + N2(X)b) 34770 c ) 287.6c ) 

(6) NH(A) + N2(X)b) 33780 296 
(7) NH(c) + N2(X) 47350 211 
(8) NH(X) + N2(A) 53760 186 

a) From the heats of product formation. - b) The formation of these products violates spin 
conservation. - c) Revised values from [24]. 

The observed primary products of the UV photolysis of HN3 with quantum yields <1>, 
fraction of vibrational excitation, and translational energies are listed in Table 18. The pre­
dominant products are NH(a) and N2 with varying amounts of NH(b) and NH(c). The concen­
tration of NH(a) generated by photolysis at 248 nm is substantially less than at 193 nm 
at constant pulse energy. This reflects the significantly smaller absorption cross section 
at 248 nm [29]. The formation of NH(a) and NH(b) in vibrationally more highly excited states 
than those identified cannot be excluded. The uncertainty in <I> of NH(c) is 20% after photolysis 
at 193 nm, those of the other NH radicals are larger [25]. Other primary products are H 
and N3 [30 to 32]. The observed H atoms (Table 18) form in accordance with the almost 
isoenergetic reactions (4) or (5) in Table 17 [24]. A definite assignment of the origin of 
H is not possible, because the observed N3(X 2TIg , v = 0) [21, 33] may also arise from the 
secondary reaction HN3 + NH -> N3 + NH2 [34, 35]. 

Some of the identified products could be assigned unequivocally to secondary reactions. 
The time profile [34, 35] and the pressure dependence of the fluorescence [36] of the spin­
forbidden by-product NH(A) observed during 121.6 nm photolysis [37] indicates its origin 
from the secondary reaction of HN3 with electronically excited N2. The concentration of 
NH(A) reaches 5% or less of the NH formed [36]. Other secondary products like NH2 and 
excited NH(A) were found spectroscopically at a quantum yield close to 2 when the used 
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Table 18 
Results of the UV Photolysis of HN3 at Various Wavelengths [25]. 

wavelength product <l> (or yield) vibrational fraction N(v)/N Etrans in 
state v cm-' 

121.6 nm a) NH(a) (main product) 
NH(c) (:.,;2%) 

193 nm NH(X) .,; 0.002 0 
NH(a) 0.40 0 0.79 26200 

1 0.21 23700 
NH(b) 0.02 0 >0.95 19800 
NH(A) 0.0002 Ob) 0.86 

1 0.14 
NH(c) 0.0006 Ob) 0.95 

1 ~0.05 
He) 0.15(2) 

248 nm NH(a)d) 0 0.58 10600 
1 0.42 11300 

NH(A)d) very low 0 
NH(a)e) 0 0.32 

0.47 
2 0.17 
3 0.038 
4 ~0.038 

He) 0.24(5) 

266 nm NH(a)f) ~1 0 
NH(c)f. 9 ) 

NH(a)h) 0 0.26 5450(1180) 
1 0.28 6950(1450) 
2 0.22 ~7000 

3 0.24 

a) From [34 to 37]. - b) The population of both rotational A states is about equal. -

e) From [24]. - d) Reevaluated data from [38]; the value of the quantum yield is assumed. 
- e) From [39]. - f) From [40]. - g) Additional product with low yield at high pulse energies 
by two-photon absorption. - h) From [41]. 

pressure of HN3 was too high; both products can be suppressed by using HN3 at low 
pressures or adding Ar [25]. 

Detailed investigations were carried out on the dissociation of hydrazoic acid from the 
first excited state, A 'A", at wavelengths above ~220 nm. The upper potential energy sur­
faces (PES) of HN3 and DN3 probably are very similar. The dynamic features of the dissocia­
tion are essentially independent of parent rotation [26]. The PES exhibits gradients in differ­
ent molecular coordinates based on vector correlations of the products. The molecular 
motion before dissociation is influenced by forces which lead to in-plane as well as out-of­
plane bending motions which are similar to those of the fundamentals V5 and V6 in the 
electronic ground state. Vector correlations at low rotational quantum numbers J of NH 
indicate a planar dissociation geometry [23, 27, 42, 43]. This movement in the molecular 
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plane results in a strong, rotational excitation of N2. An initial, linear-bent transition in 
the NNN frame similar to V6 was deduced for the dissociation process, resulting in high 
J values of NH accompanied by less rotational excitation of N2. There seems to be a smooth 
transition between both modes of decomposition, which on the whole seems to take place 
by a torsional movement of the hydrazoic acid molecules [23, 27, 42, 44, 45]. A CASSCF 
calculation of the PES predicted a favored decomposition by in-plane bending at the HN-N2 
equilibrium distance and an increasing share of out-of-plane bending with increasing dis­
tance. The simultaneous decrease of N2 rotation was also predicted correctly [28]. 

The general conclusions concerning the decomposition of electronically excited hydrazo­
ic acid are confirmed by investigations on the population of the rotational A levels of NH. 
The equal occupation of the two levels of a ' ~(A') and a ' ~(A") symmetry does not depend 
on the applied wavelength between 308 and 248 nm or on the rotational temperature of 
HN3 in the range 10 to 300 K [23]. However, the vector correlations of both A states differ 
significantly. The effect is more pronounced in the case of ON 3. The asymmetric A" level 
is occupied as the result of a planar dissociation process which is essentially (80%) an 
in-plane bending of excited hydrazoic acid. The rotation of NH (NO) is low [26]. A CASSCF 
calculation predicted little rotational excitation of NH(a) on account of the small dependence 
of the PES of the HN3(A ' A") decomposition on the angle HNN [28]. The symmetric A' 
state is occupied by NH (NO) of high rotational excitation. About half of it is generated 
by an internal torsional motion of hydrazoic acid which resembles an out-of-plane bending 
at the central nitrogen atom [26]. 

Energy distributions were determined for both hydrazoic acid fragments on the basis 
of NH(a) and NO(a) Doppler profiles. Excitation and fragment energies for HN3 [43] (ON3 
[26]) in cm -, are as follows: 

photolysis at excitation energy NH (NO) energy N2 energy 
of HN3 (ON3) kinetic rotational kinetic rotational 

248 nm 21950 6800 700 3640 10810 
266 nm 19210 7040 700 3770 7700 
283 nm 16970 6430 700 3440 6400 
308 nm 14100 6950 690 3720 2740 

(13850) (6430) (1175) 3670 2580 

The excess energy of the photolysis reappears in the rotational energy of N2; the other 
energies of the fragments remain nearly constant upon changing the wavelength of the 
light used [43]. About half of the energy available from the photolysis of HN3 at 308 nm 
[46]. 266 nm [40, 41]. and 248 nm and about 75% at 193 nm [25] is partitioned into the 
translational energies of the products as determined from the Doppler profiles of NH. A 
share of 34% for the translation energy from the time-of-flight mass-spectrometric profiles 
after photolysis at 283 nm is qualitatively similar [44]. The average recoil velocity of NH 
of 3320 mls during photolysis at 266 nm is quite high, whereas the value for N2 is only 
1770 mls [43]. Details are given in the following paragraphs. 

Vibrational excitation of NH(a) with a population up to v = 3 accounts for 21 % of the 
energy available from photolysis at 266 nm. The occupation of all vibrational levels is rather 
similar and very different from the one that would be derived using the tabulated Franck-Con­
don factors for this transition; this may reflect the impulsive nature of the dissociative 
process [41]. Vibrationally excited NH(a) was also observed upon photolysis at 248 nm [39]; 
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see Table 18 for the fractions of the vibrational levels. These observations of vibrationally 
excited NH(a) outdate earlier reports [47 to 49] which state a predominant formation of 
NH(a) in the vibrational ground state in photolyses at 248 to 315 nm. 

Very similar rotational distributions of NH(a) were found for the photolysis of HN3 at 
308, 283, and 248 nm [43, 44]. The nascent, rotational distribution from photolysis at 266 nm 
is of the Gaussian type with a population inversion at J < 5 and peaking at J = 5 to 6 after 
including a vector correlation between the transition dipole momentum of HN3 and the 
rotation of NH formed [40, 50]. A non-Boltzmann distribution of J values of NH was also 
noted for samples of HN3 cooled to a rotational temperature of -3 K by pulsed expansion 
before 'photolysis [47]. Photolysis of DN3 at 308 nm leads to a Gaussian distribution of the 
NO rotation with the maximum at J~9 and the full width at half maximum (FWHM) ~J~9 
[26]. The rotational temperature of NH cannot be given because of the Gaussian-type occupa­
tion of the rotational levels. The rotational temperatures given in [25, 46, 49, 50, 51] are 
based on Boltzmann distributions of the rotational states; these distributions could be shown 
experimentally to arise from partly relaxed samples [40, 50]. The bimodal, rotational distribu­
tion of partly relaxed NH(a) generated with 193 nm light in a mixture of 20 Torr HN3 and 
9 atm N2 is described in [29]. 

The intensities of resonance-enhanced multi photon ionization (REM PI) spectra suggest 
that the population of nascent N2 in the vibrational ground state is larger than in the first 
excited state [44]. A rotational maximum of N2 in the ground state at J=70 and a width 
~J of 18 (FWHM) were determined at 248 nm [45]. The intensities of REM PI spectra yielded 
a maximum of the rotational population of N2 in the ground state at J~56 with a spread 
of ~J = 12 for the photolysis at 283 nm. The rotational energy amounts to -60% of the 
total energy of 10500 cm- 1 available to N2 [44]. Calculations of the mean rotational quantum 
numbers of N2 from NH energies yielded J = 73 at 248 nm, J = 62 at 266 nm, and J = 37 
at 308 nm [43]. 

The UV photolyses of HN3 (DN3) in matrices of Ne, Ar, Kr, Xe, and N2 at 20 K or less 
led to the identification of NH [52 to 57], NH2 [54, 56, 57], NH3 [54, 55, 58], and the deuterated 
compounds, N2H2 [55], possibly N3 [56], and the atoms N [52, 53, 57] and H [57]. Annealing 
of the samples at temperatures up to 74 K produced NH4N3 [54, 58]. The compounds were 
usually identified by UV spectroscopy except in [57], where ESR spectroscopy was used. 
The UV photolysis of undiluted, frozen HN3 is described together with other investigations 
of the partly decomposed compound on p. 120. 

During UV photolysis aqueous HN3 decomposes to N2 and NH20H, the latter probably 
resulting from the reaction of the intermediate NH with H20 [59, 60]. The yield of NH20H 
is in the range 65 to 90% [60]. The rate with which N2 is liberated was used to determine 
a reaction order of 2 and the rate constant [61, 62]. However, decomposition via 
4HN3-+NH4N3+4N2 with a quantum yield <Il(N2):5:2 was found under similar conditions 
[63]. 

Solutions in the pH range 0.8 to 2.35 exclusively yield NH 20H at quantum yields close 
to 1 and N2 in the presence of HCI0 4 . The lower concentration of NH 20H in the presence 
of Cl- or allyl alcohol stems from scavenging an intermediate species, supposedly NH 
[64]. An attempt to identify the intermediates NH and N3 in a flash photolyzed, acidic solution 
by absorption spectroscopy failed [65]. The photolysis of HN3 in 2 N HN03 at 310 K yields 
N2 and NH4N03 exclusively [66]. An acidic solution of HN3 containing Fe3+ also yields 
NH3 and N2. The product ratio approaches the maximum value of 0.25; the rate of formation 
depends almost linearly on the intensity of the incident light [67]. 
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The photolysis of HN3 in polar, organic solvents like alcohols and ethers yields mainly 
N2 and NH4N3; the amounts of H2 and N2H4 formed are small. NH4N3 results from a second­
ary reaction at T>220 K only. The speed of the liberation of N2 strongly depends on the 
concentration of HN3 and indicates a bimolecular rate-determining step [63]. The photolysis 
in hydrocarbons yields products resulting from reactions with the solvents in addition to 
NH3 and N2; see p. 149. 

Photolysis by Solar Radiation. Theoretical considerations suggest that the photodissocia­
tion of HN3 in solar radiation fields yields Hand N3; the latter is converted to Nand N2 
which then is ionized [68]. 
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2.3.1.10.2 Interactions with Electrons 

Investigations on HN3 in noble-gas plasmas showed that HN3 is a strong electronegative­
ly attaching molecule on account of the high electron loss rates from the plasmas. The 
plasmas were generated by 600-keV electron beam pulses. The attachment rate constants 
at 296 K decreased from 10x 10- 11 to 5X 10- 11 cm3/s, when the E/N values (E=electric 
field strength, N=Avogadro number) increased from 1 x 10- 17 to 4x 10- 17 V·cm 2 in Ar. 
The rate constants are slightly larger in Ne, larger in Kr, and much larger in He and Xe; 
this suggests a correlation with the electron velocity distribution. The discharges exhibit 
strong N2 (C -+ B) emissions in Ar, much weaker ones in Ne and Kr, and virtually none 
at all in He and Xe, implying a dependence on possible inert gas electronic or ionic reso­
nances [1]. 

The intensity of ions in the 70-eV mass spectrum of HN3 relative to the intensity of 
the molecular ion and thei r appearance potentials (AP) are as follows: 

ion .................. HNj 
intensity ......... 100.0 
AP in eV ........ 10.3 ± 0.2 

Nj 
5.8 
16.0 ± 0.2 

N2 H+ N~ 

8.3 7.3 
13.8±0.2 16.0±0.1 

N2 + 
3 

2.6 

NH+ N+ 

16.8 4.9 
14.4±0.2 19.7±0.3 

The negative ions Ni and NH - have appearance potentials of 1.1 ± 0.2 and 0.8 ± 0.3 eV. 
They originate from resonance capture processes at low voltages [2]. A more recent mass 
spectrum was obtained under different source and ion separation conditions and differed 
slightly from an earlier spectrum [3]. 

The decomposition of HN3 to NH(A 3Il) and N2 (X) predominates at moderate electron 
impact energies. The reaction has a threshold of 4.3 [4] or 4.5± 0.6 eV [5]; the NH(A) emission 
reaches a maximum at 10 to 15 eV. An additional, spin-forbidden reaction yielding NH(A) 
and N2 (A 3~~) is important near the threshold and takes place after an electron-exchange 
excitation of HN3 leading to a singlet-triplet transition. The formation of the minor product 
NH(c 1 II) increases with the electron impact energy [4] and prevails at energies exceeding 
~ 17 eV. The experimentally determined threshold of the reaction yielding NH(c) and N2 (X) 
is 6.5±0.6 [5] or 6.8 eV [4]. Changes in the vibrational population and the rotational tempera­
ture of NH(A) suggest that it starts to form additionally via a different channel at 16±2 eV. 
The ratio of NH(A) in the first vibrationally excited state to that in the ground state varies 
from 0.18 near the threshold to 0.33 at energies from 30 to 36 eV. The rotational temperature 
increases from 2800±600 K at 7eV to 4500±400 K at energies exceeding 15eV. Only 
the ground state of NH(c) was found because of predissociation in vibrationally excited 
states. The rotational temperature is 2000 ± 200 K [5]. 
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2.3.1.10.3 Reactions with Elements and Element Ions 

Noble Gases. Flames of HN3 and electronically excited Ar, Kr, or Xe emit strong bands 
of rotationally excited NH(A 3Il). Additional bands of N2(B 3Il g ) are found in flames with 
Ar and Kr [1]. 

Gmelin Handbook 
N Suppl. Vol. B 2 



Reactions with ELements 135 

Hydrogen. Spark ignition of HN3 in excess H2 yieLds more NH3 than expected for the 
decomposition of HN3 into NH3 and N2. This indicates an interaction between the starting 
materiaLs [2]. 

FLames of HN3 and H atoms in flow systems at totaL pressures Less than 4 Torr are 
bright yellow with orange edges [3]. At ambient temperatures the reaction of the gases 
is quite fast [4]; fast freezing of the products yieLds a bLue solid which resembLes the product 
from incompLete decomposition of HN3 [5]; see aLso p. 120. The reaction of frozen HN3 
and H atoms at 77 K is very sLow [6]. 

The reaction of HN3 or ON 3 with H atoms is best described in terms of a thermaL decompo­
sition of hydrazoic acid, induced by the heat Liberated during recombination of the H atoms 
[7, 8]. InitiaL products are NH and NO in the A 3TI state, indicative of excitation of hydrazoic 
acid to the tripLet state before decomposition [7]. The rotationaL temperature of NH(A 3TI) 
in the 5500 K range causes the chemiluminescence of this reaction [3]. Emissions of NH 
[9] and NO [8] in the c 1 TI state, NH(b 1~) [10], NH2 [9] and its deuterated isotopomers 
[7], N2(a' 1~) [11], and N2(C 3TIu) [12] were aLso observed and are supposed to result 
from secondary reactions. The rotationaL temperature of NHC TI) of -1400 K aLso is its 
flame temperature [3]. The eLectronically excited NH2(A 2A1) is in the vibrationaL states 
v2=9tov2=15[10]. 

The reaction of HN3 with Less than the equimoLar amount of H atoms in a flow system 
yieLds N2 and H2. Assuming a bimoLecuLar reaction, a rate constant of k = (6.4 ± 2.0) x 10- 1 4 

cm3'moLecuLe- 1 'S-1 was determined at ambient temperature [13]. The reaction of HN3 
with excess H atoms yieLds up to 40% of NH3 with respect to reacted HN3 in addition 
to N2 and H2. The reaction rate increases with the concentration of H; the rate constant 
is 1.53 x 1013 exp[ - (19.2 ± 1.3) kJ· moL - 1 IRT] cm3. moL - 1. S - 1 in the temperature range 300 
to 460 K. The activation energy indicates HN3 + H ..... NH2 + N2 to be the initiaL reaction [14]. 
CaLcuLations of the structure of the supposed intermediate N3H2 are described on p. 156. 
The first-order dependence of the NH2 emission on the concentrations of HN3 and H suggests 
excLusive formation of NH2 by this reaction [10]. 

The protonation of gaseous HN3 by H30+ and HN~ in a mass spectrometer yieLds N3H; 
in moderateLy exothermaL reactions. The protonation by H~ is highLy exothermaL; the reaction 
with CH: was aLso mentioned. N3H; is probabLy a mixture of two isomers [15]; see p. 
156 for detaiLs. The protonation of HN3 at 195 K aLso succeeds with 10 to 15% soLutions 
of the superacids HF-BF3 and FS03H-SbF5 in S02CLF [16] and with HF or HCL in the presence 
of Lewis acids. The formation of the aminodiazonium ion, H2NNN +, is substantiated by 
its NMR spectrum and an X-ray structure determination; see pp. 156/7. The protonation 
in aqueous soLution is described on p. 152. 

Oxygen. For the combustion via HN 3(g) + 1/4 O2 ..... 112 H20(g) + 3/2 N2, an enthaLpy of 
-418 kJ/moL at 298 K was caLcuLated [17]. Cocondensed mixtures of HN3 or ON3 and O2 
in an N2 matrix at 20 K form cis- and trans-HONO, N20, NH20H, or the deuterated products 
during UV irradiation [18, 19]. The second-order rate constant for the reaction of HN3 with 
0 3 at 293 K was found to be smaller than 4x103 L'moL- 1's- 1 in aqueous soLution at 
pH 1.6 to 2.5 [20]. 

The reaction of HN3 in He with 02C ~g) does not take pLace at low pressures at 295 K. 
A rate constant of k~4.4x 108 cm3'moL- 1 'S-1 was estimated [21]. The quenching of O2 
in the singLet state by an aqueous soLution of HN3 is sLower than by the azide ion by 
at Least two orders of magnitude and possibLy does not occur at aLL [22]. 

The reaction of excess, gaseous HN3 with oC 0) atoms generated by photoLysis of 0 3 
yieLds NH(A 3TI), NO(A 2~), and OH(A 2~). The first step is probabLy HN3 + 0(1 0) ..... OH(X 2TI) + 
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N3(2TI) with a rate constant of k = (3.2 ± 1.0) x 10- 1 0 cm3 . molecule - 1 . S - 1 which was derived 
from a kinetic model. NO probably forms from N3 and 0 atoms in a second step [23, 24). 
The rate constant of the reaction HN3 + 0 -+ N3 + OH is k = 2 x 10- 1 3 cm3. molecule - 1 . S - 1 
or less based on investigations in a discharge flow tube [25). Early investigations of the 
reaction of HN3 and ON 3 with 0 atoms identified the emissions of NO, NH, NH2, and the 
de ute rated radicals [7,11). 

Nitrogen. Gaseous HN3 reacts with N2 in the first electronically excited A 3~~, V = 0 
state yielding N2(X), NH(X), and NH(A 3TI); the latter was identified by its (A -+ X) emission 
[26 to 29). The standard enthalpy for the reaction leading to NH(X) and N2(X) is - 553.1 kJ/mol 
and that for the formation of NH(A) and N2(X) is -144.4 kJ/mol [28). The reaction with 
formation of NH(A) has a rate constant of k = (0.13± 0.02) x 1013 cm3. mol- 1 ·s- 1. A branching 
fraction of 0.025 ± 0.004 was obtained from k by using the total quenching rate constant 
of kQ=(5.1±1.2)X1013 cm3·mol- 1·s- 1, probably at 300 K [26, 27). A value of kQ= 
(3.3 ± 0.8) x 1013 cm3. mol- 1 . S-1 at 298 K was determined in [28). However, a reaction of 
HN3 with N2(A) could not be detected in [30). The reaction of HN3 with active N2, obtained 
by exposing N2 to an electric discharge, increased the concentration of N atoms identified 
mass-spectrometrically [14). 

The reaction of HN3 and N atoms in a fast flow reactor yields N2 and H2 [14) and can 
be described as a thermolysis of HN 3, caused by the heat generated by the recombination 
of the N atoms [31). The intensity of a yellow-green [30) to grey-orange luminescence 
[31) during the reaction depends linearly on the concentration of N [30). The flame emits 
bands of vibrationally excited NH(A 3TI) with a rotational temperature of 2100 K (extrapolated 
to [N)=O) [30). Bands of NH(c 1TI) and weak ones of NH2 were also observed [31). The 
analogous, deuterated products result from the reaction with ON3 [11). A blue solid can 
be isolated by quickly freezing the reacting mixture. The solid converts to NH4N3 during 
warming [31); see also p. 120. The rate constant of the reaction of HN3 with N, k = 3.0 X 109 

cm 3. mol- 1 . S - 1 at 293 K, was determined by measuring the decrease of Natoms [14). 

The rate constant k=2.0X 10- 11 cm3·molecule- 1 ·S-1 for the reaction HN3+N3-+H+ 
3 N2 in a flow system was determined by monitoring the absorption of N3 [32). 

Fluorine. An improved synthesis of N3F from a diluted, gaseous mixture of HN3 and 
F2 in a stainless steel apparatus is described in [33); this method also is suited to generate 
the 15N-substituted isotopomers [34). Earlier investigations of this reaction are given in 
"Fluorine" Suppl. Vol. 4, 1986, pp. 405/6, and "Fluor" Erg.-Bd. 1, 1959, p. 247. Annealing 
cocondensed HN3 and F2 in Ne or N2 matrices results in formation of HF; other bands 
can be assigned to the HN3··· HF moiety [35). 

Gaseous HN3 (ON3) and F atoms in a discharge flow apparatus yield the initial products 
HF (OF) and N3 by a well-investigated reaction; details are given in the following paragraph. 
A second reaction channel leads to N2 and HNF (ONF) which was identified by laser fluores­
cence excitation. The product branching ratio could not be determined [36). 

The reaction of HN3 with an approximately equimolar amount of F atoms is accompanied 
by the dull red emission typical for N2(B); an excess of F leads to the bright green flame 
of NF(b) [37). A refined investigation of the reaction of HN3 and F was done at ~300 K 
in a reactor with a halocarbon wax coating in order to suppress N3 decomposition [38). 
The initial step consists in the formation of N3(X 2TI) [39) and HF; the latter was found 
in the states v= 1 to 4 with an average, nascent distribution of 39:36:22:6. The share of 
HF(v=O) was unknown and was estimated to be similar to that of HF(v= 1). In this case, 
the reaction has a rate constant of k=(1.1 ±0.1) x 10- 10 cm 3·molecule- 1 ·S-1 [38). A rate 
constant of (1.6±0.2) x 10- 10 cm3·molecule- 1 ·S-1 was determined by following the decay 
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of the N2(B) emission [40]. The secondary reaction of F and N3 then yields ~85% of NF(a) 
with respect to HN3 and an insignificant amount of NF(b) [38]. A seventyfold increase of 
NF(b) results upon adding H2 to the mixture of HN3 and excess F because of the increased 
formation of vibrationally excited HF [41]. A CNDO/2 calculation showed that for F to approach 
one of the terminal N atoms of HN3 is energetically more favorable than to approach in 
a direction collinear with the HN bond [42]. An energy transfer process between NF(a) 
and vibrationally excited HF leads to NF(b), but is missing when HN3 is replaced by DN3; 
see" Fluorine" Suppl. Vol. 4, 1986, pp. 267/8, for details of earlier investigations. However, 
a transient formation of NF(b) in the reaction of DN3 and F atoms results in the presence 
of iodine atom precursors, when iodine recombination is prevented by optical pumping 
[43]. 

The reactions of HN3 with F atoms were also investigated in the presence of other 
atomic halogens. The reaction of HN3 with an excess mixture of F and Cl atoms results 
in the bright red emission typical for NCl(b). It increases linearly with the concentrations 
of HN3 and Cl. The proposed reaction sequence is HN3 + F --> HF(v) + N3 followed by 
N3 + Cl--+ NCl(b) + N2. The origin of the second product, NCl(a), is unknown [44]. The reaction 
of HN3 and a mixture of atomic F and Br proceeds with the intense, red emission of vibration­
ally excited NBr(b) and seems to resemble the reaction with Cl [45]. The reaction in the 
presence of atomic I results in the bright yellow emission typical for vibrationally excited 
IF(b) which forms from IF(X) by an energy transfer from the observed NF(b). The bands 
of NF(a) could also be identified [41, 46]. 

The gas phase reaction of HN3 and F- with formation of N3" was monitored with an 
ion cyclotron resonance spectrometer [47]. 

Chlorine. The reaction of HN3 with Cl atoms yields the brilliant, red emission typical 
for NCl(b) in vibrationally excited states with v:::; 10. The initial step is HN3 + Cl--+ HCl + N3, 
and the consecutive reaction is Cl + N3 --> NCl(b) + N2. The reaction rate is slower than in 
the presence of F atoms and linear in the concentrations of HN3 and Cl [44]. A rate constant 
of k = (8.9 ± 1.0) x 10- 13 cm3. molecule -1 . S -1 was determined from the decay of the first 
positive emission of N2 [48] and is in a range which was estimated from the formation 
of NCl(b) [44]. 

The expected exothermal reaction of HN3 with Cl- in the gas phase could not be observed 
by ion cyclotron resonance spectrometry [47]. 

Br;. A rate constant of 5X 108 L·mol- 1 ·S-1 was determined for the reaction of HN3 
with the Br; radical anion in aqueous solution. The temperature and the products were 
not given [49]. 

Si. An absorption of gaseous HN3 nearly parallel to the Si(110) surface at 120 K is 
suggested by the weak angular dependence of the vibrational peak intensity in the high­
resolution electron energy loss (HREEL) spectra. The dissociation into absorbed NH and 
desorbed N2 starts upon annealing at 220 K [50]. 

Ca. Sr. Gaseous HN3 and vapors of Ca or Sr yield gaseous CaN 3 or SrN 3 in powerful 
reactions with a bright, blue-orange chemiluminescence [51]. However, spectroscopic mea­
surements under nearly single-collision conditions showed that the primary products are 
CaNH or SrNH. The observed MN3 (M = Ca, Sr) stems in part from a secondary reaction 
between MNH and HN3 and yields NH2 in the ground state as the second product. Other 
products from reactions of HN3 with as-formed MN3 and MNH are MH and excited metal 
atoms [52]. 
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V2 +. The reduction of HN3 by V2+ can be formulated by HN3 + 2 V2+ + 3 H+ ---> NH,i + 
2 V3+ + N2. The rate law in acidic solution has a first-order dependence in both reactants; 
the rate constant is k=(2.83±0.32) x 10-2 l'mol- 1 's- 1 at 298.2 K. Investigations in the 
range 292.1 to 308.5 K yield the activation parameters ~H '*' = 60.2 ± 2.5 kJ/mol and ~S '*' = 
-72.4±8.4 J·mol- 1 ·K- 1 [53]. 

cr2+. The reaction of HN3 and Cr2 + can be described by HN3 + 2 Cr2 + + 2 H + ---> NH3 + 
N2 + 2 Cr3+ [54]. A dimeric chromium complex is an additional product with a yield of 
~ 10% in the presence of HCl [53]. The rate law is first order in HN3 and Cr2+ and has 
a rate constant of k = 14.0 l· mol- 1 . s -1 at 298 K and an ionic strength of 1.0. Adding between 
0.0004 and 1.0 molll HCl04 has no effect [54, 55]. A later investigation yielded k = 17.8 ± 2.4 
l· mol- 1 . s -1 which qualitatively confirms the earlier result [53]. The reaction has an activa­
tion energy of 56.9 kJ/mol; the preexponential factor of the rate constant is 1.4 x 1011 at 
298 K. The entropy of activation of -31.4 J'mol- 1 ·K- 1 in [54] disagrees with a value 
of -120.9 ± 12.1 J. mol- 1 • K- 1 [53] which was determined at 285.1 to 308.0 K. The activation 
energy is 29.7±3.3 kJ/mol [53]. Activation parameters of ~H* = 19.2±2.5 kJ/mol and ~S* = 

-149.0±8.4 J·mol- 1 ·K- 1 were determined at 288 to 303 K [56] and agree with the results 
in [55]. 

The rate constant of the reduction increases in the presence of Cl- or Br-; values 
are given in [54, 55]. This effect may be due to the formation of chromium complexes 
of increased reactivity. Addition of F- or SO~- also accelerates the reaction and in addition 
results in changed kinetics [55]. A moderate increase of the reaction rate in the presence 
of 1- and a strong increase in the presence of SCN - were also noted [56]. The rate constant 
decreases with increasing amounts of added alcohol. tert-C 4 HsOH has the strongest effect, 
i-C3H70H a smaller one, and CH30H the smallest [57]. 

Mo. A second-order rate constant of k = 70 ± 20 l· mol- 1 . S -1 at 298 K for the reduction 
HN3 + M04+ + 3 H+ ---> NH,i + N2 + M06 + was estimated from the dependence of the catalytic 
current during polarography of M06 + in HCl solution on the concentration of added HN3. 
A rate constant of 45 ± 15 l· mol- 1 . s -1 was deduced for the corresponding reduction of 
HN3 by M03+ [58]. 

Mn3+. Te. Re. The oxidation of HN3 by an equimolar amount of Mn3+ in aqueous solution 
yields H +, N2, and Mn2+. The intermediate formation of free radicals induces the polymeriza­
tion of added acrylonitrile [59]. Kinetic investigations in [59 to 61] failed to compLeteLy identify 
the rate law of the reaction. The reaction becomes faster with increasing concentration 
of H+ and is first order in Mn3+ [60, 61]. A second-order dependence in the concentration 
of HN3 was found in HCL04 soLution [60]. The first-order dependence on the totaL concentra­
tion of azide in an acetic-acid-buffered soLution becomes more complicated at 
[N3"] >0.225 molll [61]. Earlier results are given in "Mangan" C 3,1975, pp. 263/4. 

An aqueous solution of HN3 in HN03 does not react with Tc ions at 313 K [62]. 

The cataLytic decomposition of HN3 in He on the surface of eLementaL Re yieLds N2 
and NH4N3 in the temperature range 320 to 360 K [63]. 

Fe. Co. Ni. The exothermaL decomposition of HN3 in He on Fe, Co, or Ni surfaces at 
~370 K yieLds the respective metaL nitride surface Layers. They exhibit no activity for HN3 
decomposition between 370 and 530 K [63]. 

The red [Fe(H20)5N3f+ is the excLusive product of the reaction of Fe3+ in aqueous 
soLution, even in the presence of excess HN 3. The equilibrium constant of 
Fe3++HN3~[FeN3f++H+ is K=1.67 at 296 K, extrapoLated to zero ionic strength and 
infinitely diLuted HCL04 soLution. K is constant at 0.01 < [H +] < 0.50 molll and then decreases 
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slightly with increased acidity. The increase of K with temperature indicates an endothermic 
reaction; an enthalpy change of ~8 kJ/mol was estimated [64]. Rate constants at 298.2 K 
are 4.0±1.0 l'mol- 1's- 1 for the formation of [FeN3]2+ from HN3 with Fe3+ and 
(6.8 ± 0.5) x 103 l· mol- 1 . s -1 for the reaction of HN3 with FeOH2 + in 1.5 molll HCl04 solution. 
The rates increase linearly with the concentration of H + [65]. Results of stopped-flow experi­
ments on the formation of [Fe(H20)5N3f+ in H20 and in H20-DMSO were used for a kinetic 
model of this reaction [66]. 

The oxidation of H15NN15N by C03+ in HCL04 solution is given by H15NN15N 
+C03+-->N 15N+0.5 15N2+C02++H+ and proceeds with quantitative liberation of N2 and 
without random mixing of the N isotopes [67]. The intermediate formation of free radicals 
leads to an accelerated polymerization of added acrylonitrile [68]. The rate law for the 
reaction of nearly equal concentrations of HN3 and C03+ is given by k'[HN3][C03+] with 
k'=17.5±0.2 l'mol- 1's- 1 at 298 K. The dependence of the rate constant on the acidity 
of the solution follows the relation log k' = log k + (0.973 ± 0.026) ·log [H +] at 298 K. The 
apparent activation energy is 106.3± 1.3 kJ/mol between 278 and 298 K [67], later refined 
to 113.4±0.8 kJ/mol in [69]. The reaction of excess HN3 with C03+ is first order in [C03+], 
second order in [HN3], and independent of [H+]. The rate constant has an average value 
of (1.25±0.08) x 103 l2' moL- 2's- 1 at 273 K. An activation energy of 55.6±2.5 kJ/mol and 
an entropy of activation of 6.7 ± 8.4 J. mol- 1 . K- 1 were calculated for the range 273 to 309 K 
[70] by including corrected rate constants from [68]. 

Ru to Pt. The reaction of gaseous HN3 with Pd or Pt surfaces produces highly explosive 
layers of azides at ambient temperature [71]. The catalytic decomposition of HN3 in He 
on the surface of the heavier metals of the platinum group at 320 to 360 K quantitativeLy 
yields N2 and NH4N3 [63]. The precipitation of Pd2+ from aqueous HN03 as Pd(N3b is 
complete, when at least twice the molar quantity of HN3 is used [72]. 

Cu. Gaseous HN3 oxidizes Cu or brass to solid CuN3 with formation of NH3 and N2 
when air and moisture are excluded. Their presence leads to the formation of solid 
Cu(N3h'Cu(OHb [71]. 

Ce4 +. The oxidation of HN3 by an acidic solution of Ce 4 + yieLds N2, H+, and Ce3+ 
[73] and is commonly used for disposing of HN 3; see p. 94. The reaction of H15NN15N 
yields a mixture of N15N and 15N2 in a ratio of 2: 1 without random mixing of N [67]. The 
rate of the oxidation is first order in the concentration of Ce4+ and seems to be determined 
by the decomposition of an intermediate. The average rate constant of (2.6 ± 0.4) x 102 S-1 
at 298.8 K does not depend on the concentration of HN3 and the acidity, and is insensitive 
to changes in temperature [73]. 

Actinides. The reduction of HN3 by U3+ in an acidic, aqueous solution follows the stoichi­
ometry 2 U3+ + HN3 + 3 H + --> N2 + NHt + 2 U4 +. The reaction rate is first order in U3+ and 
in HN3. The rate constant is 8.8x 10-2 l'mol- 1's- 1 at 298 K in 0.4 M HCl solution. The 
rate constant decreases slightly with increasing acidity and does not depend on the ionic 
strength. Sulfate ions catalyze the reaction; the rate constant reaches a maximum in solu­
tions containing 15 to 25% of CH 30H, C2H50H, or i-C3H70H [74]. The reduction of HN3 
by U3+ in a solution containing teft-butanol seems to proceed by an outer-sphere mecha­
nism [75]. The oxidation of UIV in solution by HN03 is slower in the presence of HN3 [76]. 

The reduction of NpV' to Npv by HN3 in 1 M HN03 is slow. Both Npv and Np'V seem 
to be inert towards HN3 [76]. 

The complex formed by HN3 and Pu lV in aqueous HN03 [76] is weak [77]. There seems 
to be no redox reaction of HN3 with PUIIl , Pu IV, and PUVI [76]. 

Gmelin Handbook 
N Suppl. Vol. B 2 



140 

References: 

[1] Stedman; D. H. (J. Chem. Phys. 52 [1970]3966/70). 
[2] Rozenberg, A. S.; Arsen'ev, Yu. N.; Voronkov, V. G. (Fiz. Goreniya Vzryva 6 [1970] 

302/10; Combust. Explos. Shock Waves [Engl. Transl.]6 [1970]271/7). 
[3] Guenebaut, H.; Latour, M. (J. Chim. Phys. 59 [1962] 970/9). 
[4] Combourieu, J.; Le Bras, G.; Laverdet, G. (C. R. Seances Acad. Sci. C 268 [1969] 

1335/8). 
[5] Pannetier, G.; Guenebaut, H.; Hajal, I. (Bull. Soc. Chim. Fr. 1959 1690/1). 
[6] DeCarlo, V. J.; Rice, F. O. (J. Phys. Chem. 65 [1961]1913/4). 
[7] Guenebaut, H. (Bull. Soc. Chim. Fr. 1959962/1018). 
[8] Pannetier, G.; Guenebaut, H.; Gaydon, A. G. (C. R. Seances Acad. Sci. 246 [1958] 

88/90). 
[9] Pannetier, G.; Guenebaut, H. (C. R. Seances Acad. Sci. 245 [1957]929/31). 

[10] Kajimoto, 0.; Kawajiri, T.; Fueno, T. (Chem. Phys. Lett. 76 [1980] 315/8). 

[11] Pannetier, G.; Guenebaut, H. (Acta Chim. Acad. Sci. Hung. 18 [1959] 347/64). 
[12] Pannetier, G.; Goudmand, P.; Dessaux, 0.; Guenebaut, H. (C. R. Seances Acad. Sci. 

256 [1963] 3082/5). 
[13] Combourieu, J.; Le Bras, G.; Barassin, J. (Bull. Soc. Chim. Fr. 1970 1271/4). 
[14] Le Bras, G.; Combourieu, J. (Int. J. Chem. Kinet. 5 [1973] 559/76). 
[15] Cacace, F.; Attina, M.; De Petris, G.; Grandinetti, F.; Speranza, M. (Gazz. Chim. Ital. 

120 [1990] 691/700). 
[16] Mertens, A.; Lammertsma, K.; Arvanaghi, M.; Olah, G. A. (J. Am. Chem. Soc. 105 

[1983] 5657/60). 
[17] Gray, P.; Waddington, T. C. (Proc. R. Soc. London A 235 [1956]106/19). 
[18] Baldeschwieler, J. D.; Pimentel, G. C. (J. Chem. Phys. 33 [1960]1008/15). 
[19] Pimentel, G. C. (J. Am. Chem. Soc. 80 [1958] 62/4). 
[20] Hoigne, J.; Bader, H.; Haag, W. R.; Staehelin, J. (Water Res. 19 [1985] 993/1004). 

[21] Fiedler, E. (Ber. Max-Planck-Inst. Stromungsforsch. 1986 No. 15, pp. 1/97, 81/4; C.A. 
107 [1987] No. 77134). 

[22] Haag, W. R.; Mill, T. (Photochem. Photobiol. 45 [1987] 317/21). 
[23] Neumann, D. K.; Coombe, R. D.; Ongstad, A. P.; Stech, D. J. (Proc. SPIE Int. Soc. 

Opt. Eng. 875 [1988]142/8). 
[24] Ongstad, A. P.; Coombe, R. D.; Neumann, D. K.; Stech, D. J. (J. Phys. Chem. 93 [1989] 

549/52). 
[25] Ongstad, A. P.; Henshaw, T. L.; Lawconnell, R. I.; Thorpe, W. G. (J. Phys. Chem. 

94 [1990] 6724/30). 
[26] Cao, D. Z.; Setser, D. W. (J. Phys. Chem. 92 [1988]1169/78). 
[27] Cao, D. Z.; Setser, D. W. (DE-88005414 [1987]1/51; C.A. 110 [1989] No. 104686). 
[28] Bohmer, E.; Hack, W. (Z. Phys. Chem. [Munich] 170 [1991]15/30). 
[29] Stedman, D. H.; Setser, D. W. (Chem. Phys. Lett. 2 [1968] 542/4). 
[30] Dessaux, 0.; Picavet-Bernard, G.; Goudmand, P. (C. R. Seances Acad. Sci. C 276 

[1973] 635/8). 

[31] Guenebaut, H. (C. R. Seances Acad. Sci. 249 [1959] 2778/9). 
[32] Paur, R. J.; Bair, E. J. (Int. J. Chem. Kinet. 8 [1976]139/52). 
[33] Gholivand, K.; Schatte, G.; Willner, H. (Inorg. Chem. 26 [1987] 2137/40). 
[34] Christen, D.; Mack, H. G.; Schatte, G.; Willner, H. (J. Am. Chem. Soc. 110 [1988]707/12). 
[35] Pritt, A. T., Jr. (AD-A 121190 [1982]1/48, 41/2; C.A. 99 [1983] No. 21860). 
[36] Chen, J.; Dagdigian, P. J. (J. Chem. Phys. 96 [1992] 7333/43). 
[37] David, S. J.; Coombe, R. D. (J. Phys. Chem. 90 [1986] 3260/3). 

Gmelin Handbook 
N Suppl. Vol. B 2 



Reactions with Elements 141 

[38] Habdas, J.; Wategaonkar, S.; Setser, D. W. (J. Phys. Chern. 91 [1987] 451/8). 
[39] Dyke, J. M.; Jonathan, N. B. H.; Lewis, A. E.; Morris, A. (Mol. Phys. 47 [1982]1231/40). 
[40] David, S. J.; Coombe, R. D. (J. Phys. Chern. 89 [1985] 5206/12). 

[41] Pritt, A. T., Jr.; Patel, D.; Benard, D. J. (Chern. Phys. Lett. 97 [1983] 471/5). 
[42] Sloan, J. J.; Watson, D. G.; Wright, J. S. (Chern. Phys. 43 [1979]1/8). 
[43] Benard, D. J.; Chowdhury, M. A.; Pritt, A. T. (J. Appl. Phys. 60 [1986] 4051/8). 
[44] Pritt, A. T., Jr.; Coombe, R. D. (Int. J. Chern. Kinet. 12 [1980]741/53). 
[45] Pritt, A. T., Jr.; Patel, D.; Coombe, R. D. (J. Mol. Spectrosc. 87 [1981]401/15). 
[46] Pritt, A. T. (AD-A169781 [1986]77 pp.; C.A. 106 [1987] No. 75423). 
[47] Pellerite, M. J.; Jackson, R. L.; Brauman, J. I. (J. Phys. Chern. 85 [1981]1624/6). 
[48] Yamasaki, K.; Fueno, T.; Kajimoto, O. (Chern. Phys. Lett. 94 [1983] 425/9). 
[49] Lind, J.; Shen, X.; Eriksen, T. E.; Meremyi, G.; Eberson, L. (J. Am. Chern. Soc. 113 

[1991] 4629/33). 
[50] Bu, Y.; Chu, J. C. S.; Lin, M. C. (Surf. Sci. 264 [1992] L 151/L 156). 

[51] Brazier, C. R.; Bernath, P. F. (J. Chern. Phys. 88 [1988] 2112/6). 
[52] Chen, J.; Dagdigian, P. J. (J. Phys. Chern. 96 [1992]1284/8). 
[53] Linck, R. G. (Inorg. Chern. 11 [1972] 61/4). 
[54] Wells, C. F.; Salam, M. A. (Chern. Ind. [London] 1967 2079/80). 
[55] Wells, C. F.; Salam, M. A. (J. Chern. Soc. A 1968 1568/75). 
[56] Sevcik, P.; Biresova, D. (Collect. Czech. Chern. Commun. 39 [1974] 2168/74). 
[57] Sevcik, P.; Tkac, J. (Collect. Czech. Chern. Commun. 46 [1981]1554/9). 
[58] Viste, A.; Klopf, L.; Mundhenke, J. A. (Proc. S. D. Acad. Sci. 63 [1984] 22/6). 
[59] Wells, C. F.; Mays, D. (Inorg. Nucl. Chern. Lett. 4 [1968] 61/3). 
[60] Wells, C. F.; Mays, D. (J. Chern. Soc. A 1968 1622/5). 

[61] Treindl, L.; Mrakavova, M. (Chern. Zvesti 31 [1977]145/52). 
[62] Zil'berman, B. Ya.; Lelyuk, G. A.; Mashkin, A. N.; Yasnovitskaya, A. L. (Radiokhimiya 

30 [1988] 833/7; SOy. Radiochem. [Engl. Transl.] 30 [1988] 788/92). 
[63] Muetterties, E. L.; Evans, W. J.; Sauer, J. C. (J. Chern. Soc. Chern. Commun. 1974 

939/40). 
[64] Wallace, R. M.; Dukes, E. K. (J. Phys. Chern. 65 [1961] 2094/7). 
[65] Seewald, D.; Sutin, N. (Inorg. Chern. 2 [1963] 643/5). 
[66] Krishnamoorthy, G.; Prabhananda, B. S. (Proc. Indian Acad. Sci. Chern. Sci. 95 [1985] 

337/44). 
[67] Murmann, R. K.; Sullivan, J. C.; Thompson, R. C. (Inorg. Chern. 7 [1968]1876/9). 
[68] Wells, C. F.; Mays, D. (J. Chern. Soc. A 1969 2175/9). 
[69] Thompson, R. C.; Sullivan, J. C. (Inorg. Chern. 9 [1970]1590/2). 
[70] Wells, C. F.; Mays, D. (J. Inorg. Nucl. Chern. 33 [1971] 3855/9). 

[71] Lamnevik, S. (Symp. Chern. Probl. Connected Stabil. Explos. 1967 [1968] 21/33; C.A. 
70 [1969] No. 98403). 

[72] Zil'berman, B. Ya.; In'kova, E. N.; Lelyuk, G. A.; Mashkin, A. N. (Radiokhimia 32 No. 
4 [1990]45/9; SOy. Radiochem. [Engl. Transl.]32 [1990]342/4). 

[73] Wells, C. F.; Husain, M. (J. Chern. Soc. A 1969 2981/4). 
[74] Adamcikova, L.; Treindl, L. (Chern. Zvesti 30 [1976] 593/8). 
[75] Treindl, L.; Adamcikova, L. (Collect. Czech. Chern. Commun. 45 [1980] 3266/9). 
[76] Zil'berman, B. Ya.; Lelyuk, G. A.; Mashkin, A. N.; Fedorov, Yu. S. (Radiokhimiya 30 

[1988]837/40; SOy. Radiochem. [Engl. Transl.]30 [1988]792/4). 
[77] Mayankutty, P. C.; Pillai, N. S.; Shinde, S. S.; Ravi, S.; Nadkarni, M. N. (Prepr. Invited 

Talks Contrib. Pap.-Symp. Solvent Extr. Met., Bombay, India, 1979, pp. III A3/1-111 A3/15, 
III A3/5; C.A. 92 [1980] No. 170149). 

GmeLin Handbook 
N Suppl. Vol. B2 



2.3.1.10.4 Reactions with Inorganic Compounds 

Alkali and Alkaline Earth Compounds. Azides of the alkali and alkaline earth elements 
can be prepared by treating their hydroxides or carbonates with aqueous HN3. The azides 
are obtained with UOH, KOH, Rb2C03, CS2C03 [1], M92(OHhC03 [2], Ca(OHh, SrC03, and 
Ba(OHh or BaC03. A second treatment of the crude product with aqueous HN3 is occasional­
ly required [1]. Gaseous HN3 can be used instead of the solution [3]. Solutions of the mixed 
azides are formed from HN3 and suspended mixtures of Rb2C03 and CaC03 [4] or CS2C03 
and SrC03 [5]. 

Reacting excess gaseous HN3 with solid MF (M = Na, K, Rb, Cs, and N(CH3)4) yields 
a mixture of MN3 and MHF2. Intermediates could not be identified; the reaction is attributed 
to the high proton affinity of F- which is larger than that of N3", whereas the more acidic 
HF2" is not replaced by the weak acid HN3 [6]. 

Boron Compounds. Boranes and HN3 react by substituting hydrogen. A frozen ether 
solution of HN3 and excess B2H6 yield a mixture of BHn(N3b _ n with n = 0, 1, 2 upon warming 
[7]. The reaction 4 HN3+ LiBH4 ..... UB(N3)4+ 4 H2 in ether goes to completion upon warming 
to ambient temperature [8]. A 2: 1 molar ratio of HN3 and BH3· N(CH3b yields 
B(N3hH· N(CH3b, whereas B(N3b· N(CH3b results with a sixfold amount of HN3. The adducts 
B(N3)H2· L with L = N(C2HSb or pyridine form predominantly from HN3 and BH 3· L in equimo­
lar amounts. Using double the molar quantity of HN3 converts (CH3bN· BH2N(CH3h· BH3 
to (CH3bN· BH(N3)N(CH3h· B(N3)H2 with Limited reproducibility [9]. Excess HN3 and 
B, OH'2[S(CH3hh yield 60% of arachno-B, OH'2(N3)~-NH2 in toluene at ambient temperature 
[10]. 

AlH3. GaH3' LiAlH4 • Al(BHJ3' Cocondensed ether solutions of HN3 and AlH3 (molar ratio 
3: 1) [11] or GaH3 [12] yield Al(N3b or Ga(N3b and H2 during melting. The trialkylamine 
adducts of AlH3 yield (NR3H)Al(N3)4 and (NR3HbAl(N3)S under the same conditions [11]. 
The substitution of all H atoms in UAlH4 and Al(BH 4b by HN3 in ether solution with formation 
of UAl(N3)4 and Al[B(N3)4h was mentioned [13]. 

CO2 , CO. C30 2 • The photolysis of HN3 or ON 3 in a CO2 matrix results in dissociation 
to NH (NO) and N2 and in NH reacting with CO2 yielding HNO (ONO) and CO [14]. The 
vacuum UV-photolysis of HN3 in a CO matrix yields a high concentration of NCO, a consider­
able amount of HCO, and some HNCO [15]. Mercury Light yields mainly HNCO, some HCO, 
and a trace of HOCN [16]. Photolysis of a gaseous mixture of HN3 and C30 2 at 193 nm 
yields the primary product CN(B 2~) via the initially formed radicals C and N3 [17]. 

ClCN. BrCN. Treating ClCN with a solution of HN3 yields 5-azido-tetrazole [18]. The 
reaction of excess HN3 in ether solution with BrCN at ~330 K stops at the stage of 5-bromo­
tetrazole [19]. 

SiH4 • HN3 does not react with SiH4 below 298 K in the gas phase and in ether solution 
[20]. 

SnCl2 • The reduction of the mixture of H,sNNN and HNN'5N by SnCl2 in acidic solution 
yields mainly NH3 and N2 and some N2H4. The reaction proceeds without scrambling of 
the nitrogen atoms; half of the ' 5N atoms appear in NH3 and the other half in N2 [21, 
22]. 

NH. NH2 • The intermediate formation of NH and NH2 during photolysis of HN3 in organic 
solvents is frequently proposed to explain the formation of organic products and the by­
product NH3; see [23, 24] for examples. 

Gmelin Handbook 
N Suppl. Vol. B 2 



Reactions with Inorganic Compounds 143 

N2 H4 . Bubbling moist HN3 in N2 through an aqueous solution of N2H4 yields suspended 
crystals of N2H5N3 in a safe reaction. The product can be filtered and dried [25]; see also 
p. 180. The reaction can also be carried out with pure N2H4 or with aqueous solutions 
of both reactants [26]. 

NH3 • For the formation of NH4N3, see p. 172. The admixture of NH3 to gaseous HN3 
before decomposition in a glow discharge increases the amount of N2H4 formed (and isolated 
as N2H5N3) by a factor ten to yield 3 to 4% [27]. The presence of NH3 during the photolysis 
of HN3 in CH30H solution at 195 K also raises the yield of N2H4 [28]. 

N20. The photolysis of HN3 (ON3) in an N20 matrix induces dissociation to NH (NO) 
and N2 and formation of HNO (ONO) [14]. 

NO. Condensation of HN3-NO mixtures in Ar at 12 K to a moderate extent results in 
formation of a product which is believed to be an adduct of the starting materials. Reactions 
via NHC~) are induced by photolysis [29]; see" Nitrogen" Suppl. Vol. B 1. The photolysis 
of HN3 and NO in SFs at ambient temperature yields N20 and H20. The reaction involves 
the intermediate formation of NHC ~). The decrease of as-formed N20 with the ratio of 
NO: HN3 is counterbalanced by an increase in the yield of H20 [30]. 

NOS03H. An ethereal solution of HN3 and NOS03H in H2S04 at 213 to 223 K forms 
thermally instable NON3 in low yield [31]. 

N02 . The reaction HN3 + 2 N02 -+ N20 + N2 + HN03 in the gas phase is first order in HN3 
and second order in N02. The rate constant is 2.28 x 10s l 2. mol- 2. S -1 at 293 K and changes 
with log k= -1.18+2212/T between 293 and 323 K. The decrease of the reaction rate with 
increasing temperature yields an activation energy of - 42.3 kJ/mol which indicates a pre­
ceding, exothermal equilibrium reaction. The rate of the reaction is not influenced by the 
presence of dry air or the size of the surface [32]. 

HN02 • NO;. The well-known reaction HN3 + HN02 -+ N20 + N2 + H20 proceeds with N 
in HN02 becoming the central N in N20, while the terminal N in N20 stems from a terminal 
position of the N3 group in HN3. The other terminal and the central N atoms of HN3 become 
N2, as demonstrated with 15N-labeled reactants [33]. The rate v of the reaction is given 
by v=ka[HN02f at [H+]<0.04 molll in HCl04 solution. The rate constant is ka=0.80 
+33.7[H+] l'mol- 1's- 1 at 273 K. The rate in moderately acidic solution at [H+]>0.1 molll 
can be described by v=kb[HN 3][HN02][H+] with kb=33.7 l2' mol-2' s -1 at 273 K. The rate­
determining steps for both rate laws were discussed [34]. A later investigation gave a 
value of kb=160 l2' mol-2' s -1 at 298 K in agreement with the earlier value [35]. A value 
of 253 l 2. mol- 2. S -1 at 298 K and higher acidity and the rate constant at 273 K yield 
an approximate activation energy of 54.5 kJ/mol. The dependence of the rate constant on 
the Hammett parameter of HCl04 was also described [36]. 

The efficiency of the nitrite trap HN3 increases strongly with the concentration of H + 
and less strongly with that of the nucleophilic catalyst Br- [37]. Other nucleophilic catalysts 
are Cl-, SCN -, and (NH2hCS. Their effect was attributed to the intermediate formation 
of NO+ adducts with HN02 in the presence of acid. The results of the kinetic investigations 
are described in [35]. 

HN03 . The oxidation of HN3 by moderately concentrated HN03 at 370 K is described 
by HN3 + 0.486 HN03 -+ 1.15 N2 + 0.27 NO + 0.46 N20 + 0.73 H20 from an analysis of the gases 
formed and based on the fact that NHt is absent. The reaction is first order in HN3. The 
rate increases Linearly from 5.1 min -1 at [HN03] = 6.21 molll to 249 min -1 at 
[HN03] = 10.7 mollL. The activation energy is 89 kJ/mol [38]. There is practically no oxidation 
of HN3 in diluted HN03 even in the presence of TcvlI ions. However, the reaction is initiated 
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by adding a small quantity of N2H4. The oxidation of HN3 by HN03 is initially the main 
process; reduction of TcvlI and oxidation of N2H4 are less important. An N2HSN03: HN3 
ratio of 1.5 to 2.0 is established; it remains constant during further oxidation [39]. 

The reaction of HN3 and HN03 in strong H2S04 at 298 K yields N2 (containing NO) 
and N20 [40]. The stoichiometry can be formulated 4 HN3+2 NO; -+4 N2+3 N20+H20+ 
2 H+ ; the intermediately formed NO; was deduced from polarographic measurements [41]. 

N2F4 • FLash photolysis of gaseous HN3 and N2F 4 mixtures in ratios from 2 to 0.1 at 
5 Torr of N2F4 yields NF3 with excess N2F4. The intermediates NH, NF, NF2, and vibrationally 
excited HF were detected [42]. 

SbCL5 • Undiluted HN3 and SbCls at 255 to 278 K form a precipitate of the adduct HN3· SbCls 
which eliminates HCl at ambient temperature. The reaction of a large excess of HN3 
with SbCls during warming the cooled CH2Cl2 solution proceeds via 4 HN3 + SbCls -+ 
NH4SbN3Cls + 4 N2. A maximum yield of 53% is achieved with the reactant ratio given by 
the equation; the product and NH4SbCls precipitate from the solution. At a ratio of HN3: SbCls 
of 2:1 or less the products form via 4 HN3+2 SbCls -+NH4SbCls+1/2 [SbN3Cl4h+4 N2. 
The product is isolated after filtering the precipitated ammonium salt [43]. 

H20. The reaction of HN3 (DN3) and dissociated H20 in the gas phase yields the primary 
products NH (NO) and N2 and the secondary product NH2 (ND2) [45]. 

H2S. The reaction of HN3 with a saturated solution of H2S in diluted H2S04 requires 
a minimum concentration of ~2 mol/L in HN3 to start and yields a precipitate of sulfur. 
The effervescent N2 corresponds to 15 to 30% yield with respect to the initial concentration 
of H2S; only a trace of NH3 forms. The equation for the reaction is unknown [46]. 

H2S04 • Hydrazine sulfate was detected when HN3 was bubbled through concentrated 
H2S04 [47]. The decomposition of HN3 in aqueous H2S04 is first order in HN3; the acid­
catalyzed process starts with formation of H2Nj. The rate constant at 333 K decreases 
from k=5.12 x 10-3 min- 1 in 73.8 to 83.6% H2S04 to 4.72 X 10-3 min- 1 in 95.1 to 98.7% 
H2S04. The activation energy at 323 to 353 K changes from 130.5 kJ/mol in 75.9% H2S04 
to 97.1 kJ/mol in 86.3% H2S04 and to 82.8 kJ/mol in 96.3% H2S04 which may result from 
a partial change in the mechanism of decomposition [48]. The decomposition of DN3 in 
67 to 98% 0 2504 is similar to that of HN3 and has a rate constant of 1.86 x 10- 2 min- 1 

at 333 K [49]. 

HF. The protonation of HN3 in HF solution requires (roughly) equimolar quantities of 
the Lewis acids BF3, AsFs, or SbFs. The protonation takes place when the frozen mixtures 
are warmed from 77 K to ambient temperature. The aminodiazonium salts H2NNN+Y­
formed with Y= BF4, AsFs, and SbFs can be isolated by evaporating the volatiles [63]; 
see also p. 156. 

HCL. The protonation of HN3 in CH2Cl2 solution at 195 K by gaseous HCl requires an 
equimolar quantity of SbCls. H2NNNSbCls thus formed precipitates and can be isolated 
at 263 K [44]; see also p. 156. 

HI. The reduction of 1sN end-labeled HN3 by aqueous HI yields a mixture of NH3, N2, 
some N2H4, and 12. The reaction proceeds without scrambling of the nitrogen atoms; half 
of the 1sN atoms are converted to NH3 and the other half to N2 [21, 22]. 

BrO;. The redox reaction of HN3 with BrO:! yields considerable amounts of N2 and 
N20 [50]. The oxidative part of the reaction with excess HN3 in aqueous HCl04 is 
2 HN3 + H20 -+ 2 N2 + N20 + 4 H + + 4 e -, while BrO:! is reduced to BrO - which then is sca­
venged by added allyl alcohol. A tracer study with 180 revealed that most of the 0 in 
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N20 is derived from the solvent. The reaction is first order in both reactants. The rate 
law is -d[Br03"]/dt=ko[Br03"][HN3][H+] with ko=0.0622(6) L2·mol- 2·s- 1 at an ionic 
strength of 2.0 and 298 K. Experiments at 283 to 305 K yield the activation energy of 59.0 ± 
0.8 kJ/mol, the enthalpy of activation of 56.5 ± 0.8 kJ/mol, and the entropy of activation of 
-78.2 ± 2.5 J. mol- 1 . K- 1. The stoichiometry of the reaction becomes very complicated at 
[HN3]: [BrOi] <2.00 and higher oxidation states of nitrogen are produced [51]. 

XeF2 " The mixture of HN3 and XeF2 in He reacts within a characteristic time period 
of ~50 s with formation of HF, N2, and Xe. The photoinitiation of a reaction in the gaseous 
mixture of HN3 and excess XeF2 in He produces the excited species XeF(B), XeF(C), NF(a), 
N2(b), and NH(A) [52]. See p. 94 for the application of the reaction in lasers. 

[Cr(NHalsH20]a+" The kinetics of the formation of [Cr(NH3)sN3]2 + was investigated at 
pH 2.5 to 4.5, where HN3 is mostly undissociated. The product forms simultaneously via: 
(1) [Cr(NH3)sH20]3++Ni ..... [Cr(NH3)sN3]2++H20 with k1=3.2x10-4 L·mol- 1·s- 1 and 
(2) [Cr(NH3)sH20]3+ + HN3 ..... [Cr(NH3)sN3]2+ + H + + H20 with k2 = 6.1 X 10- 6 L· mol- 1 . s -1 at 
323 K and an ionic strength of 1.0 mollL. The rate constants k1 and k2 were calculated 
from the overall rate constant and the dissociation constant of HN3. Parameters of activation 
are L\Ht =96.2± 1.7, L\Ht = 109.2±9.2 kJ/mol, L\st = -15.1 ± 5.0, and L\st = -8.4±2.9 
J. mol- 1. K- 1 ; they were determined at 313 to 333 K [53]. 

MoO(S2L12" An aqueous solution of HN3 oxidizes MOO(S2CNR2h with R = organic substi­
tuent in CHCl3 or aqueous dimethylformamide in the presence of HC!. Products are N2 
and M002(S2CNR2h at low acidity and MoO(Clh(S2CNR2h at high acidity [54, 55]. The 
reaction of equimolar HN3 and MOO[S2P(OC2Hsh] in CH2Cl2 and H20 in the presence of 
HCl yields N2 and 63% of M0203(NH)[S2P(OC2Hsh]. Excess HN3 oxidizes both the metal 
and the ligand; the reaction yields N2, Mov, (C2HsOhP(S)SSP(S)(OC2Hsh, and NH3 [55, 
56]. 

MnOi" The mixture of H1SNNN and HNN 1SN is oxidized by MnO'; in acidic solution. 
Half of 1sN is found in thus formed HN03 and the other half in N2 [21, 22]. 

[Mn(2,2'-bipyridinelJ3 +" The oxidation of HN3 via 2 HN3+ 2 Mn(bipy)~+ ..... 2 Mn(bipy)~+ + 
3 N2+2 H+ involves free radicals and probably two different Mn-azide complexes. Pseudo­
first-order rate constants for Mn(bipy)~+ and excess HN3 at different [H+] are listed. A 
kinetic model of the reaction and the calculated parameters of activation are given [57]. 

[ReO(CN14 H20] -" The ligand substitution HN3 + [ReO(CN)4H20]- ..... [ReO(CN)4N3]2 - has 
a rate constant of (6.4 ± 0.2) x 10 - 3 L· mol- 1 . s -1 at 298 K and pH < 2 in aqueous solution. 
The large, negative entropy of activation of - 87 ± 6 J. K -1 . mol- 1 suggests an associative 
activation [58]. 

[Co(CN>s(H20W-" An acidic solution of HN3 and [Co(CN)s(H20W- yields [Co(CN)sN3]3-. 
The thermal reaction at 298 K with excess HN3 is first order in the Co complex. Experimental 
rate constants are listed; an activation energy of ~ 109 kJ/mol is given. A similar investiga­
tion of the photochemical reaction at 274 K was described; the activation energy is in 
the range 8 to 12 kJ/mol [59]. 

[Co(enMON012] +" The reaction of HN3 with aqueous [Co(enh(ONOb] + (en = 1,2-diamino­
ethane) is supposed to take place in two consecutive steps. The initial bimolecular reaction 
with the rate constant k1 is HN3 + [Co(enb(ONOb] + ..... [Co(enh(OH)ONO] + + N20 + N2. After 
immediate protonation of the complex, the bimolecular reaction [Co(enh(OH2)ONO]2+ 
+ HN3 ..... [Co(enb(H20)OH]2+ + N20+ N2 follows. Values for the rate constants in 
L· mol- 1 . min -1 are as follows [60]: 
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cis-[Co(enh(ONOb] + trans-[Co(enb(ONOh] + 

103 k, 103 k2 103 k, 103 k2 

at 274 K 
at 278 K 
at 283 K 
at 288 K 
Ea in kJ/mol 
10g(A/L·mol-'·min-') 

121 
185 
313 

68.2±0.4 
10.3±0.3 

26.9 
39.5 
69.5 

67.8±4.6 
9.5±0.9 

58.3 12.1 
96.5 19.8 
166 35.5 
69.9±2.5 71.5±5.0 
10.1 ±0.5 9.7± 1.0 

[Ni(2,2' -bipyridine)3]3+. The oxidation of HN3 is given by 2 HN3 + 2 [Ni(bipy>a]3+-+ 
2 [Ni(bipy>af+ +3 N2+2 H+. The rate law is k[HN3][Ni(bipy)~+][H+]-' with k= 104±4 s-' 
at 298 K. The dependence on [H+] suggests a participation of N; in the rate-determining 
step. Investigations at 290 to 309 K yield the overall parameters of activation AH* = 51 ± 3 kJI 
mol and AS * = - 36 ± 10 J. mol-' . K -'. The large value of the entropy of activation stems 
from the transfer of a proton from HN3 to the aqueous solution [61]. 

[Ru(NHJs(H20)]2+. A two-electron reduction of HN3 proceeds via HN3 + 2 H + + 2 
[Ru(NH3)5(H20W+ -+ [Ru(NH3)s]3+ + [Ru(NH3)5(H20)]3+ + N2 + H20 in acidic solution. The 
additional product NH3 substitutes H20 in half of the Ru complexes [62]. 
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2.3.1.10.5 Reactions with OrganoeLement Compounds 

Be(CH3)2' Mg(C2Hs)2' The reaction of pure Be(CH3h and cocondensed excess HN3 in 
(C2H5hO commences upon meLting with Liberation of CH 4 and precipitation of Be(N3h with 
a yieLd of 90.3% [1]. The anaLogous reaction with Mg(C2H5h in ether-dioxane begins beLow 
273 K and is compLete at ambient temperature. The yieLds of Mg(N3h and C2HS are nearLy 
quantitative [2]. 

AL(CH3)3' Excess HN3 and AL(CH3b sLowLy form CH4 and a precipitate of AL(N 3hCH3 
in ether soLution at ambient temperature [3]. 

TL(CH3)20H. The neutralization of HN3 by TL(CH 3hOH in aqueous soLution at 360 K yieLds 
TL(CH3hN3 which precipitates nearLy quantitativeLy during cooling [4]. 

R2Sn(NR;)2' R3SnNR;. The reaction of HN3 with R2Sn(NR;h and R3SnNR; (R' = organic 
substituent) in ether soLution yieLds R2Sn(N3b and R3SnN3 with R = CH3, C2H5, n-C4 Hg , 

CSH5 nearLy quantitativeLy. Stannanes with more than two azide groups in the moLecuLe 
cannot be obtained by this method [5]. 

NRH2. NR2H. The gas phase reaction of HN3 with N(CH 3)H2, N(C2H5)H 2, and N(CH3hH 
yieLds the white, solid ammonium azides [6]. 

NR40H. The neutralization of aqueous soLutions of NR4 0H (R = organic substituent) by 
gaseous HN3 yieLds tetraaLkyL ammonium azides. HydroxyL groups in the substituents do 
not react [7]. 

Tris(p-methoxyphenyL)phosphane. The reaction of excess HN3 and tris(p-methoxyphen­
yL)phosphane in ether at ambient temperature yieLds impure tris(p-methoxyphenyL)phos­
phanimine after treating the nonvoLatiLe residue with an additionaL quantity of the phosphane 
at 430 K [8]. 

P=C(t-C4 Hg). The cycLoaddition of HN3 to PC(t-C 4 Hg) in ether soLution at 293 K yieLds 
3-H-1,2,3,4-triazaphosphoLe [9]. 

CL- P=C(CsHs)Si(CH3)3' The reaction of HN3 with CLPC(CsH5)Si(CH3b yieLds 3,5-diphenyL-
1-H-1 ,2,4-diazaphosphoLe. The product seems to form by fragmentation of the primary prod­
uct in the presence of traces of moisture and by cycLoaddition of the fragments [10]. 

Sb(CH3)3' Bi(CH3)3' An ether soLution of HN3 and Bi(CH3b yieLds CH 4 and a precipitate 
of Bi(CH3hN3 with a yieLd of 75%. A mixture of HN3 and Sb(CH3b does not react [4]. 

Sb(CH3)2NR2' Bi(CH3)2NR2' The reaction of HN3 and Bi(CH3hN[Si(CH3bh in ether at 
273 K yieLds N[Si(CH3bhH and a crystaLline precipitate of Bi(CH3bN3 in a yieLd of 86%. 
The anaLogous reaction of Sb(CH3bN(CH3h yieLds Sb(CH3hN3 and NH2(CH3hN3 [11]. 
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2.3.1.10.6 Survey of the Reactions with Organic Compounds 

Being a very reactive molecule, hydrogen azide takes part in a wide variety of organic 
reactions. In these reactions HN3 functions as an acid, a nucleophile, a bipolar molecule, 
or as a source of NH in the Schmidt reaction in the presence of concentrated H2S04 . The 
acid HN3 forms azide salts with dissolved organic bases [1]. The formation of the azide 
salt in the case of pyridine goes to completion at 298 K, whereas Lewis bases like ethers, 
propene oxide, and acetonitrile react incompletely [2]. The following paragraphs describe 
the basic reactions with principal types of organic compounds; only reviews and examples 
of typical papers are cited. 

The explosion of gaseous mixtures of HN3 and alkanes, olefines, or arenes yields soot, 
unsaturated hydrocarbons, H2, N2, and small quantities of NH3 and HCN [3, 4]. The photolysis 
of HN3 and alkanes mainly leads to N2 and amines which form by insertion of the intermediate 
NH into C-H bonds. NH3 and H2 are minor products [5, 6]. The decomposition of HN3 to 
N2 and NH3 prevails in the copyrolysis with alkanes [7]. 

The addition of HN3 to nonactivated alkenes with formation of the saturated azides 
requires drastic conditions and a catalyst. Olefinic double bonds activated by conjugated, 
electron-withdrawing groups like -CN, -N02, or -C(O)R react easily [8, 9]. The photolysis 
[10] and the pyrolysis [7] of HN3 with alkenes yields nitriles, N2, and decomposition products. 
The reaction of HN3 with alkines usually leads to 1,2,3-triazoles. Single or double addition 
with formation of vinyl azides or saturated diazides are rare [8, 9]. Arenes and HN3 form 
aniline derivatives directly and efficiently in the presence of trifluoroacetic acid and the 
strongly acidic trifluoromethanesulfonic acid [11]. The yield is frequently low in the presence 
of H2S04 [1]. 

The reactions of HN3 with cyclic alcohols to yield mixtures of ketones, amines, and 
products with an enlarged ring are catalyzed by H2S04 [1]. Tertiary alcohols are converted 
to azides in the presence of acid [12] or TiCl4 [13]. Aldehydes and ketones with HN3 undergo 
a Schmidt-type reaction by liberating N2 and inserting NH in the presence of H+ or Lewis 
acids [14]. Ketones yield secondary amides and, in the case of cyclic ketones, lactames. 
Aldehydes are converted to nitriles or N-formylamines. Tetrazole derivatives result with 
excess HN3 [1, 15]. However, IX-azido ethers are obtained from aldehydes and HN3 in the 
presence of alcohols by catalysis of TiCl4 [16]. Carboxylic acids and anhydrides form amines, 
N2 , and CO2 in Schmidt reactions with HN 3. Intermediates are carbamic acids which form 
by insertion of NH into the R-COOH bond [1, 14]. High yields result for acids of arenes 
[17]. 

Tetrazoles form by adding HN3 to nitriles. Cyclic products also result from the addition 
of HN3 to the cumulated double bonds of cyanates, thiocyanates, carbodiimines, or ketoke­
tenes [1,8, 18]. 
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SuLfoxides are oxidized to suLfoximides by HN3 in the presence of H2 S04 [1, 19]. The 
nucLeophilic substitution of chLoride by azide is acceLerated, when the soLution of HN3 and 
aLkyL halide is aLLowed to react in a coLumn filLed with acidic AL 2 0 3 [20]. The exchange 
of halide substituents of arenes by azide requires activating groups in other positions of 
the aromatic system. Pyridine derivatives frequently yieLd tetrazoLes [8]. Aromatic C-nitroso 
compounds and twice the moLar quantity of HN3 form the aromatic azide, N2 , and H2 0 
[1]. The influence of the nitrite trap HN3 on the Fischer-Hepp rearrangement of N-nitrosoani­
Line [21], on its denitrosation by an excess of a secondary amine [22], and on other reactions 
of the starting materiaL [23] were investigated. 
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2.3.1.11 Solutions of HN3 

2.3.1.11.1 Aqueous Solution 

Heat of Solution. Gaseous HN3 dissoLves vigorousLy in H20. The experimentaL heat of 
soLution is - 40.6 ± 0.4 kJ/moL at ambient temperature [1]. The vaLues of t.H = - 33.89 ± 1.3 kJI 
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mol and AS= -93.3±4.6 J'K- 1 'mol- 1 at 298.15 K were calculated from vapor pressure 
measurements of HN3 over its aqueous solution [2]. The decreasing volume upon mixing 
indicates an intermolecular interaction of HN3 and H20 [3]. 

Density. The density of aqueous HN3 at 290 K is given by '2290 = 0.999 + 0.212 (l-
0.132 (l2 + 0.048 (l3, where (l is the weight fraction of HN3 [3]. Experimental values at 290 ± 1 K 
are [3, 4]: 

'2290 in g/cm 3 ... 1.125 1.121 
(l ....................... 0.983 0.931 

1.1161.1091.098 
0.882 0.820 0.686 

1.089 
0.600 

1.077 
0.495 

1.057 
0.329 

1.032 
0.161 

DiSSOCiation. The pH value of aqueous HN3 increases at 298 K from 3.0 for a 0.05 M 
solution to 2.8 for a 0.1 M solution, and to 2.5 for a 0.5 M solution [5]. The acid strength 
of HN3 is similar to that of acetic acid. The dissociation constant pKa of HN3 decreases 
Linearly with increasing temperature [6] and changes with ionic strength 11 as foLLows: 

pKa Tin K 11 in moLll method Ref. 

4.70±0.02 293 o (extrapolated) potentiometric titration with HCl [6] 
4.64±0.02 299 o (extrapolated) 
4.58±0.04 306 o (extrapolated) 
4.47±0.11 295 1.0 potentiometric titration with HCl04 [7] 
4.36±0.15 313 1.0 
4.30±0.15 323 1.0 
4.25±0.24 333 1.0 
4.261 ± 0.031 298 0.5 potentiometric titration with HCl [8] 
4.44 298 1 potentiometric titration with HCl04 [9] 
4.79 298 3 

Individual values of pKa at 298 K in [10 to 13] agree with these results. A pKa value for 
DN3 of 5.0±0.5 at 293 K, extrapolated to zero ionic strength, was determined potentiometri­
caLLy [11]. 

The rate constant of the dissociation of HN3 of 1.15X 106 S-1 was calculated from the 
dissociation constant and the rate of H+ and Na recombination. It has a rate constant 
of (6.0±1.6) x 1010 l·mol:"' 1 'S-1 which was determined by a relaxation method [14]. 

Approximate [6] thermodynamic data of the dissociation of HN3 in H20 were calculated 
from the temperature dependence of the dissociation constant at 293 to 333 K [6, 7]; the 
calorimetric value of AH from the reaction of NaN3 and HCl in water and an earlier dissocia­
tion constant were used in [15]: 

AG in kJ/mol 

26.6±2.5 
24.77 

AH in kJ/mol 

15.9 
15.06±0.21 
10.92±0.33 

AS in J'mol- 1 ·K- 1 

-36.0 
-32.64 
-48.5±1.3 

Other thermodynamic data of aqueous HN3 are given on p. 115. 

Ret 

[6] 
[15] 
[7] 

Vapor Pressure. Henry's Law Constant. The vapor pressure of HN3 over the aqueous 
solution rises with temperature and concentration from 1.8 Torr for a 0.1023 molal solution 
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at 273.15 K to 228.8 Torr at 322.61 K for a 1.397 molal solution [2]. The partition coefficients 
(Henry's law constants) K' = p(HN3)/[HN3] in Torr· Llmol of 51 at 291 K [16], 84 at 298 K 
[17]. 76 at 303 K [18], and 120 at 308 K were determined [17]. A smaller constant in HCl04 

at [HCl04 ] >8 mol/L results from the protonation of HN3 [18]. The Henry's law constant 
of HN3 in aqueous HN03 at 298 to 333 K increases moderately with the concentration of 
HN03 and agrees well with older results [19]. 

Basicity. The protonation of HN3 in H2S04 of 68% or more yields the thermodynamic 
constant pKa for H2Nj ¢HN3 + H +, when the acidity function Ho of the solvent is taken 
into consideration. The determination by various methods gives agreeing results [20]: 

pKa Tin K method Ref. 

-7.19 298 UV absorption [20] 
- 6.6 (-7.02')) 303 pressure of the vapor over the solution [18] 
- 6.21 (- 6.9')) 298 distribution HCCl3-aqueous H2 SO4 [21] 
-6.6 283 kinetics of reaction with acetone [22] 

,) The values in parentheses were recalculated in [20] to the Ho scale of acidity. 

The corresponding thermodynamic constant of DN3 is -7.56 at 298 K and was determined 
by UV spectroscopy in D2S04 -D2 0 [23]. 
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2.3.1.11.2 HN3 in Organic SoLvents and Their Mixtures with Water 

The preparation of solutions of HN3 in (C2H5bO [1], CH2Cl2, and CHCl3 [2] by acidification 
of aqueous NaN3 in the presence of the organic solvent was described. The codistillation 
of HN3 and (C2H5bO or CH2Cl2 requires appropriate precautions [2]. 

Contacting HN3 in aqueous HN03 with tributyl phosphate (TBP) in dodecane extracts 
most HN3 into the organic phase. The extraction is enhanced by the adduct formed by 
HN3 and TBP[3]. This process is described by HN3+TBP¢HN3·TBP and has an average 
constant of extraction of K.v = [HN3(org)]/[HN3(aq)][TBP(org)] = 10.6 ± 1.6 Llmol for an excess 
of 30% TBP in dodecane, probably at ambient temperature. The constant of extraction 
decreases to around 9 Llmol when HN03 is added to the solution, whereas U02(N03b 
has no effect. The composition of the adduct was confirmed by measuring the dependence 
of the distribution coefficient on the concentration of TBP [4]. Stability constants for 
HN3(l) + TBP(l) ¢ HN3· TBP(l) in hexadecane from -100 Llmol at 298 K to - 40 Llmol at 
338 K were determined by a gas-chromatographic method. The constants yield t\Ho = 
- 19.2 kJ/mol and t\So = - 26.3 J. K -1 • mol- 1 for the formation of the complex [5]. 

The distribution coefficients of HN3 at 294 K are 0.69 for HCCl3-H20 and 7.3 for 
(C2H5bO-H20 [6]. Thermodynamic parameters for the transfer of HN3 from water to mixtures 
of 10 to 40% dioxane in water at 298 K were calculated from the standard potentials of 
the AgIAgN3 electrode in the mixtures [7]. 

The dissociation constant pK.=7.9±0.2 was determined for HN3 in dimethyl sulfoxide 
(DMSO) at 298 K by titration of NaN3 with p-toluene sulfonic acid [8]. A pK. value of 7.5 
at 298 K was used in [9]; the linear change from pK. in water to pK. in DMSO with addition 
of DMSO to the aqueous solution was mentioned. 
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2.3.2 The Hydrogen Azide Cation, HN; 

CAS Registry Numbers: HN; [58852-14-5J, DN; [58852-15-6J 

The formation of HN; and DN; was observed during mass spectrometric (p. 134) and 
photoelectron (PE) spectroscopic investigations (p. 98) on hydrazoic acid. The number of 
PE bands observed is consistent with the bent N3 group in the cations [1, 2] and with 
Cs symmetry. The following electronic term energies To in cm -1 of both ions were obtained 
[3] from the PE spectra [1, 2, 4] in the gas phase: 

state .......... X 2 A" C 2A' D2A" E 2A' 

To··············O 

iFA' 
38000(320) 48890(320)') 77130(1000)') 87620(1000)') 

,) From the vertical ionization potential. 

The fundamental vibrations of the cations were assigned on the basis of the vibrational 
splitting of the first three PE bands by comparison with the fundamentals of the parent 
molecules. Frequencies in cm -1 and the PE band of their origin (in parentheses) given 
on p. 98 are as follows: 

cation v1 v 2 V3 v4 V5 Ref. 

HN; 3320 (X) 2060 (X), 940 (X), 460 (A) 540 (8) [5] 
2360 (8) 930 (8) 

~2260 (8) ~980 (X) 890 (8) ~570 (A), 560 (8) [4] 
1850 (X) 850 (X) 480 (A), 570 (8) [2] 

DN; 2440 (X) 2060 (X), 930 (X), 320 (A) 520 (8) [5] 
2380 (8) 890 (8) 
1850 (X) 850 (X) 400 (A), 490 (8) [2] 

Vibrational progressions in the PE band 8 of 2380 and 930 cm -1 for HN; and 2300 
and 900 cm -1 for DN; were assigned to combination bands [2]. Some bands of both cations 
are also given in [1]; earlier results for HN; are described in [6]. . 
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2.3.3 CycLotriazene (Triazirine), c-N3H, and Ions 

CAS Registry Numbers: C-N3H [157-29-9J, c-N3H2+ [84988-32-9J 

The cyclic isomer of linear HN3 is triazirine; it has an Na-N~ double bond opposite 
to the NH group, and the H atom is bent out of the NNaN~ plane (C s symmetry). Neither 
C-N3H nor organic derivatives seem to have been detected spectroscopically [1]. However, 
an intermediate formation of C-N3H was suggested based on the scrambling of nitrogen 
isotopes during the formation of HN3 via the reaction of 15N2H4 with excess HN02 [2]. 
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An MP3 (third-order M011er-Plesset perturbation theory) calculation predicts that the triazir­
ine ground state is 126 kJ/mol more energetic than the ground state of linear HN3 [3]. 
An ab initio SCF CI calculation predicts an excess energy of ~ 230 kJ/mol for triazirine; 
thus, immediate dissociation into NH and N2 can be expected [4]. An MP2 calculation did 
not yield a minimum for C-N3H on the potential energy surface [5]. 

Optimized geometries for the triazirine ground state with Cs symmetry and for the ener­
getically less favorable, planar isomer with C2v symmetry were calculated at the SCF/6-31G* 
level [1] and were confirmed for the energetically favorable isomer in [3]; distances in 
A and angles in degree (where <I> is the angle of the N-H bond relative to the N3 plane) 
are as follows [1]: 

symmetry 

1.489 1.161 1.007 45.9 67.0 104.6 74.1 
1.402 1.189 0.983 50.1 64.9 154.9 0 

The inversion barrier for the H-carrying nitrogen via the planar state was calculated 
by using the MP2 and MP3 methods with various extended 6-31G basis sets to be 234 
to 251 kJ/mol. The ground state is stabilized by the stronger N.-Np bond and a simultaneous 
decrease in the N-N. and N-Np 1t-antibonding character of this molecular orbital [1]. The 
nonaromatic character of C-N3H is evidenced by a ring current index of 1.240 which was 
calculated by the semiempirical SIND01 method [6]. Calculated dipole moments are 1.77 
[3] and 1.69 D for C-N3H in the ground state and 1.61 D in the planar state [1]. A protonation 
energy of 774 to 787 kJ/mol was calculated for the NH group of C-N3H in the non planar 
ground state [1]. Molecular data were also calculated at the HF level [7]. 

A calculation with the semiempirical SINDOl method yields a ring current index of 1.720 
for c-N3H2+ indicative of an aromatic ion. The anion c-N3H2- was found to be unstable, 
however [6]. 

References: 

[1] Alcami, M.; De Paz, J. L. G.; Yanez, M. (J. Comput. Chern. 10 [1989] 468/78). 
[2] Phelan, K. G.; Stedman, G. (J. Chern. Soc. Chern. Commun. 1981 299/300). 
[3] Chaban, G. M.; Klimenko, N. M.; Charkin, O. P. (Zh. Neorg. Khim. 37 [1992] 191/5; 

Russ. J. Inorg. Chern. [Engl. Transl.]37 [1992]102/4). 
[4] Sevin, A.; Le Roux, J. P.; Bigot, B.; Devaquet, A. (Chern. Phys. 45 [1980] 305/14). 
[5] Zavoruev, S. M.; Rakauskas, R.-1. I. (Astron. Zh. 66 [1989]1013/23). 
[6] Jug, K. (J. Org. Chern. 48 [1983]1344/8). 
[7] Lathan, W. A.; Radom, L.; Hariharan, P. C.; Hehre, W. J.; Pople, J. A. (Fortschr. Chern. 

Forsch. 40 [1973]1/45). 

2.3.4 The Triazenyl Radical, N3H2' and Ions 

The Radicals 1-Triazenyl, H2NNN, and 2-Triazenyl, HNNNH 

CAS Registry Numbers: H2NNN [73947-29-2J, HNNNH [73947-28-1J 

The N3H2 radical is supposed to form intermediately during the reaction of HN3 with 
H atoms; see p. 135. An ab initio SCF calculation on this reaction gave an activation barrier 
of 18 kJ/mol and an enthalpy change of - 268 kJ/mol for the formation of H2NNN. The radicai 
is unstable; the decomposition to NH2(X 2B,) and N2 is most favorable and associated with 
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an enthaLpy change of -177 kJ/moL [1]. Ab initio caLcuLations for the first eLectronically 
excited ~ state showed that H2NNN is more stabLe than the HNNNH isomer by 128 kJ/moL. 
The ~ state of HNNNH is 66.9 kJ/moL higher in energy than the n ground state [2]. Geometric 
parameters for the flat radicaLs from ab initio caLcuLations (CIISTO-3G [2] and HF/4-31G 
[1]) are as foLLows: 

isomer state distances in A angLes in degree Ref. 
N.-Np Np-Ny H-N. N.N~Ny HNN 

H2N.NpNy 1.352 1.227 0.991, 0.985*) 120.2 121.6, 115.8*) [1] 
H2N.N~Ny ~ 1.40 1.28 117 [2] 
HN.NpNyH n 1.39 1.39 107 102 [2] 
HN.NpNyH ~ 1.32 1.32 126 107 [2] 

*) For the H substituent in trans arrangement with respect to the terminaL nitrogen. 

The Triazadienium Ion, N3H;-

CAS Registry Numbers: N3H; [85990-23-4], H2NNN + [43422-90-8], D2NNN + [43422-91-9] 

Formation. Gaseous N3H; is obtained by protonation of HN3 under the conditions of 
chemicaL ionization mass spectrometry. Protonations by H30+ and HN; are moderateLy 
and those with H; are highLy exothermal. Other reactants are CH~ and protonated C2H5N3. 
Tandem mass spectrometric techniques invoLving coLlisionaLLy activated dissociation (CAD) 
and metastabLe ion kinetic energy (MIKE) were used to investigate the isomers formed. 
The moderately exothermal reactions yield only one isomer of N3H;, probably the aminodia­
zonium ion H2NNN+, as indicated by the almost exclusive formation of the fragment NH;. 
The formation of an additionaL isomer in the reactions of high exothermicity is suggested 
by the fragment N2H+ which is assigned to the iminodiazenium ion HNNNH+ in line with 
the energies calculated for the isomers (see below) [3]. 

Protonation of HN3 by superacids in S02ClF solution yields the aminodiazonium ion 
H2NNN+; see p. 135. This cation is also obtained from (CH 3hSiN3 and HS03F-SbF5 (6: 1) 
in S02ClF solution at 195 K. The in situ formation of the cation from (CH3hSiN3 or NaN3, 
a 1.1 molar quantity of AlCl3, and excess HCl [4] or from (CH3hSiN3 and excess trifluorometh­
anesulfonic (triflic) acid [5] in arenes is a convenient procedure for electrophilic aromatic 
aminations. The protonation of HN3 (DN3) in aqueous H2S04 (D 2 S04 ) is described on p. 
152; the experimentally determined basicity constants of the reactants are also listed there. 

Solid aminodiazonium salts are formed by protonation of HN3. This reaction proceeds 
in HF solution in the presence of roughly equimolar quantities of the Lewis acids BF3, 
AsF5, or SbF5 after warming the initially cooled mixture to ambient temperature. Evaporation 
of the volatiles leaves the colorless solids H2NNN+Y- where Y= BF4 , AsF6 , or SbF6 [10]. 
A colorless precipitate of H2 NNNSbCls forms from HN3 in CH 2Cl2 solution at 195 K in the 
presence of an equimolar quantity of SbCl5, when HCl is bubbled through the solution. 
The product can be isolated and is dried at 263 K [11]. The aminodiazonium salts are 
very sensitive to moisture; they decompose slowly at ambient temperature with loss of 
N2 [10,11]. 

Properties. The heat of formation in the gas phase of the energetically most favorable 
isomer of N3H;, probably the H2NNN + isomer, is calculated from the experimentaL proton 
affinity of HN3 at 343 K to be 1085.3 kJ/moL [3]. A vaLue of 1075 kJ/moL at 298 K was derived 
with the estimated proton affinity [6]. 
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The 15N NMR spectrum in S02ClF solution at 183 K of N3H~ enriched with 15N in the 
terminal positions demonstrates the aminodiazonium structure of the cation by separate 
signals and different N-H coupling of the terminal N atoms. The chemical shifts towards 
high field relative to external, anhydrous NH3 are Ii = 68.61 ppm (t) with 1 J(NH) = 100.0 Hz 
for the protonated nitrogen and Ii = 266.15 ppm (s) for the other terminal N atom. The 1 H NMR 
spectrum consists of a signal with Ii = 9.83 ppm at 193 K, whereas a singlet at 253 K originates 
from rapid proton exchange between N3H~ and HS03F [4]. 

The structural parameters of the aminodiazonium ion obtained by X-ray crystallography 
of salts are given together with the calculated structures of the N3H~ isomers below (p. 158). 
The fundamental vibrations of the aminodiazonium ion in cm -1 were determined from the 
IR [10, 11] and Raman spectra [10J of the salts; Cs symmetry was assigned to the ion: 

vibration 
(approximate description) 

v1 (A', vs(NH 2 )) 

V2 (A', v(N=N)) 
V3 (A', lisciss(NH2)) 
v4 (A', v(N-N)) 
V5 (A', liin_Plane(NNN)) 
Vs (A', liwag(NH2 inversion)) 
v7 (An, vas(NH 2 )) 

Va (An, lias(NH2)) 
Vg (An, liout-of-Plane(NNN)) 

H2NNNY [10J 
(Y=AsFs, SbFs) 

3170 vs 
2318 s 
1547 vs 
1129 w 
530 m 
489 w 
3280 vs 
1259 m 
418 w 

H2NNNSbCls 02NNNSbCls 
[11 J [11 J 

2970 m 2330 m 
2290 s 2240 vs 
1522 vs 1163 s 

3080 s 2438 m 

While the assignment in [11] is rather tentative, the fundamentals in [10] were identified 
by using the fundamentals calculated by local density functional (LOF) theory as guides. 
However, the assignment of V5 and Vs may have to be changed. Some combination bands 
and overtones were also identified; force constants calculated by the LOF method were 
also given [10]. 

Ab initio calculations at the MP2/6-31G* level for the various isomers, likely to result 
from the protonation of HN3, demonstrated that the formation of the aminodiazonium ion 
H2NNN+ is most favorable with L\rH = -737 kJ/mol. This value is close to the experimental 
protonation energy of HN3. The iminodiazenium ion HNNNH + forms with L\rH = - 636 kJ/mol. 
The formation of the cyclic isomer with geminal protons (L\rH = - 566 kJ/mol) and of the 
acyclic HNN(H)N + (L\rH = -168 kJ/mol) are energetically less favorable [3]. An MP4[SOTQ]1 
6-311G*· calculation also demonstrated that H2NNN+ is energetically more favorable by 
163 kJ/mol than the cyclic isomer with geminal H substituents; the activation barrier for 
the conversion to the cyclic isomer was predicted to be 226 kJ/mol. Slightly different results 
for the conversion mechanism were obtained at the HF and MP2(full) levels [7]. The formation 
of the isomers of C-N3H~ with geminal and vicinal hydrogen substituents was studied at 
the MP2/6-31G(d, p) + P level. The values for L\fHg are 1228 and 1398 kJ/mol, respectively. 
The formation of the geminal isomer from N~ with NH2 and from N2 with NH~ proceeds 
with standard heats of reaction of - 468 kJ/mol and - 36 kJ/mol, respectively [8]. The forma­
tion of the vicinal isomer from N2H + with either NH(3l; -) or with NHC L\) was predicted 
to be endothermal, L\rHg = 107 and 32 kJ/mol [8]. 

An X-ray diffraction analysis proved that N3H2AsFs and N3H2SbCls contain the aminodia­
zonium ion with Cs symmetry. The cation has a pyramidal NH2 group; the nitrogen internuc­
lear distances indicate [H2N-N=NJ+ to be the prevalent structure with only a small contribu-
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tion from the resonance structure [H2N=N=N] + [10]. The structure analysis confirmed the 
predictions of ab initio calculations. Activation barriers for amino inversion are in the range 
2 to 4 kJ/mol at the RHF and MP2 levels [7]. Experimental results for H2NNN+ and calculated 
structural data for the N3H~ isomers (distances r in A) [3] are as follows: 

isomer r(H-Nm) r(Nm-N~) r(N~-Nr) LHNmN~ LNmN~Nr remarks 

H2NNN+ 1.043a ) 1.295(5) 1.101 (6) 107(6)° 175.3(W experimental resultb ) 

1.007 1.308 1.078 112.1° 175.1° Cs symmetry 
1.026 1.300 1.136 113.47° 174.04° c) , LHNH= 118.28°, 

Cs symmetry 
HNN(H/)N+ 1.015 1.207 1.327 113.4° 131.9° r(H' -N~) = 1.030, 

L H/N~Nr = 110.4° 
HNNNH+ 1.019 1.156 1.156 116.5° 170.2° symmetr., nonplanar 
C-N3H~ 1.007 1.466 1.160 (60°) LHNmH=121.8° 

1.027 1.493 1.234 115.94° 65.58° c) , L HNmH = 122.58° 

a) Calculated by the LDF theory; the experimental value is unreliable. - b) Investigation 
of N3H2SbCle at 20 K; L HNmH = 118(8)° [10]. - c) From [7]. 

Reactions. Gaseous H2NNN + reacts with the n- and 7t-type nucleophiles H20, CF3CH20H, 
CH30N02, CH20, and CeHe exclusively as a Bremsted acid [3]. Electrophilic substitution 
by H2NNN+ in arene solution gives with the reactants NaN3-AlCl3-HCl moderate to good 
yields [4] and with (CH3hSiN3-triflic acid good to very good yields of arylamines. Arenes 
with electron-withdrawing groups react less smoothly [5]. The loss of N2 from H2NNN+ 
was predicted to be endothermal with values ranging from 216 kJ/mol at the RHF level 
[9] to 334 kJ/mol at the MP4[SDTQ] level [7]. 

The Triazenide lon, N3H2" 

CAS Registry Number: [70102-56-6J 

N3H2" is treated as the conjugate base of triazene, N3H3; see p. 161. 
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2.3.5 Compounds of the Composition N3H3 

The formation of N3H3 and related ions without specifying the isomers involved was 
described for the following reactions: Decomposition of gaseous N2H4 in a fashflow system 
by an electrode less discharge yields N3H3 in addition to fragments of the reactant [1]. 
The yield of N3H3 reaches a maximum of -2% when 20 to 35% of N2H4 are decomposed 
[2]. The formation of N3H3 in a mixture of NH3 and other nitrogen-hydrogen compounds 
was detected mass-spectrometrically after exposing gaseous N2H4 at 233 K to a microwave 
discharge [3]. N3H3 also forms when N2H4 reacts with the products of microwave discharges 
in H2 or N2. The N3H3 thus formed was identified with a mass spectrometer and has an 
ionization potential of 9.6±1 eV [1]. The formation of N3H3' possibly with triazene structure, 
in incompletely decomposed HN3 (see p. 120) and in solid N2H4 during bombardment by 
ions and electrons [4] was discussed. 

Choosing 3/2 (N2 + H2) as the reference point, the relative energies of the molecules 
on the N3H3 hypersurface were calculated using ab initio coupled-cluster and many-body 
perturbation theories (MBPT). Triazene is most favorable with an energy of 192 kJ/mol. 
Azimine (triimide) has an energy of 265 kJ/mol, and triaziridine can be expected to be 
even less stable with an energy of 365 kJ/mol. The cis isomers of triimide and triaziridine, 
which have all hydrogens on the same side of the N3 unit, are about 10 to 15% higher 
in energy than the regular isomers [5, 6]. Individual isomers of N3H3 and the corresponding 
ions are described separately below, starting with the acyclic compounds. 

Triazene, HNNNH2, and Its Conjugate Base 

CAS Registry Numbers: HNNNH2 [15056-34-51, cis-HNNNH2 [58729-78-51, trans-HNNNH2 
[58729-79-61 

Formation. The intermediate N3H3 and its conjugated acid N3Ht (described on p. 166) 
and base N3H2 are supposed to form during one-electron oxidation of aqueous N2H4, con­
veniently done by pulse radiolysis. The reaction probably starts with the formation of the 
hydrazyl radical followed by 2 N2H3 ..... N4Hs, N4HS ..... NH3 + N3H3' and N3H3 ..... NH3 + N2. The 
observed UV absorption of an intermediate is attributed to N3H3 in the triazene form and 
to N3Ht or N3H2 depending on the pH of the solution. The absorptions assigned to N3H3 
(pH range 7.2 to 8.7) and N3Ht (pH range 1.5 to 3.0) peak at -225 nm; the maximum 
absorption of N3H2 could not be determined. Extinction coefficients at 230 nm range from 
4.2 x 103 to 5.2 X 103 L· mol- 1 ·cm- 1 for N3H3' from 3.1 x 103 to 3.9 X 103 L· mol- 1 ·cm- 1 for 
N3Ht, and from 40 to 50 L· mol- 1 . cm -1 for N3H2 . A kinetic model for the N2H4 oxidation 
yielded the equilibrium constants at 295 K and rate constants of the decomposition [7]: 

N3H3¢N3H2 + H+ 

with pK = 11.37 and an estimated k:$; 10-3 s -1 at 297 K, 

with pK = 4.95 and k = 1.97 x 1011 exp( - 52.7 kJ· mol- 1/RT) s -1 for the reaction yielding N2 
and NHt (see above) at pH 2.30 and 274 to 300 K, and 

N3H2 + H20 ..... N2+ NH3+OH-

with k=2.14 x 1014 exp( - 80.3 kJ· mol- 1/RT) S-l at pH 11.9 and 274 to 303 K. 

An earlier kinetic investigation was described in [8]. The older literature on the possible 
formation of N3H3 via radiolysis of N2H4 was briefly discussed in [7, 8]. 
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Properties. Ab initio calculations predict that the cis isomer of triazene is energetically 
less favorable than the trans isomer by 23 to 30 kJ/mol. Activation energies for the cis -+ trans 
inversion in the range 200 to 380 kJ/mol were calculated for various transition states at 
the HF/6-31G** level [9]. For an earlier theoretical study on this inversion, see [10]. 

The trans isomer of triazene, HN~NpNyHH', was predicted at the MBPT(2) level to have 
a 1 A ground state and to be almost planar. The internuclear distances are r(N~-Np) = 1.274, 
r(Np-Ny) = 1.365, r(H-N~) = 1.029, r(H-Ny) = 1.012, and r(H' -Ny) = 1.021 A. The bond angles 
were calculated to be LNNN=111.59°, LHN~Np=103.82°, LHNyH'=114.81°, 
LHNyNp = 110.52°, L H'NyNp= 113.57°, L HN~NpNy= 176.09°, and L H'NyNpN~=21.21°. A bond 
order analysis confirms the expected double bond between N~ and Np and the single bond 
between Np and Ny [5]. However, an interaction between the double bond and the lone 
electron pair of the NH2 group is evidenced by the rotation barrier around the N-N single 
bond. A value of 94 kJ/mol was calculated at the HF/3-21G* level for the planar conformer 
[11]; a value in the range of 55 kJ/mol resulted at the HF/3-21G level [12]. The transition 
to a nonplanar molecule shortens the double bond, lengthens the N-N single bond, and 
slightly decreases L NNN [11]. The vibrational spectrum of trans-HNNNH2 was predicted 
to show the out-of-plane deformation of H' at 684 cm- 1 as the strongest band [5]. A UV 
transition at 280 nm was predicted for trans-HNNNH2 from an SCF CI calculation using 
a minimal basis [13]. 

The most favorable dimer of trans-triazene was predicted to form by simultaneous 
approach of the hydrogen of Ny to N~ of the second molecule; dissociation of the dimer 
can lead to the tautomeric triazenes [12]. The tautomerization of triazenes by a [1,3]-H 
shift probably has a high energy barrier [9]. The thermodynamically favored protonation 
site of trans-triazene is N~, and Np is the one least favored [12, 14]. Kinetic reasons suggest 
a protonation at Ny, because the resulting cation can be considered a complex of an ammonia 
molecule and a diazonium ion, products which also result from the protonation of organic 
triazenes [14]. 

Organically substituted triazenes are commonly prepared by nucleophilic alkylation of 
azides or by reacting diazonium salts with amines [15]. Only the trans isomers were found 
in crystallographic investigations. The flatness expected for the molecules was confirmed 
experimentally in one case; the torsional angle of 175.6° along the R-N=N-N chain 
approaches the ideal value of 180° [16]. The mutual influence of the adjacent N-N Single 
and double bonds tends to decrease their different lengths [17] from the difference of (at 
least) 0.1 A usually observed [18]. Some of the structural parameters of RN=N-NR'R" are: 

triazene a ) bond length in A angles in degree Ref. 
N=N N-N NNN RNN NNR', NNR" 

A 1.25(7) 1.34(8) 115 114.5 120b ) [18] 
B 1.259(7) 1.338(7) 114.4(5) 112.5(5) 112.9(5), 122.6(4) [16] 
C 1.27 1.32 115 114.5 120b ) [19] 
D 1.281(7) 1.3099(7) 113.3(5) 111.7(8) 115.6(5), 123.8(5) [20] 

a) A: CSH5NNN(4-N02CsH4)H; B: N-phenylazo-2,6-dimethylpiperidine; 
C: CSH5NNN(CsH5)H; D: 2-NH2C(O)CsH4NNN(CH3h. - b) The angle NNH is not given. 

15N NMR spectra were only described for 1-aryl-3,3-dialkyltriazenes. The signal due 
to the central nitrogen in RN~NpNyR2 appears at the lowest field. The average shifts of 
the other nitrogens with respect to Np are 97 to 115 ppm for N~ and 258 to 293 ppm for 
Ny [21 to 23]. A comparison with the shifts of free amines and azo compounds shows for 

Gmelin Handbook 
N Suppl. Vol. B 2 



161 

the triazenes a low-field shift of the amine resonances [22] and a high-field shift of the 
N~ resonance; both indicate conjugation in the nitrogen chain [21, 22]. A direct comparison 
of the chemical shifts is hampered by the influence of the substituents and the use of 
different standards. Some examples of '5N NMR shifts of RN~NpNyR; (positive low-field 
shifts) in ppm are as follows: 

R, R; standard N~ Np Ny solvent Ref. 

C6H5, (CH3b *) CH3N02 -25.49 69.22 -224.23 DMSO [23] 
C6H5, pentamethylene '5N03' -16.98 73.54 -206.23 not given [22] 
4-N02C6H4, (CH3b '5NH4Cl 320.0 428.0 138.0 CDCl3 [21] 

*) The shifts agree qualitatively with earlier results in [21], where the coupling constants 
, J(N~Np) = 12.8 Hz and' J(NpNy) = 14.0 Hz were additionally given. 

The 'H resonances of the N-bonded protons in RNNN(H)R were found at 8=7.10 ppm 
for R = CH3 and at 8 = 7.0 ppm in CDCl3 [24], and at 8 = 8.49 ppm for R = Si(t-C4Hg) in C6D6 
[25]. A shift of 8 = 7.66 ppm was given for C4HgNNN(H)C2H5 [26]. 

TypicallR bands of RNNN(H)R' are v(NH) at ~3300 cm-', 8(NH) at ~ 1500 cm -', vas(N=N) 
at ~1400 cm-', vs(N-N) at ~1200 cm-', and 8(NNN) at ~650 cm-' [26,27]. The bands 
were assigned by comparing them with those of the' 5N-labeled triazenes in [27]. 

The UV absorption of an intermediate during the oxidation of N2H4 at ~225 nm (see 
above) is possibly that of N3H3' probably the HNNNH2 isomer. The 1t* <--1t n absorption of 
the NNN chain of (t-C4HghSiNNN(H)Si(t-C4Hgh in hexane was found at 259 nm (E = 15900) 
[25], whereas in 1 ,3-diaryltriazanes this absorption was observed at 340 to 350 nm (E ranges 
from 17500 to 18200) [28]. A weak band of the silylated triazene at 384 nm (E=60) was 
assigned to the 1t* <-- n transition of the NNN group [25]. 

The triazenide ion is known only in OS3(T]-N3H2)(~-H)(CO),o which forms from (CH3hSiN3 
and OS3H2(CO),O in hexane. The coordinated N3H2 has an N-N distance of 1.32±0.02 A 
and an angle NNN of 1180 ± 10 [29]. The UV absorption of the 1t* <--1t transition of RNNNHR 
(R = C6H5; 2,4,5-Cl3C6H2) shifts to longer wavelengths in alkaline ethanol; the anions have 
maxima at 402 nm (E = 22400) for R = C6H5 and at 439 nm (E = 29600) for R = 2,4,5-Cl3C6H2 
[30]. Coordination compounds of organically substituted triazenides are numerous; they 
were reviewed in [31]. 

Azimine (Triimide), HNN'(H)NH 

Ab initio calculations for the isomers of aZlmlne predicted a planar arrangement of 
all 6 atoms and a bent chain of the 3 N atoms. The energetically favored (Z,Z) isomer 
(A) of azimine was calculated to have a ' A, ground state and C2v symmetry [5, 9]. The 
(E,E) isomer (8) of azimine also has C2v symmetry and its energy is higher by 41 kJ/mol 
at the SCF level. 

H 
I 
N' 

N7~N 
I I 
H H 

(A) (8) 

Internuclear distances in A and bond angles in degree at the M8PT(2) level are as 
follows: 
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isomer 

(A) 
(B) 

r(N'-N) 

1.305 
1.258 

r(H-N') 

1.023 
1.013 

r(H-N) 

1.033 
1.005 

LNN'N 

135.87 
125.25 

LHN'N 

112.07 
117.37 

LHNN' 

105.35 
107.37 

The higher energy of the isomer (B) is a resuLt of mutuaL repuLsion of the positiveLy 
charged hydrogens and the negativeLy charged nitrogens. The pLanar structure of azimine 
aLLows strong 1t bonding in the N3 chain; the bonds are halfway between singLe and doubLe 
bonds. The compound has Less biradicaL character than ozone. A caLcuLation predicted 
the strongest band in the vibrationaL spectrum to be at 1093 cm -1 for the isomer (A) and 
at 1413 cm- 1 for the isomer (B) [5]. 

An activation energy of 260 to 280 kJ/moL for the conversion of azimine to triazene 
via [1 ,2]-H shift was predicted by an SCF/6-31G** caLcuLation and makes the process unlikeLy 
to occur under thermaL conditions [9]. Based on caLcuLations the dimer of azimine, formed 
preferentially by the hydrogen atom at N' simuLtaneousLy approaching the terminaL nitrogen 
of the other moLecuLe and vice versa, is remarkabLy Lower in energy than the separate 
moLecuLes. The hydrogen transfer reaction in dimeric azimine has an activation energy 
of onLy 4 kJ/moL and yieLds a triazene dimer. Azimine is therefore kinetically too unstabLe 
to be isoLabLe [12]. 

Organically substituted, configurationaL isomers of azimines were obtained stereospecifi­
caLLy by reacting (E)- or (Z)-configurated azo compounds with nitrenes. The (E) isomers 
of the azimines (designation with respect to the N-N bond of the azo reactant) are thermody­
namicaLLy Less stabLe and convert sLowLy to the (Z) isomers. Both isomers of 1-aLkoxycarbon­
yL-2,3-diisopropyLazimines have UV absorptions at 280 to 290 nm with E=7000±600 [32]. 
Crystallographic investigations of the isomers of C6H5N~Np(C6H5)NyR with R being a thiazoLe 
derivative indicate a doubLe bond between N~ and Np and a dipoLar structure in which 
Ny and Np have formally negative and positive charges. Both moLecuLes have an aLmost 
pLanar geometry at the centraL N atom. The structuraL parameters are as foLLows: 

configura- bond Length in A angLes in degree Ref. 
tion N.Np NpNy CN.Np N.NpNy NpNyR 

(1Z,2E) 1.279 ± 0.004 1.323 ± 0.003 116.7±0.3 123.4±0.3 115.0±0.2 [33] 
(1E,2Z) 1.286 ± 0.003 1.311 ± 0.003 118.8±0.2 122.3±0.2 117.0±0.2 [34] 

Cyclotriazane (Triaziridine). C-N3H3' and Its Conjugate Acid. Ions 

CAS Registry Numbers: C-N3H3 [6572-31-2], cis-C-N3H3 {108739-42-0], trans-c-N 3H3 
[108691-97-0], C-N3H~+ {73870-52-7] 

The formation of C-N3H3 (and N3H5) in the capillaries of a fully Ag + -exchanged zeolite 
upon exposure to NH3 gas at ambient temperature was established by crystallographic 
and mass-spectrometric techniques. The reaction, possibLy cataLyzed by Ag, is not fully 
understood, because the expected quantity of Liberated H2 was not observed. Triaziridine 
acts as a trihapto Ligand in Ag(N3H3) +. The N-N bond Length of 1.49 ± 0.08 A is that of 
a singLe bond. AdditionaL stabilization of C-N3H3 is provided by H bridges to neighboring 
NH3 moLecuLes which are H-bonded to the zeolite framework. The weakness of the compLex 
is demonstrated by a Long N3H3-Ag+ separation and an easy removability of triaziridine. 
The mass spectrum of the gas evoLved from the zeolite crystaL shows peaks due to N3H; 
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and N3H;; they remain unchanged between 300 and 343 K and indicate a stable C-N3H3 
molecule in the gas phase [35]. Other syntheses of cyclotriazane are not known. 

The trans isomer of triaziridine has a 1 A' ground state and Co symmetry according 
to an MBPT (many-body perturbation theory) calculation. The hydrogen at N' is located 
above the N3 ring and the others are below it. The internuclear distances were calculated 
to be r(N' -N) = r(N-N) = 1.470, r(H-N') = 1.025, and r(H-N) = 1.027 A. The bond angles are 
LNN'N =59.98°, LN'NN=60.01°,LHN'N = 102.59°, LHNN'= 102.39°, LHNN = 107.33°, 
L HN'NH = 159.58°, and L NNN'H =97.40°. The symmetry of cis-triaziridine is C3v ; all hydro­
gens are on the same side of the nitrogen ring. The N-N bond length of 1.419 A is nearly 
the same as in the trans isomer. The N-H distance is 1.007 A. The bond angles L NNN = 
60.00°, L HNN = 109.62°, and L HNNN = 101.88° were calculated [5]. Other calculations on 
the structures were performed at the SCF level [36, 37]. An activation energy of 125 kJ/mol 
for the inversion at an N atom yielding trans-triaziridine was calculated in an SCF study 
[9]. 

An MBPT calculation of the vibrational spectrum of trans-triaziridine predicted a most 
intense vibration at 1118 cm- 1 and two strong, similar ones at 1287 and 1295 cm- 1 . The 
strongest vibration of the cis isomer can be expected at 1561 cm- 1 [5]. Complete sets 
of fundamentals of both isomers, but without intensities, were also obtained at the SCF 
level [37]. An MP2 calculation yielded rotational constants and microwave frequencies that 
can be used for the identification of C-N3H3 in interstellar space [38]. 

Calculated values of L\fHo for trans- and cis-triaziridine at 0 K are 386.9 and 434.6 kJ/mol 
at the MP2 level. Values of L\rHg in kJ/mol for the following reactions are [38]: 

reaction 

trans-N 2 H2 + NHC L\) -+ C-N3H3 
cis-N2H2 + NHC L\) -+ C-N3H3 

trans isomer cis isomer 

- 254.3 - 206.5 
- 290.3 - 242.5 

A calculation using the semiempirical SIND01 method yields ring current indices of 
1.14 for C-N3H3 and 1.01 for C-N3H~+ which indicate the anti aromatic character of these 
nonplanar systems. The nonplanar C-N3H~- was found to be unstable [39]. The stabilization 
of C-N3H3 caused by arranging the H substituents out of the N3 plane was used to qualify 
the nonaromatic character of the molecule [40]. 

An SCF/STO-3G calculation for C-N3H~+, including configuration interaction, predicted 
that the ion should be a ground-state singlet with C. symmetry having one pyramidal nitrogen 
N' with a localized pair of electrons and an ethylenic 1t bond between the other nitrogens. 
The internuclear distances r(N-N') = 1.622 and r(N-N) = 1.279 A were calculated for a fixed 
N-H distance of 1.106 A; the out-of-plane hydrogen bond angles are 74.7° at N' and -2.9° 
at N. The N-N bond lengths in the low-lying excited states of the ion become almost identical 
in spite of the fact that the pyramidalization at N' is retained [41]. 

Organic monocyclic triaziridines are commonly obtained by photolytiC cyclization of azi­
mines [42]; the prevailing isomer of the product is determined by the configuration of the 
starting material [43]. These products are stable enough to allow the preparation of deriva­
tives. Titration of trans-diisopropyltriaziridine with HCl04 revealed a low basicity of the 
N3 system; titration with (C4Hg)4NOH led to pKa >14 corresponding to a low acidity [44]. 
The triaziridines reconvert slowly into azimines; the activation energy of the ring opening 
reaction is -100 kJ/mol [42]. Heating in CDCl3 yields azimines, triazenes, and products 
containing fragments of the N3 framework [45]. 
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A crystallographic investigation of 1-methoxycarbonyL-2,3-(cycLopenta-1,3-diyL)triaziri­
dine reveaLed a tetrahedral configuration of the nitrogens with angles NNC of 107 ± 3.5°. 
The interatomic distances are r(N,-N2) = 1.479 ± 0.002, r(N,-N3) = 1.458 ± 0.002, and 
r(N2-N3) = 1.490 ± 0.002 A [46]. The '5N chemical shifts with a standard deviation of 0.5 ppm 
(and 'J in Hz) of the cis and trans isomers of 2,3-diisopropyltriaziridines in CDCl3 solution 
with respect to external, liquid NH3 are as foLlows [47]: 

N, substituent; isomer I)(N,), ' J(NH) I)(N2) I)(N3) temperature 

H; cis 119.9,58.1 ±0.5 144.0 144.0 249 K 
H; trans 131.1,51.7±0.5 141.2*) 139.0*) 297 K 
CH 30(O)C; cis 145.0, 164.9 164.9 246 K 
CH 30(O)C; trans 155.4, - 166.8 153.0 251 K 

*) Tentative assignment. 

The pyramidal N atoms in diisopropyltriaziridine are stable towards inversion on the 
NMR time scale. The disappearance of the' Hand '5N resonances of the NH group after 
adding CF3COOH can be attributed to fast, reversible protonation of the N atom [48). The 
broad singlet of the hydrogen substituent of diisopropyltriaziridine in CDCl3 solution has 
a shift of I) = 3.50 ppm for the cis isomer and of I) = 2.61 ppm for the trans isomer [44). 

The NH vibrations of diisopropyltriaziridine in CHCl3 solution produce weak IR bands 
at 3300 to 3400 cm -, for an associated NH group (in the dimer) and at ~ 3200 cm -, for 
a free one [44). The maximum UV absorptions of triaziridines were observed at 200 to 
220 nm; their low intensities with E ranging from 20 to 800 indicate the loss of 1t conjugation 
with respect to the acyclic azimines [43, 44]. Bands in the photoelectron spectra of highly 
substituted, bicyclic triaziridines at 10.4 to 10.6 eV and at 10.9 to 11.0 eV were assigned 
to the highest occupied orbitals nA and ns of the N3 ring. The high ionization potentials 
agree qualitatively with the results of semiempirical MNDO [49) and ab initio SCF calculations 
[9) for C-N3H3 and indicate the low availability of the nitrogen lone-pair electrons [49]. 

The isomers of c-N3H:, resulting from protonation of C-N3H3' were investigated at the 
MP2 level. Two (unspecified) isomers derived from trans-triaziridine have 8 f Ho values of 
1125 and 1146 kJ/mol, respectively. The latter value was also calculated for the isomer 
derived from protonation of cis-triaziridine. The standard enthalpies 8 rHg in kJ/moL for 
the formation of C-N3Ht by the following reactions are [38): 

References: 
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trans-N 2 H2 + NH~ --> C-N3Ht 
cis-N2H2 + NH~ --> C-N3Ht 
N2H~ + NH2 --> C-N3Ht 

protonated 
trans-
triaziridine 

-358.0 
-394.0 
-209.5 

protonated 
cis-
triaziridine 

-337.1 
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-188.6 
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2.3.6 Compounds of the Composition N3H4 

The Triazyl (1-Aminohydrazyl) Radical, N3H4 

CAS Registry Number: [114045-17-9J 

The semiempirically caLcuLated formation of the H2NNNH2 radicaL from N3H5 by reacting 
with CH3 has an activation energy of 6.7 kJ/moL and a standard enthaLpy of -149 kJ/moL. 
The N-N bond Length of the H2NNNH2 radicaL of 1.386 A was obtained in an ab initio SCF 
caLcuLation [1]. An angLe of 107.8° at the centraL nitrogen was caLcuLated [2]. The standard 
heat of formation of 278 kJ/moL at 298.15 K was obtained by a semiempiricaL reLation. A 
stabilization energy of 84 kJ/moL, the difference between the heat of atomization and the 
sum of the bond energies, indicates a thermodynamically stabLe radicaL; it was aLso predicted 
to be stabLe towards dimerization to N6He [1], probabLy because of eLectronic effects [2]; 
see aLso p. 185. The activation energy at ambient temperature for the dimerization was 
caLcuLated to be 91 to 96 kJ/moL which wouLd correspond to a small rate constant [2, 3]. 

The Triazenium lon, N3H: 

CAS Registry Numbers: N3H~, [H2NNNH2] + [70102-55-5J, cis-HNNNH; [115246-90-7J, 
trans-HNNNH; [115246-89-4J 

The dominant species of protonated triazene was found to be [H 2NNNH2] + by ab initio 
SCF caLcuLations, the cis and trans isomers of HNNNH; being Less favorabLe (no detaiLs 
were given) [4]. The ion [H 2NNNH 2] + was predicted to be pLanar and to have C2v symmetry. 
StructuraL parameters are r(N-N) = 1.247 A, r(H-N) = 1.006 A for the hydrogen atoms on the 
outside of the anguLar N3 skeLeton and 1.010 A for the other ones, L NNN = 120.0°, L HNN = 

116.2° and 123.7°. The four 7t eLectrons form a deLocaLized, allyLic system. The ion has 
a singLet ground state; the tripLet state is 445 kJ/moL higher in energy [5]. CaLcuLations 
showed that the formation of cis-HNNNH; by protonation of cis-HNNNH2 is accompanied 
by the synchronous breakage of the HNN-NH; bond [4]. 

The Cyclotriazanium lon, c-N3H: 

The cycLotriazanium ion is treated as the conjugated acid of C-N3H3 on p. 164. 
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[THEOCHEM 64]). 

Gmelin Handbook 
N Suppl. Vol. B 2 



167 

[3] Sana, M.; Leroy, G. (Ann. Soc. Sci. Bruxelles I 101 [1988] 23/57). 
[4] Schmiedekamp, A.; Smith, R. H., Jr.; Michejda, C. J. (J. Org. Chem. 53 [1988] 3433/6). 
[5] Schoeller, W. W.; Busch, T. (Chem. Ber. 123 [1990] 971/3). 

2.3.7 Triazane (Aminohydrazine). N3H5 

CAS Registry Number: [14451-01-5J 

The formation of N3HS (and c-N3H3) in the capillaries of a fully Ag+ -exchanged zeolite 
upon exposure to NH3 gas at ambient temperature was established by crystallographic 
and mass-spectrometric techniques. The reaction, possibly catalyzed by Ag, is not fully 
understood, because the expected quantity of liberated H2 was not observed. The N3HS 
molecules form triple bridges via the terminal nitrogens between the Ag+ atoms in the 
complex Ag2(N3Hs}~+. Additional stabilization of N3HS comes from bridges formed by all 
hydrogens to the oxygens of the zeolite framework. The mass spectrum of the gas evolved 
from the zeolite crystal at 348 K contains weak N3H~ and N3Ht peaks. The angle L NNN 
of 107±8° and the N-N bond length of 1.6±0.1 A of N3HS in the Ag+ complex are in the 
range normal for N-N single bonds [1]. An N-N bond length of 1.399 A was calculated 
for free N3HS at the ab initio SCF level [2]. 

The standard heat of formation for N3HS of 205 kJ/mol at 298.15 K was obtained by 
a semiempirical relation. A stabilization energy of -3.6 kJ/mol, the difference between 
the heat of atomization and the sum of bond energies, indicates an unstable molecule. 
A dissociation energy of 270 kJ/mol was estimated for the H-N(NH2h bond [2]. 

Organic triazanes are not numerous. They can be prepared by adding amines to azoes­
ters [3]; other methods were also used, for example the thermolysis of cis-azimines [4]. 
A broad singlet of H bonded to nitrogen in C2HsOOC(H}NN(COOC2Hs}N(C2H5b was observed 
at I) = 7.43 ppm. The IR spectra of 1,2-bis(ethoxycarbonyl)-3,3-dialkyltriazanes contain 
medium-to-strong bands assigned to v(N-H) at 3240 to 3265 cm- 1 and to v(N-N} at 1025 
to 1048 cm- 1 [3]. The maximum UVabsorption of ROOC(H}NN(i-C3H7 }NC(CH3h with R=CH3, 
C2HS was found at 255 nm (8=710 to 730) [4]. 

References: 

[1] Kim, Y.; Gilje, J. W.; Seff, K. (J. Am. Chem. Soc. 99 [1977]7057/9). 
[2] Leroy, G.; Sana, M.; Wilante, C.; Peeters, D.; Dogimont, C. (J. Mol. Struct. 153 [1987] 

249/67 [THEOCHEM 38]). 
[3] Linke, K.-H.; G6hausen, H. J. (Chem. Ber. 104 [1971] 301/6). 
[4] Hilpert, H.; Hoesch, L.; Dreiding, A. S. (Croat. Chem. Acta 58 [1985/86] 559/67). 

2.3.8 The Triazanium lon, N3H: 

A precipitate of N3HeS04H forms upon adding an equimolar quantity of dry N2H4 to 
hydroxylamido-O-sulfuric acid in dry CH30H at 273 K. Addition of excess N2H4 leads to 
decomposition [1]. The N3Ht salt dissolves in water; approximately 0.1 N solutions contain­
ing counter ions other than S04H- can be prepared at 273 K by adding barium salts, 
whereupon BaS04 precipitates. The half-life of N3HeX in solution decreases from 2040 
min for X=S04H- to 1260 min for X=ClO;, to 380 min for X=CH3COO-, and to 14 min 
for X = OH -. The stability of the solutions decreases with the concentration of H + based 
on the strength of the acids formed by the counter ions. The isolation of N3Ht salts from 
the aqueous solutions yields only products containing BaS04 [2]. Solid N3HeS04H decom-
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poses slowly at ambient temperature with liberation of N2 and formation of hydrazinium 
and ammonium sulfate in a ratio of 5: 2 [1]; other triazanium salts are more sensible to 
temperature. The reduction of N3Ht in acidic iodide solution can be described by N3Ht + 
3 H + + 2 1- --+ NH1 + N2H; + 12 and can be used for its titrimetric determination. Liquid NH3 
decomposes solid N3HSS04H [2]. 

Organic triazanium salts H2NNR2NH~ are synthesized similarly by ami nation of organi­
cally substituted hydrazines [3]. The proton resonances of the NH2 groups appear at 0=5.7 
to 6.7 ppm in solution [4, 5]. The 15N resonances of the terminal NH2 groups have high-field 
shifts of - 260 to - 275 ppm and coupling constants 1 J(NH) around - 69 Hz. A shift of the 
central NR2 unit of - 256 ppm for R = i-C 3 H7 is probably less influenced by the substituents 
than a shift of -326 ppm for R=CsH5CH2 (standard not given) [5]. The IR spectra contain 
absorptions from the symmetric and antisymmetric NH2 stretching vibrations at 3300 to 
3100 cm- 1, from the NH2 deformation vibration at ~1600 cm- 1, and a band at ~1100 
cm- 1 which was assigned tentatively to the NNN stretching vibration [4, 5]. The maximum 
UV absorption of H2NN(CH3bNH 2Cl shifts from 240 nm at pH 11.25 to 234 nm at pH 13.79 
[6]. 
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[6] Mathur, M. A.; Sisler, H. H.; Morgenthaler, L. N. (Inorg. Chem. 18 [1979] 2350/4). 
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2.4 Tetranitrogen Compounds 

2.4.1 1,3-Tetrazadiene, N4H2, and 1,3-Dihydrocyclotetrazene, c-N4H2 

CAS Registry Numbers: N4H2 [27730-49-0}, C-N4H2 [127399-21-7} 
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The formation of N4H2 in a mixture of NH3 and other nitrogen-hydrogen compounds 
was detected with a mass spectrometer after exposing gaseous N2H4 at 233 K to a microwave 
discharge [1]. Formation of N4H2 was discussed to be a possible reaction during photolysis 
of HN3 in matrices [2]. The compound could not be isolated so far. 

Analysis by the graph theoretical technique showed similar electron densities and bonds 
in the isoelectronic systems tetrazadiene and butadiene [3]. The molecular orbital levels 
of N4H2 were calculated with regard to a complex formed with the iron tricarbonyl group 
[4]. The maximum UV absorption of the 1t' +-1t band at 204 nm was predicted on the basis 
of ab initio SCF and CNDO/S calculations [5]. 

Organic derivatives of tetrazadienes in the free state are not known. A number of their 
complexes have been isolated, however. Tetrazadiene acts as a chelating ligand in most 
of them; see [6] for a review. 

Ab initio HF calculations for c-N4 H2 with the hydrogens in the 1- and 3-positions predicted 
that the isomer with the hydrogens above and below the N4 plane (C2h symmetry) is energeti­
cally more favorable than the planar isomer (D2h symmetry) by only 4 kJ/mol. The conforma­
tional flexibility corresponds to the nonaromatic character of the molecule. Structural param­
eters with distances in A are: 

symmetry r(N'-H) 

C2h 0.997 
D2h 0.993 

r(N-N') 

1.322 
1.319 

LNN'N LHN', NN'N 

Harmonic frequencies of the planar isomer of 523 cm- 1 (B1u), 978 cm- 1 (B2u), and 1117 
cm -1 (B3u) were calculated [7]. 
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30 [1976] 426). 

[2] Milligan, D. E.; Jacox, M. E. (J. Chern. Phys. 41 [1964] 2838/41). 
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2.4.2 Compounds of the Composition N4H4 

2.4.2.1 Tetrazenes 

CAS Registry Number: [27120-23-6} 

The decomposition of gaseous N2H4 by an electrodeless discharge in a fast flow system 
and fast cooling of the products to 78 K led to the formation of N4H4 which was identified 
with a mass spectrometer in the vapors set free during warmup [1]; see also [2]. 
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OnLy the trans isomer of 2-tetrazene was experimentally identified. Derivatives of the 
other isomers of N4H4 are mostly known either as organic or coordination compounds. 
ResuLts for individuaL isomers of N4H4 are described separateLy in the following paragraphs. 

1-Tetrazene, HNNNHNH2 

CAS Registry Number: [14097-21-3J 

No paper dealing with HNNNHNH2 seems to have been published. Organic derivatives 
can be prepared by reacting diazonium saLts with hydrazines which are substituted at one 
nitrogen. The number of the compounds known is Limited; see [3] for a review. 

2-Tetrazene, H2NNNNH2 

CAS Registry Numbers: trans-N4H4 [54410-57-0J, cis-N4H4 [69996-02-7J 

Formation. The trans isomer of 2-tetrazene was obtained with 90% yieLd by protoLysis 
of trans-tetrakis(trimethyLsiLyL)tetraz-2-ene with the stoichiometric amount of CF3COOH in 
CH2CL2 at 195 K. A coLorLess product precipitated and was separated at 195 K by fractionaL 
condensation. The product was purified by repeated sublimation in vacuum with a tempera­
ture gradient of 258 to 195 K [4]. The trans isomer aLso forms by protoLysis of bis(trimethyLsi­
LyL)diazene with H2S04 in diethyL ether at 195 K via acid-cataLyzed dimerization of N2H2. 
The tetrazene is set free from the intermediateLy formed N4H~ saLt by reaction with NH3 
or N(C2H5h at 243 K [5]. SingLe crystaLs of trans-2-tetrazene were obtained by sLow sublima­
tion in vacuum; recrystallization from (C2H5bO or CH2CL2 yieLded onLy microcrystaLs [6]. 

The intermediate formation of the cis isomer of 2-tetrazene is supposed to occur during 
protoLysis of 5,5-dimethyL-1 ,4-bis(trimethyLsiLyL)-4,5-dihydro-1H-5-siLatetrazoLe by a four­
moLar quantity of CF3COOH in CH 2CL2 at 195 K. However, onLy the decomposition products 
NH3 and HN3 were identified [7]. 

Properties. The trans configuration at the doubLe bond of 2-tetrazene is known from 
a crystaL structure determination by a photographic method at 183 K. The tetrazene crystaL­
Lizes in the tricLinic space group P1 - ci (No.2) with the Lattice constants a = 10.23 ± 0.03, 
b=7.12±0.02, c=4.19±0.02 A, (l= 102.0±0.8°, p=90.0±0.8°, and y= 106.5±0.8°. ALL of the 
crystaLs isoLated were twinned at the (100) pLane. The crystallographic density is 1.40 g/cm3. 
Atomic positions are Listed in the originaL paper. The structure was refined to R = 0.12. 
Each unit ceLL contains four individuaL moLecuLes of C j symmetry with pLanar nitrogen frames. 
The average internucLear distances r(N-N) = 1.429± 0.005 and r(N=N) = 1.205± 0.016 A indi­
cate isoLated singLe and doubLe bonds. The angLe LNNN is 109±2°. The N-H distance 
was fixed at 1.02A; reLated angLes are LNNH=101±4° and 118±3° and a fixed vaLue 
of L HNH = 109.8°. The hydrogens of each NH2 group have average angLes of 27.9° and 
29.0° with respect to the N4 pLane. The conformation of the NH2 groups is "pseudo-gauche" 
[6]. This conformation was aLso found to be the most favorabLe one in CEPA and CI caLcuLa­
tions [8]. The N4H4 moLecuLes in the crystaL are Linked by hydrogen bridges to amino nitro­
gens and aLso by bridges which additionally invoLve imino nitrogens [6]. 

The verticaL ionization potentiaLs (IP) in the He I photoeLectron spectrum of trans-2-tetra­
zene were assigned with the aid of a CNDO/S caLcuLation (assuming Sp3 hybridization at 
the amino nitrogens): 

IP in eV ................. 8.99 10.04 
assignment .......... .. 1t 

11.62 
1t 

13.31 14.7 
1t 

16.1 
cr 

18.2 
cr 

19.6 
cr 
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The first band exhibits a vibrational splitting of 650 cm- 1. The n character of the highest 
occupied MO was taken to indicate a considerable amount of conjugation along the nitrogen 
chain [9]. 

Crystals of trans-2-tetrazene liquefy quickly at 273 K with vigorous liberation of N2 
[6]. The decomposition of the solid leads to N2H4 and N2 with 75% yield and the tetrazene 
structural isomer NH4N3 with 25% yield; the product ratio was about 40:60 in CH 30H solution 
[4]. Large single crystals of NH4N3 started to grow after a short time in the liquid formed 
from crystalline N4H4 [6]. The tetrazene is metastable at ambient temperature in the gas 
phase [4]; decomposition causes single crystals of N2H5N3 to grow on the walls of the 
reaction vessel [6]. 

The mass spectrum of trans-2-tetrazene contains the molecular ion and its fragments 
NmH:. The reactions of N4H4 with (CH3hEN(C2H5b (E = Ge, Sn) yield [(CH3hEhNNNN­
[E(CH3hh [4]. Metallation of N4H4 by LiC4Hg (1 :4) in diethyl ether at 195 K yields solid 
Li 4 N4 [10]. 

Organic tetraz-2-enes are mainly prepared by oxidizing hydrazines with organic substi­
tuents at one N atom [3]. The 14N NMR resonance of the amino nitrogen in R2NNNNR2 
is shifted by 270 to 350 ppm towards high field relative to the signal of the azo nitrogen 
[11, 12]. The latter has a shift of about 45 to - 30 ppm with respect to external aqueous 
NaN03 [12]. The shift of the hydrogens bonded to nitrogen in [(CH3hSihNNNNH2 is 8= 
6.3 ppm [13]. 

The IR band assignments for neat, liquid [(CH3hSihNNNNH 2 in cm- 1 are vas(NH2) =3395 
w, vs(NH2)=3260 vw, 8(NH2)=1585 w [14], v(N=N)=1493 vw, and v(N-N)=1125 w, 1055 
s [13]. 

Based on the observed intensities, the first UV absorptions of R2NNNNR2 can be assigned 
to the energetically closely related n* <-n and n* <- n transitions [12]. The maximum absorp­
tion was found in the range 277 to 292 nm with extinction values ranging from 5800 to 
8300 L·mol- 1·cm- 1 [12,15,16]. 

Isotetrazene, (H2N)2NN 

The deprotonated nitrogen framework of isotetrazene was identified by an X-ray structure 
determination of [CI5W(Jl-N4)WCI5f- which forms by thermolysis of the tungsten azide 
complex in the presence of azide. The bridging involves the singly bonded N atoms. Internuc­
lear distances are r(N-N) = 1.48 ± 0.02, 1.50 ± 0.02, and r(N=N) = 1.23 ± 0.02 A. The angles 
L N-N-N = 109± 1° and L N-N=N = 125± 2°, 126± 1° were determined. The IR spectrum con­
tains an N=N stretching vibration at 1640 cm- 1 [17]. Other compounds with an isotetrazene 
framework do not seem to have been described. 

CycLotetrazane (Tetrazetidine), c-N4H4' and the Ion c-N4H!+ 

CAS Registry Numbers: C-N4H4[58674-00-3], C-N4H~+ [127421-11-8] 

Neither c-N4H4 itself nor organic derivatives were identified experimentally. However, 
there are indications that a cis,trans-cyclotetrazane forms intermediately in a side reaction 
during photolysis of an azobenzenophane. Ab initio MO calculations on energies and struc­
tural parameters of cyclotetrazane isomers predicted for the most stable isomer a bent 
N4 frame and trans arrangement of the hydrogens. Structural parameters are r(N-N) = 1.44, 
r(N-H) = 1.00 A, and L NNH = 107°. The conformer with a planar N4 frame is less stable 
by only 1.5 kJ/mol and has almost identical structural parameters. Both conformers have 
no dipole moment. Configurational isomers with cis arrangement of some or all hydrogens 
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are considerabLy Less stabLe. Even the most favorabLe of these isomers is destabilized 
by 138 kJ/moL with respect to two separate moLecuLes of trans-diazene [18]. 

A caLcuLation showed the pLanar ion c-N4H!+with D4h symmetry to be stabilized by 
its aromatic character. InternucLear distances of the square ion are r(N-N) = 1.30 A and 
r(N-H) = 1.02 A. Harmonic frequencies of 178 cm -1 (Eg), 487 cm -1 (B 2u), and 1115 cm- 1 

(Eu) were predicted [19]. 
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2.4.2.2 Ammonium Azide, NH4N3 

Other name: Ammonium trinitride 

CAS Registry Number: [12164-94-2] 

NH4N3, under ambient conditions a white crystaLline solid, is one of the more stable 
azides, but has been reported to detonate with considerabLe vioLence when heated in a 
seaLed tube [1,2]. NH4N3 can be used as a detonation initiator [3]. 

Preparation and Formation. The preparation of NH4N3 from NH3 and HN3 [4, 5] was 
aLready described in "Ammonium" 1936, p. 80. A product yieLd of 74% couLd be achieved 
by using a soLution of dry HN3 in ether to which gaseous NH3 was added [6]. Heating 
a dry mixture of NaN 3 and NH 4N03 to 473 K yielded about 85 to 95% of pure NH4N3. 
To avoid detonations it is recommended to prepare only small amounts of NH4N3 by the 
Latter method [6]. Larger quantities of NH4N3 may conveniently be prepared by the reaction 
of NaN3 with (NH4bS04 [1] or NH4CL [7] in N,N-dimethyLformamide between 358 to 393 
K at a reduced pressure. The product is distilled together with the soLvent from the reaction 
mixture. The yieLd is about 50% [7]. 
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NH4N3 is formed by thermally decomposing 5-aminotetrazole via the intermediate NH2CN 
[8]. Small amounts of NH4N3 were found in the reaction mixture of S02 and NH3 in humid 
air with (NH3b' S02 and NH3' S02 being the main products [9]. NH4N3 is one of the decompo­
sition products of lead azide in the presence of water [10]. The formation of NH4N3 as 
a decomposition product of diazene is described on p. 61, of tetrazene on p. 171, and 
of hydrazoic acid on pp. 120, 131. 

Structure. NH4N3 crystallizes in the orthorhombic space group Pmna - D~h (No. 53; the 
setting Pman was used in an earlier X-ray diffraction study [11]) with the unit cell parameters 
a=8.948(3), b=3.808(2), c=8.659(3) A, and Z=4 at ambient temperature determined by 
neutron diffraction on single crystals. Half of a formula unit of NH4N3 represents the asymmet­
ric unit with the ammonium nitrogens lying on a twofold axis, 1/4 of one azide group is 
lying on a mirror plane and 1/4 of the other on a twofold axis. Both azide groups have 
C2h site symmetry and are perpendicular to each other. Each ammonium ion is bridged 
tetrahedrally to four nitrogens of four azide ions. The structure can be described as a 
distorted CsCl lattice with layers of azide ions parallel to the c axis. The structure model 
was refined to a reliability factor of 0.054 with 233 observed neutron reflections, treating 
the azide groups as rigid bodies. The following bond distances and angles resulted for 
the ammonium ion (the estimated standard deviations are given in parentheses): r(NH) = 
1.037(10) and 1.001(9) A; angles HNH=106.0(1.1)O, 110.3(0:7)°, 110.3(0.7)°, 109.6(1.0)°. The 
corrected NN distance for the two crystallographically independent azide ions is 1.186(4) 
A. The ammonium and azide ions are connected by N-H"'N hydrogen bonds with N-N 
distances of 2.975(4) and 2.967(3) A [12]. 

The crystal lattice energies were estimated to be 160 kcal/mol [13] and 175 kcal/mol 
[14]. 

Possible phase transitions between 90 and 348 K were excluded by comparing the infra­
red spectra at 90 K and ambient temperature [15], and the inelastic neutron scattering 
spectra at 293 and 348 K [16]. Two different phases obtained by sublimation of NH4N3 
onto cold Agel windows at 68 K were interpreted to result from the formation of disordered 
crystals which became ordered on warming [4]. 

Binding Energies. Solid NH4N3 was studied at 170 K by X-ray photoelectron spectroscopy. 
Three overlapping bands were recorded at 398.0, 400.3, and 402.3 eV. The first band was 
aSSigned to the terminal nitrogen atoms of the azide ion, the second band to the ammonium 
nitrogen, and the third band to the central nitrogen of the azide ion [17]. 

Internal and Lattice Vibrations. Infrared and Raman spectroscopic investigations were 
only performed on crystalline NH4N3. The symmetry of free NH,t (T d) and free N3" (Dooh ) 
is reduced to the site symmetry C2 and C2h in the crystal lattice. The site group analysis 
for the NH,t ion and the two crystallographically independent N3" ions is given in [4]. 

The asymmetric stretching and bending modes V3 and v4, which are triply degenerate 
in free NH,t, are split in the crystal. At 69 K infrared absorption bands at 3160, 3040, and 
2880 cm- 1 are attributed to V3 and bands at 1441, 1428, and 1420 cm- 1 to v4. Additionally, 
a band at 1671 cm- 1 was assigned to the symmetric bending mode v2 [4]. At ambient 
temperature no splitting could be observed and only one band at 3140 and at 1414 cm- 1 

was assigned to V3 and v4, respectively [5]. The spectra were recorded on powdered samples 
mulled with Nujol [5] and on NH4N3 sublimed onto an AgCl window [4]. 

Bands observed at 69 K at 420 cm -1 [4] and at ambient temperature at 396 cm -1 [5] 
were assigned to a torsional motion of the NH,t ion at its lattice site. This observation 
indicates that the rotation of the NH,t ion is hindered in the crystal lattice due to hydrogen 
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bonds [4]. The torsional frequency was also observed at about 400 cm -, by inelastic neutron 
scattering at 293 and 384 K. A shoulder at 300 cm -1 in the spectrum is attributed to a 
transition between the first and the second excited state of the torsional oscillator NHt. 
The intensity ratio of the two peaks varied with temperature and supported the assignment. 
The NHt ions are therefore torsionally oscillating in a very anharmonic potential well with 
the energy levels of the first and the second excited state at 400 and 700 cm -1 above 
the ground state, respectively. The height of the potential barrier was estimated to be about 
25 kJ/mol [16]. 

A strong band at 2030 cm -1 and a weak one at 1345 cm -1 in the IR spectrum at 69 K 
were assigned to the antisymmetric and the symmetric stretching vibrations V3 and v1 
of the azide ion, respectively. The bands at 664 and 652 cm -1 are associated with the 
bending mode V2 [4]. The bending mode was also observed in the inelastic neutron scattering 
spectrum at 680 cm- 1 [16]. The regions around V2 and v1 were also studied by far-IR 
and Raman spectroscopy at ambient temperature and interpreted by a factor group analysis. 
v2 was split into several peaks: 623 and 630 cm- 1 (B1u), 652 and 664 cm- 1 (B2U and B3u). 
The strong peak in the Raman spectrum at 1355 cm- 1 was assigned to v1(A19), while 
the weak shoulder at 1375 cm -1 is likely due to V1 (B1 g). The spectral results show only 
one-half of the calculated internal mode splittings, suggesting that the observed N3" internal 
mode spectra are determined by the correlation field interaction between the two types 
of N3" sites, enhanced to some extent by hydrogen bond perturbations [15]. 

Frequencies of the k~O lattice modes were obtained from Raman and IR spectra in 
the range 30 to 700 cm -1 [15] and by inelastic neutron scattering (INS) [16] and assigned 
as follows (T denotes the translational and R the librational modes) [15]: 

frequencies in cm- 1 assignments 
Raman infrared INS 

89 s, 101 m, sh 104 w R(N3"), B29 , B39 
117 m, 130 m 136 w R(N3"), A19, B19 

92 s T(N3"), B1u 
128 s, 162 m 168 w T(N3"), B2u, B3u 
194 m, 228 m, br 192 w, 220 w T(NHt) 

205 m, 240 w, sh T(NHt) 
405 w 400 s R(NHt) 

Force constants (in 105 dyn/cm) in mass-weighted cartesian coordinates were calculated 
for the N3" unit in solid NH4N3 from the stretching vibrations to be F11 =F33 =13.130, F13 = 
F31 = -1.796, F22 = 22.668, F12 = F21 = F23 = F32 = -11.334 and from the bending vibrations 
to be F;, =F;3=F31 =0.584, F;2=F;1 =F;3=F32= -1.168, F;2 = 2.336 [18]. 

Diamagnetic Susceptibility. x.m= -34.0x 10- 6 cm3/mol was determined from measure­
ments at 296± 1 K using KCl as a cali brant [19]. 

Density. The calculated and measured densities of NH4N3 crystals, 1.352 g/cm3 at 299 K, 
agree with one another [11,12]. A density of 1.350 g/cm3 was measured at 298 K [20]. 

MoLar Refraction. From the extrapolated refractive index n = 1.573 at Aoo ' the molar refrac­
tion of 14.66 cm3/mol was determined at ambient temperature [20]. 

Sublimation. NH4N3 sublimes at 406 K [6], 407 K [21]. A condensation temperature of 
NH4N3 vapor of 418 K was determined from differential scanning calorimetric (DSC) cooling 
diagrams. The sublimation was investigated by thermogravimetric and DSC cooling dia-
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grams. The isothermaL sublimation kinetics was studied by weight-Loss measurements be­
tween 360 to 389 K. The sublimation follows a zero-order kinetics with an activation energy 
of 93.7 kJ/moL and a frequency factor of 4.8x 10" s-'. The enthaLpy of sublimation, 
dSUbLHo=73.6 kJ/moL, at 418 K was obtained from DSC cooling diagrams [22]. This vaLue 
is cLose to a vaLue of 65.8 kJ/moL which was derived from vapor pressure data between 
288 and 407 K taken from [23]. It was suggested that NH4N3 sublimes by forming NH4N3 
vapor which subsequently dissociates into NH3 and HN3 above 418 K [22]. A significantly 
Larger vaLue for the sublimation enthaLpy, 163.4 kJ/moL, is probabLy derived from measure­
ments on the dissociation of NH4N3 [21]. 

Thermodynamic Data of Formation. The standard (pO = 0.1 MPa) moLar enthaLpy of formation 
for crystalline NH4N3 was derived from measurements of the energy of combustion in oxy­
gen: dfHO(NH4N3' cr) = 114.14 ± 0.94 kJ/moL at 298.15 K [24]. Earlier vaLues are 112.1 kJ/moL 
[17, 25] and 139 kJ/moL [13] and tabuLated vaLues dfHo = 115.5 kJ/moL, dfGo = 274.2 kJ/moL, 
and So = 112.5 J. moL -, . K-' at 298.15 K and 0.1 MPa [26]. Combined with the measured 
enthaLpy of soLution, dSOLHO(NH4N3' cr, 00 H20) = 27.23 ± 0.06 kJ/moL, the enthaLpy of formation 
in aqueous soLution was derived to be dfHO(NH4N3' aq, 00) = 141.37 ± 0.94 kJ/moL [24]. A 
vaLue of 142.7 kJ/moL was tabuLated earlier together with d fGo=268.7 kJ/moL and SO=221.3 
J. moL -, . K-' at 298.15 K and 0.1 MPa [26]. The enthaLpy of formation of gaseous NH4N3 
at 298.15 K was obtained to be 185.6 [22] or 179.7 kJ/moL [24] by adding the enthaLpy of 
sublimation (vaLues given above) to the enthaLpy of formation of crystalline NH4N3. 

Heat Capacity. DSC measurements between 328 and 363 K were used to determine 
the specific heat capacity, obtaining c p = (2.09 ± 0.41) J . g -, . K -, at 298.15 K by extrapoLation 
[24]. 

Chemical Behavior. The monomeric NH4N3 vapor was found to dissociate into NH3 and 
HN3 above 418 K. The reaction enthaLpy was caLcuLated to be 67.7 kJ/moL [22]. 

NH4N3 is considered a "weak expLosive" causing considerabLe shattering because of 
the Large voLume of the gaseous expLosion products [2]. The expLosion reaction can be 
represented by the equation NH4N3(s) ..... NH3(g) + 1/2 H2(g) + 3/2 N2(g) with a reaction 
enthaLpy of - 158 kJ/moL [27]. An activation energy of decomposition of Ea = 110.11 kJ/moL 
was derived from a Linear reLationship between Ea and the heat of expLosion of inorganic 
azides (130.5 kJ/moL was used as heat of expLosion for NH4N3) [3]. The expLosion hazard 
of aqueous soLutions, due to precipitation of solid NH4N3 foLLowing evaporation of water, 
was studied on singLe drops of the soLutions. Safety and danger zones were estimated 
depending on the dropLet veLocity and temperature [28]. 

Decomposition via 3 NH4N3 ..... 4 NH3 + 4 N2 is induced by irradiation at waveLengths beLow 
300 nm. Therefore, NH4N3 was proposed as a propellant in photochemicaL microrockets 
for aLtitude controL [29]. 

The enthaLpy of combustion of NH4N3 in oxygen via NH4N3(cr) + 02(g) ..... 2 H20(L) + 2 N2(g) 
was measured caLorimetrically to give dH = - 685.8 ± 0.9 kJ/moL [24]. NH4N3 is reduced by 
Cu, Fe, and AL in aqueous soLution, whereby triazene is the probabLe reaction product 
[30]. The combustion rate of the reaction Mo + B ..... MoB is reduced in the presence of NH4N3 
[31]. 

When powdered NH4N3• covered by purified cycLohexane under an N2 or Ar atmosphere, 
was photoLyzed at 303 K, the main decomposition products were cycLohexyL and cycLohexyLi­
dene amines. The extent of decomposition increased from 11.4 to ~18% after 12 h of 
irradiation and to 52% after 72 h of irradiation [32]. 
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NH4N3 reacts with cis- or trans-thiobenzoyL chLoride S-oxide in ethanoLic soLution to 
give benzonitriLe, nitrogen, chLoride, sulfur, and suLfur dioxide. ThiobenzoyL azide S-oxide 
couLd be isoLated as an intermediate product [33). 

The 1,3 cycLoaddition of N3" (from NH4N3) to nitriLe compounds is a convenient method 
to prepare substituted tetrazoLes. The reaction is normally performed at 373 K in dimethyL­
formam ide as soLvent; see e.g. [34 to 36). 
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2.4.3 Tetrazane, NcHs 

CAS Registry Number: [6054-69-9J 

Tetrazane seems to form in addition to equimoLar amounts of H2 and N2 upon thermoLysis 
of -0.5 Torr of N2H4 at around 1120 K. A substance can be isoLated by rapidLy freezing 
the Less voLatiLe products at 78 K. A stabLe, bright yellow solid resuLts, which consists 
of the supposed N4H6 in a mixture with NH3 aLso formed, in addition to unreacted N2H4. 
The formation of N4H6 is evidenced by the properties of the product and its decomposition. 
The absent paramagnetism of the solid and a haLf-life of the gaseous product of -0.01 s 
at ambient temperature precLude the formation of a radical. The exothermic decomposition 
starts at 95 K and yieLds N2 and NH 3. Experiments with 15N-LabeLed N2H4 show some 
randomization of the N2 formed [1]. The intermediate formation of N4H6 is considered one 
reaction channeL in the decomposition of the N2H3 radicaL in the gas phase. The assumption 
is based on the partiaL scrambling of the N2 formed when mixtures of 15N-LabeLed N2H4 
are used. Details and the earlier Literature are given in [2]. The existence of isoLabLe N4H6 
seems not to have been confirmed Later. 

Tetrazane is possibly a precursor of N3H3 in the one-electron oxidation of aqueous 
N2H4; see also p. 159. The formation of N4H6 is postulated on the basis of the second-order 
decay of the hydrazyl radical. A first-order decay of N4H6 with formation of NH3 and instabLe 
N3H3 was suggested by the formation of a second intermediate. The sLowing of N3H3 forma­
tion when increasing the pH from 8 to 11 probably can be attributed to a decay after N4H6 
protonation with formation of N4H-j and N4H~+. The pK. constants of the ions are possibly 
in the range 5 to 9 [3]. 

The heat of formation of N4H6 was estimated by a semiempirical relation to be 342 kJ/mol 
at 298 K. A stabilization energy of - 27.6 kJ/mol is indicative of a thermodynamically unstable 
molecule. It was predicted to be stable towards dissocation into H2NNH radicals [4]. A 
Limited number of completely substituted tetrazanes is known; see [5] for a review. 
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2.5 Penta- and Polynitrogen Compounds 

2.5.1 Compounds of the Composition N5H 

Neither the cyclic nor the acyclic isomers of N5H have been observed experimentaLLy; 
only organic derivatives of cyclopentazadiene, C-N5H, are known, but their thermal stability 
is low. The acyclic isomers of N5H are supposed to consist of a double-bonded N2 unit 
with a hydrogen and an N3 substituent. Each of the (Z) and (E) isomers forms an s-cis 
or s-trans conformer depending on the spatial arrangement of the approximately Linear 
N3 unit with respect to the N-N double bond. An ab initio SCF MO calculation at the STO-3G 
level showed that cyclopentazadiene is the most stable isomer of N5H, foLLowed by the 
(E) s-trans isomer of acyclic N5H and the (Z) s-trans, the (E) s-cis, and the (Z) s-cis 
isomers. The decomposition to HN3 and N2 is exothermal for aLL isomers of N5H. A mutual 
conversion between the (Z) and (E) isomers is predicted not to occur [1]. 

Cyclopentazadiene (Pentazole), c-N5H 

CAS Registry Number: [289-19-0] 

Ns 
I 
~4 

...... NJ 

~2 
...... N, 

H 
([) s-trons 

The formation of c-N5H by 1,3-dipolar cycloaddition of N2 to HN3 or by cyclization of 
the (E) s-cis isomer of N5H was studied in ab initio SCF and Limited CI calculations [1]. 
A heat of formation of 891 kJ/mol was obtained from an MNDDO/1 calculation [2]. The 
structural parameters of (planar) c-N5H with C2v symmetry were optimized in an HF calcula­
tion at the 6-21 G level [3]; results of a calculation by the many-body perturbation theory 
(MBPT(2)/DZP) were also given [4]. Internuclear distances and angles are Listed below: 

internuclear distances in A angles in degree Ref. 
H-N, N,-N2 N2-N3 N3-N4 HN,N2 N5N,N2 N,N2N3 N2N3N4 

0.989 1.323 1.276 1.367 124.3 111.3 105.6 108.7 [3] 
0.996 1.298 1.264 1.330 124.05 [4] 

Vertical ionization potentials of 11.53 eV for cr ionization and 11.75 eV for 1t ionization 
and a dipole moment of 4.10 D were calculated [3]. Polarizabilities [5], the '5N chemical 
shift, the diamagnetic susceptibility, and Dewar and Hess-Schaad resonance energies were 
also calculated [6]. A very strong fundamental with A, symmetry at 3922 cm -, (SCF/DZP) 
or at 3700 cm-' (MBPT(2)/DZP) was predicted [4]. 

The decomposition reactions c-N 5H --+ HN3 + N2 and C-N5H --+ NN(H)N + N2 have MBPT(2) 
barriers of 82.8 and 224.7 kJ/mol, appLying estimates for the zero-point and internaL energy 
corrections [4]. The smaLL vaLue for the first reaction indicates a questionable kinetic stability 
of N5H [1,7]; see also [2]. Cyclopentazadiene is predicted to be strongLy acidic [8]. Deproton­
ation [9] and absoLute protonation energies were caLcuLated; the most basic center, N3, 
is protonated preferentiaLLy [3]. Protonation and deprotonation energies of pentahydrated 
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cyclopentazadiene are given in [9]. A stable Li + complex of pentazole was predicted to 
be obtainable only upon coordination at the 3-position [10]. 

Organically substituted pentazoles form from arenediazonium salts and alkali azides; 
see [11] for a review. The reactions in aqueous solution at ambient temperature are strictly 
first order in each of the reactants; intermediates were not detected [12]. An almost planar 
N5 ring in p-(dimethylamino)phenyl pentazole was deduced from a single-crystal X-ray 
investigation. Internuclear distances are r(N, -N2) = 1.321, r(N2-N3) = 1.309, and 
r(N3-N4) = 1.347 A; their values are intermediate between single- and double-bond lengths 
and indicate aromaticity. Angles measured are LRN,N2= 123.9°, LN,N2N3= 105.1°, and 
L N2N3N4 = 108.8° [13]. The substituted pentazole in CDCl3 solution at 238 K has' 5N NMR 
shifts of Ii= -80.0±0.3 ppm for N" Ii= -27.1 ±0.3 ppm for N2, and 1i=4.9±0.3 ppm for 
N3 (negative high-field shifts) from external CH 3N02 [14]. A '4N chemical shift of Ii= -70± 
1 ppm was assigned to N, in CH30H-CH2Cl2 at 305 K. (Shifts of N5H of Ii = -75 ± 9 ppm 
for N" Ii = 7 ± 15 ppm for N2, and Ii = -13 ± 14 ppm for N3 were predicted by an empirical 
rule [15].) The decomposition of aryl pentazoles yields aryl azides and N2 [11]. 

1,2,4-Pentazatriene, NsH 

CAS Registry Numbers: {7263S-S1-9}, (E)-N5H {77269-S1-3}, (Z)-N5H {77269-S0-2} 

The formation of (E)-N5H from HN3 and N2 has an activation energy of 99.2 and an 
enthalpy of 89.1 kJ/mol at the STO-3G level. Structural parameters of the planar, acyclic 
N5H isomers were calculated at the STO-3G level. Dipole moments in the range of 1.2 
((E) s-cis isomer) to 3.0 D ((Z) s-cis isomer) were calculated with inclusion of CI. 

Barriers to as-trans --> s-cis conversion of the conformers by rotation around the Nr N3 
bond were calculated to be less strongly endothermic than the (Z) --> (E) inversion. However, 
decomposition to HN3 and N2 is exothermic [1]. 
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2.5.2 The CycLopentazadienium lon, c-NsHi 

CAS Registry Number: [103692-66-6] 

The structural parameters of the (planar) cyclopentazadienium ions formed by protona­
tion at the 2-position (a) or 3-position (b) of cyclopentazadiene were calculated at the 
HF/6-31G level. Internuclear distances and angles are as follows [1]: 

bond .............................. H-N, H-N2(3) N,-N2 N2-N3 N3-N4 N4-N5 N5-N, 
distance in A for a ....... 1.004 1.004 1.321 1.288 1.317 1.317 1.288 
distance in A for b ....... 1.001 1.001 1.281 1.281 1.350 1.262 1.350 

angle ............................. HN,N2 HN2(3)N 3(4) N5N,N2 N,N2N3 N2N3N4 N3N4N5 N4N5N, 
value in deg. for a ....... 126.8 124.7 108.6 108.6 107.1 108.7 107.1 
value in deg. for b ....... 124.2 123.3 112.5 103.0 112.5 106.0 106.0 

The pK. values of -15.74 for a and of - 9.36 for b were obtained from an empirical 
equation on the basis of the calculated proton affinities [2]. 
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2.5.3 Hydrazinium(1 +) Azide, N2HSN3' and Its Monohydrazinate, N2HSN3' N2H4 

Other names: Hydrazonium azide, hydrazine azide 

CAS Registry Numbers: N2H5N3 [14662-04-5], N2H5N3· N2H4 [14546-45-3] 

Preparation and Formation. Colorless crystals of N2HSN3 are prepared after the modified 
method of Curtius (see" Ammonium" 1936, p. 549) by bubbling a gaseous HN3-N2 mixture 
through an aqueous hydrazine solution. Based on the amount of the starting material NaN3, 
which is also used to prepare HN 3, a yield of at least 85% was achieved [1]. The compound 
may also be prepared by adding N2H4 to an excess of dilute HN3 [1] or by reacting stoichio­
metric amounts of NH4N3 with anhydrous N2H4 [2] or aqueous N2H4 [3]. Crystals suitable 
for single-crystal X-ray analysis are obtained by slowly evaporating an aqueous N2H5N3 
solution in the presence of dehydrating agents [4]. The crystals are hygroscopic and need 
to be handled in a dry atmosphere [3]. 

N2H5N3 was observed during the thermal decomposition of 5-aminotetrazole (CN5H3) 
[5] and trans-2-tetrazene (see also p. 171) [6]. Besides NH4N3 traces of N2H5N3 were formed 
at 148 K in glow-discharged HN3 [7]. 

Because of its explosive nature, N2H5N3 was proposed to be used in propellant mixtures; 
see e.g. [8 to 12]. The oxidizing properties can be applied in the chemical vapor deposition 
of semiconducting materials for electronic devices; see e.g. [13 to 15]. 

PhysicaL Properties. N2H5N3 crystallizes in the monoclinic space group P2,/b - C~h (No. 
14) with four formula units in the unit cell and the cell parameters a = 5.663(2), b = 12.436(3), 
c=5.506(2) A, y=114.0(0.1)0 [4], or in the equivalent space group P2,/n with a=5.665(2), 
b=5.522(2), c=11.401(4) A, ~=93.00(4)0 [1, 16]. The structure was derived from single­
crystal X-ray diffractometric data and refined to a reliability factor of 0.044. The structure 
is built up of Ni and N2H~ ions held together by a three-dimensional framework of N-H···N 
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hydrogen bonds. The hydrazinium ions with an intraionic N-N distance of 1.45 A exhibit 
an aLmost perfectly staggered conformation of H atoms. The ions are connected via hydrogen 
bonds to form infinite chains aLong a twofold screw axis. The azide ion forms a quasi-Linear 
chain (angLe NNN = 179.30 ) with an N-N distance of 1.17 A. In this structure the typicaL N-N 
distances within the N-H···N hydrogen bonds range from 2.8 up to 3.4 A [4]. 

The infrared spectrum of solid N2H5N3 was recorded by [3, 16]. By comparing this spec­
trum with that of KN3, the characteristic frequencies of the N3" moiety (D=h) were found 
at 2036 (v3) and at 635 cm- 1 (v2). Based on a comparison with the spectrum of N2H5Cl, 
the remaining frequencies were assigned to the N2Ht moiety. The band at 950 cm -1 (960 
cm -1 in [3]) was assigned to v(NN); additional strong bands were found at 1620 and at 
1100 cm- 1 and a medium one at 3170 cm- 1 [16]. 

The density of crystaLline N2H5N3 was measured to be 1.400 g/cm3 at 298 K [16] (1.40 
g/cm3 [1, 4]) and caLculated to be 1.407 g/cm3 [4]. 

The melting points reported for N2H5N3 differ from each other. The hygroscopicity and 
a probabLe mix-up with N2H5N3· N2H4 may have caused errors in determining the meLting 
point. The highest reported vaLue of 355 K stems from a thermoanalytic study [17], but 
is in conflict with a Lower vaLue of 348 K reported earlier by the same group [3] and by 
others [18, 19]. The even Lower, thermoanaLyticaLLy determined vaLue of 343.6 K was cLaimed 
to be reliabLe, because in that case the formation of N2H5N3·N2H4 was excLuded [1, 16]. 

N2H5N3 is reported to volatilize at ~443 K without any violent reaction [17]. This conflicts 
with the resuLts of other investigations which report a vioLent decomposition at ~403 K 
[19] or at 408 K [16]. Compared to other hydrazinium compounds, such as N2H5N03 and 
N2H5CL, the vapor pressure over N2H5N3 is high (~525 Torr at 433 K) due to the Low 
acidity and high voLatility of HN3 formed via N2H5N3:;;::::N2H4 + HN3 [18]. Vapor pressures 
of Less than 1 Torr at room temperature and of Less than 100 Torr at 333 K were reported 
[20]. 

The enthaLpy of formation, dfHO(s), was determined to be 246.4± 1.6 kJ/mol [21]. The 
enthalpy and entropy of fusion of N2H5N3 are 15.82± 0.25 kJ/moL and 45.6± 0.8 J. mol- 1 . K- 1, 
respectiveLy [19]. 

A mixture of 23% N2H5N3 in hydrazine has a conductivity of 0.18 S/cm at 298 K [22]. 

Thermal Decomposition. Decomposition of N2H5N3 in the Liquid phase between 400.3 
to 443.8 K proceeds through initial dissociation into N2H4 and HN3. The reaction rate is 
dependent mainLy on the rate of interaction of the saLt with HN3. N2H5N3 exhibits autocataLytic 
behavior below 443 K with NH3, N2H4, and N2 being the final products. The first-order 
autocataLytic decomposition follows the rate law dTj/dt= k1 (1 - Tj) + k2Tj(1 - Tj), where k1 = lOB 

exp( - 100 kJ· mol- 1 /RT) s -1 and k2 = 104 exp( - 67 kJ . moL - 1/RT) S -1. The decomposition 
essentially follows the overall equation N2H5N3 --> 0.25 N2H4 + 1.33 NH3 + 1.58 N2, and the 
calculated heat of reaction of 288 to 297 kJ/mol at 298 K is close to the experimentally 
obtained value of 285±8 kJ/moL between 418.7 to 443.8 K [18]. Earlier, the Arrhenius expres­
sion k=10B exp(-100 kJ·mol- 1/RT) S-1 was derived from the initial decomposition rates 
determined at 393,423, and 473 K [23]. 

The decomposition of solid N2H5N3 in argon at a pressure of ~2.3 x 104 Torr proceeds 
via N2H5N3(S) --> 2.18 N2(g) + 1.52 H2(g) + 0.65 NH3(g) with a reaction enthaLpy of - 276.1 ± 
0.8 kJ/mol [21]. The dry, powdered compound is reported to detonate on contact with a 
heated wire [24]. Depending on the experimental conditions, two pathways were proposed 
for the decomposition: N2H5N3 --> 2.5 N2 + 2.5 H2 and N2H5N3 --> 1.666 NH3 + 1.66 N2 [25]. 
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Electrochemical Decomposition. A mixture of 23% N2H5N3 with hydrazine was investigat­
ed with platinum, graphite, and stainless steel electrodes. The cathodic products were N2, 
NH3, and H2. With a platinum electrode, only N2 and H2 were produced, thus indicating 
a catalytic decomposition on the surface. Nitrogen was the only anodic product [22]. The 
rate-limiting anodic reaction is the decomposition of hydrazine molecules. Azide ions are 
discharged during the initial stage, but the polarization for this reaction shifts the potential 
to a point where simple hydrazine discharge predominates. The cathodic and anodic reac­
tions are both diffusion-controlled [26]. 

Titration. The existence of N2H5N3 can be demonstrated by oxidation with 103' via 
3 N2H5N3+2 K103 ....... 3 N2+2 KI+6 H20+3 HN3 [1]. 

Systems with N2H4 and N2H4· H20. In the binary system N2H4-N2H5N3 a eutecticum was 
found at 257.1 K and 22.7% N2H5N3 using technical-grade hydrazine with about 1% H20 
[27] and at 258.1 K and 23.8% N2H5N3 using strictly anhydrous hydrazine. Densities and 
kinematic viscosities were determined on mixtures of N2H5N3 with 72.4 to 80% N2H4 [11]. 
The resulting addition compound N2H5N3' N2H4 is described below. 

The ternary system N2H5N3-N2H4-H20 was studied within the ranges 1.0 to 12.6% H20, 
72.5 to 76.4% N2H4, and 14.9 to 23.6% N2H5N3' The ternary system appears to be a pseudo­
binary system of N2H4· H20 and N2H5N3' The temperature of the eutectic melt decreased 
from 257.1 K for 22.7% N2H5N3 and 1 % H20 to 245.8 K for 15.9% N2H5N3 and 12.6% 
H20. The densities of the ternary mixtures at 298 K increased linearly with the N2H5N3 
content [27]. 

Hydrazinium(l +) Azide Monohydrazinate. As already described in "Ammonium" 1936, 
p. 549, the addition compound N2HSN3·N2H4 forms in the binary system N2H5N3-N2H4 and 
can be precipitated with absolute alcohol from a saturated solution of N2H5N3 in N2H4. 
It is used as an additive to propellants [8, 9, 28] because it lowers the combustion temperature 
[8]. 

The decomposition of the solid compound under an argon pressure of 2.3 x 104 Torr 
was found to proceed according to N2H5N3' N2H4(s) ....... 2.63 N2(g) + 1.91 H2(g) + 1.73 NH3(g) 
with a reaction enthalpy of - 373.6 ± 2.1 kJ/mol. Therefrom its enthalpy of formation, 
~fHO(s) = 294.1 ± 3.3 kJ/mol, was derived [21]. 

The thermal decomposition of N2H5N3' H4N2 was investigated in the liquid phase at 
430 and 439 K; initial rates were determined to be 4.5 x 10- 6 and 13.7 x 10- 6 S -1, respective­
ly. Under these conditions N2H4, NH 3, and N2 are the final decomposition products. In con­
trast to hydrazinium azide (cf. p. 181), whose decomposition is determined by the rate 
of reaction of the salt with formed HN3, the initial rate of the N2H5N3' H4N2 decomposition 
is lower and almost entirely depends on the decomposition of the intermediately formed 
complex N2H~' N2H4 [18]. 
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[17] Pati!, K. C.; Soundararajan, R.; Verneker, V. R. P. (Thermochim. Acta 31 [1979] 259/61). 
[18] Rubtsov, Y. I.; Manelis, G. B. (Izv. Akad. Nauk SSSR Ser. Khim. 1984 296/9; BuLL. 

Acad. Sci. USSR Div. Chern. Sci. [EngL. TransL.] 33 [1984] 260/3). 
[19] AbeLLo, L.; Margineanu, F. (C. R. Seances Acad. Sci. C 274 [1972] 916/8). 
[20] Axworthy, A. E.; Wagner, R. I. (AD-750900 [1972]78 pp.; C.A. 78 [1973] No. 99926). 

[21] Kirpichev, E. P.; ALekseev, A. P.; Rubtsov, Y. I.; Manelis, G. B. (Zh. Fiz. Khim. 47 
[1973]2942; Russ. J. Phys. Chern. [EngL. TransL.]47 [1973]1654). 

[22] Brown, C. T.; McMahon, D. G.; RusseLL, S.; Fondrk, T.; Reed, I. (AD-745993 [1972] 
187 pp.; C.A. 78 [1973] No. 74318). 

[23] Rubtsov, Y. I. (Gorenie Vzryv Mater. 3rd Vses. Simp., Leningrad 1971 [1972], pp. 771/4; 
C.A. 79 [1973] No. 35519). 

[24] YakovLeva, G. S.; Kurbangalina, R. K.; Stesik, L. N. (Fiz. Goreniya Vzryva 10 [1974] 
270/4; Combust. ExpLos. Shock Waves [EngL. TransL.]10 [1974] 233/5). 

[25] Apin, A. Ya.; Lebedev, Yu. A.; Nefedova, O. I. (Zh. Fiz. Khim. 32 [1958] 819/23). 
[26] Brown, C. T. (Propr. Hydrazine Ses AppL. Source Energ. CoLLoq. Int., Poitiers, Fr., 1974 

[1975], pp. 245/65; C.A. 85 [1976] No. 110741). 
[27] Pannetier, G.; Margineanu, F. (Bull. Soc. Chim. Fr. 19723725/8). 
[28] Texaco Development Corp. (Fr. 2203940 [1972/74]; C.A. 82 [1975] No. 61422). 

2.5.4 Compounds of the Composition N6H2 

A compound with the composition NsH2 in a mixture of NH3 and other nitrogen-hydrogen 
compounds was detected with a mass spectrometer after exposing gaseous N2H4 at 233 K 
to a microwave discharge [1]. The formation of dimeric adducts of HN3 is described on 
pp.96/7. 

CycLohexazadiene-1,4 (1,4-Dihydrohexazine), C-N6H2 

CAS Registry Number: [102101-04-2J 

An MNDO calculation of the geometry of the 1,4-isomer of dihydrohexazine revealed 
a stable boat conformer. The dihedral angle of the molecular halves, which are joined 
at the Sp3 nitrogens, is 149°. The sum of the angles at these atoms is 335°. The internuclear 
distances are r(N-N) = 1.379 A and r(N=N) = 1.232 A. An enthalpy of formation of 371.5 kJ/mol 
was calculated. The relatively high ionization potential of 10.83 eV indicates that the interac­
tion of the 8 1t electrons is moderate [2]. 
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Aminocyclopentazadiene (Aminopentazole), c-Ns(NH2) 

The moLecuLar structure of aminopentazoLe was caLcuLated at the SCF Level. The moLecuLe 
has a Cs symmetry with a tetrahedraL amino nitrogen and the hydrogens above and beLow 
the pLane of the nitrogen atoms. InternucLear SCF distances in A are r(H-N') = 1.000, 
r(N'-N,)=1.374, r(N,-N2)=1.299, r(N2-N3)=1.265, r(N3-N4)=1.326; the angLes LN'N,N2= 
124.21° and L HN'N, cLose to 120° are aLso given. The barrier to decomposition into N2 
and N4H2 is expected to be Lower than the barrier to decomposition of cycLopentazadiene 
[3]. 

References: 

[1] Wiberg, N.; Fischer, G.; Bachhuber, H. (unpublished, ref. 1 in: Wiberg, N.; Chimia 
30 [1976] 426). 

[2] Kaim, W. (J. Chem. Soc. Perkin Trans. 1119851633/7). 
[3] Ferris, K. F.; Bartlett, R. J. (J. Am. Chem. Soc. 114 [1992] 8302/3). 

2.5.5 The Ion c-NsH~ + 

The cation C-N6H~+ can be considered a cyclic trimer of protonated nitrogen, N2H+. 
A C3 symmetry of the N6 ring was assumed in semiempiricaL caLcuLations. A minimum 
of the potentiaL energy surface was found by the MNDO method. However, the ion is strongLy 
destabilized with respect to the decomposition into 3 N2H +. The Low stability of the cation 
is attributed to mutuaL repuLsion of the positive charges which a caLcuLation of the atomic 
charges showed to be deLocaLized over the N6 ring atoms. 

Reference: 

GaL'pern, E. G.; Stankevich, I. V.; Chistyakov, A. L.; Shur, V. B.; VoL'pin, M. E. (DokL. Akad. 
Nauk SSSR 302 [1988]1384/8; DokL. Chem. [EngL. TransL.] 2981303 [1988] 302/5). 

2.5.6 Cyclohexazane (Hexahydrohexazine), c-NsHs 

CAS Registry Number: [60221-91-2} 

Ab initio SCF MO caLcuLations showed that the C-N6H6 isomer with the chair conformation 
is Lower in energy than three cis-N2H2 moLecuLes, whereas octahedraL N6H6 was found 
to be considerabLy higher in energy. The C-N6H6 moLecuLe might be stabLe, because the 
2+2+2 dissociation is symmetry-forbidden [1]. 

CaLcuLations for the 13 chair-N6H6 conformers differing by the axiaL or equatoriaL arrange­
ment of the hydrogen substituents were performed at the doubLe zeta pLus poLarization 
(DZP) Level. Minima on the potentiaL surface were found for aLL conformers. The conformer 
with aLL hydrogens in axiaL positions was confirmed to be the most stabLe one; the spacious, 
equatoriaL positions are occupied by the nitrogen Lone eLectron pairs. The most unfavorabLe 
chair conformer has aLL hydrogens in equatoriaL positions and is higher in energy by 155 kJI 
moL than the most favorabLe one [2]. 

The most and Least favorabLe chair conformers of C-N6H6 have D3d symmetry. Their 
internucLear distances d in A and bond angLes caLcuLated at the DZP LeveL are as foLLows: 

conformer r(N-H) r(N-N) LNNH L NNNN (torsion) 

onLy axiaL H atoms 1.001 1.399 53.3° 40.9° 
onLy equatoriaL H atoms 1.005 1.435 68.3° 69.3° 
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The geometrical variations reflect the steric strain caused by axial lone-pair interaction . 
. Structural parameters of the other conformers are listed in the original paper. Twenty out 
of the expected 30 harmonic vibrational frequencies of the favored conformer are also 
given. The exothermal decomposition c-NaHa --+ 3 N2 + 3 H2 has an enthalpy of - 696 kJ/mol 
[2]. 

References: 

[1J Van der Meer, K.; Mulder, J. J. C. (Theor. Chim. Acta 41 [1976] 183/6). 
[2] Blahous, C. P.; Schaefer, H. F. (J. Mol. Struct. 200 [1989] 591/610 [THEOCHEM 59]). 

2.5.7 2,3-Diaminolelrazane, (H2N)2NN(NH2)2 

CAS Registry Number: [114045-09-9] 

The heat of formation of (H 2 NhNN(NH2 h was estimated by a semiempirical relation 
to be 575.6 kJ/mol at 298.15 K. A stabilization energy of - 53.9 kJ/mol, being the difference 
between the heat of atomization and the sum of bond energies, indicates an unstable mole­
cule. Instability with respect to formation of the (H2NhN radical was also predicted [1]; 
see also p. 166. The equilibrium length of the central N-N bond of 1.470 A. was calculated 
by an ab initio SCF method [2]. The terminal N-N bonds were predicted to be 1.403 A. 
long. Angles NNN of 110.1° and 107.0° at the central and 111.4° at the more peripheral 
nitrogens were calculated. A bond dissociation energy of 20 to 44 kJ/mol at 0 K was predicted 
for the central N-N bond [3J. 

References: 

[1] Leroy, G.; Sana, M.; Wilante, C.; Peeters, D.; Dogimont, C. (J. Mol. Struct. 153 [1987] 
249/67 [THEOCHEM 38]). 

[2] Sana, M.; Leroy, G. (Ann. Soc. Sci. Bruxelles 1101 [1988] 23/57). 
[3J Sana, M.; Leroy, G.; Vinson, L. K.; Dannenberg, J. J. (J. Mol. Struct. 205 [1990J 89/95 

[THEOCHEM 64]). 

2.5.8 c-Ng H3 

CAS Registry Number: [112055-75-1] 

The NgH3 molecule results from trimerization of HN3 and consists of an Na ring with 
negatively charged NH substituents in the 1-, 3-, and 5-positions of the ring atoms which 
are positively charged. A C3 symmetry of the Na ring was assumed in semiempirical calcula­
tions. The NgH3 was calculated to be stable and energetically not too different from three 
individual HN3 molecules. The endocyclic and exocyclic N-N bonds were predicted to be 
intermediate between single and double bonds. A calculation of the atomic charges shows 
a separation of the positive charges by localization at the substituted ring atoms which 
seems to cause the relative stability of NgH3. The potential barrier to decomposition into 
3 HN3 is high; the decomposition into hexazine and NH in the triplet state is endothermal. 

Reference: 

Gal'pern, E. G.; Stankevich, I. V.; Chistyakov, A. L.; Shur, V. B.; Vol'pin, M. E. (Dokl. Akad. 
Nauk SSSR 302 [1988] 1384/8; Dokl. Chem. [Eng I. Transl.J 298/303 [1988]302/5). 
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3 Compounds of Nitrogen with Hydrogen and Noble Gases 

A few compounds composed of nitrogen, hydrogen, and nobLe gases are known. The 
major portion of these compounds are van der WaaLs compLexes between ammonia and 
a nobLe gas, such as NH3· He, NH3· Ar, or NH 3· Kr. A description of these compLexes between 
ammonia and nobLe gas is beyond the scope of the present voLume. 

3.1 The NH2He+ Ion 

CAS Registry Number: [65114-22-9J 

Ab initio seLf-consistent fieLd (SCF) caLcuLations were made on NH2He+ to estimate 
the stability of the product resuLting from T -+ He+ ~- -decay of tritium-LabeLed ammonia 
NH2T [1] and to check the possibility that NH2He+ can be detected in interstellar space 
[2]. Assuming C. symmetry, the structuraL parameters r(N-He) = 1.89 A, r(N-H) = 1.10 A, 
LHeNH=90.1°, and LHNH=107.6° were obtained [2]. The ion was found to be weakLy 
bound with a weLL depth of about 250 cm- 1 [1,2]. Thus, it was concLuded that NH2He+, 
the daughter ion of NH2 T, is not stabLe, but dissociates into He and NH; [1] and that detecting 
it in interstellar space is unlikeLy [2]. 

References: 

[1] Ikuta, S.; Yoshihara, K.; Shiokawa, T. (J. NucL. Sci. TechnoL. 14 [1977] 720/2). 
[2] Cooper, D. L.; Wilson, S. (Mol. Phys. 44 [1981]161/72). 

3.2 Other Ions 

NmHnX+ (X=Ar, Kr, Xe) ions, formed by eLectron ionization of mixtures of ammonia 
and a nobLe gas, couLd be detected in mass-spectrometric measurements at high resoLving 
power and by coLLision-induced dissociation of mass-seLected ions using kinetic energy 
spectroscopy. In addition to the NH3X+ ions, there aLso is evidence for the ions NHKr+, 
NHXe +, NH2Xe +, NH4 Xe + , and N2H4 Xe + . 

Reference: 

Jonathan, P.; Brenton, A. G.; Beynon, J. H.; Boyd, R. K. (Int. J. Mass Spectrom. Ion Processes 
71 [1986] 257/82). 
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Key to the Gmelin System 
of Elements and Compounds 

Symbol Element System 
Number 

Noble Gases 37 
H Hydrogen 38 
0 Oxygen 39 
N Nitrogen 
F Fluorine 40 

CI Chlorine 41 

Br Bromine 
I Iodine 
At Astatine 
S Sulfur 
Se Selenium 
Te Tellurium 
Po Polonium 
B Boron 
C Carbon 
Si Silicon 
P Phosphorus 

CrCI2 42 
43 
44 
45 

lZnCr04 46 
47 
48 
49 
50 
51 , 

1 52 
As Arsenic 
Sb Antimony 
Bi Bismuth 
Li Lithium 
Na Sodium 
K Potassium 
NH4 Ammonium 
Rb Rubidium 
Cs Caesium 
Fr Francium 
Be Beryllium 
Mg Magnesium 
Ca Calcium 
Sr Strontium 
Ba Barium 
Ra Radium 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

Zn Zinc 69 
Cd Cadmium 70 
Hg Mercury 71 
AI Aluminium 
Ga Gallium 

Symbol Element 

In Indium 
TI Thallium 
Sc. Y Rare Earth 
La-Lu Elements 
Ac Actinium 
Ti Titanium 
Zr Zirconium 
Hf Hafnium 
Th Thorium 
Ge Germanium 
Sn Tin 
Pb Lead 
V Vanadium 
Nb Niobium 
Ta Tantalum 
Pa Protactinium 

Cr Chromium 

Mo Molybdenum 
W Tungsten 
U Uranium 
Mn Manganese 
Ni Nickel 
Co Cobalt 
Fe Iron 
Cu Copper 
Ag Silver 
Au Gold 
Ru Ruthenium 
Rh Rhodium 
Pd Palladium 
Os Osmium 
Ir Iridium 
Pt Platinum 
Tc Technetium 1 

Re Rhenium 
Np.Pu ... Transuranium 

Elements 

Material presented under each Gmelin System Number includes all information concerning the element(s) 
listed for that number plus the compounds with elements of lower System Number. 

For example. zinc (System Number 32) as well as all zinc compounds with elements numbered from 1 to 31 
are classified under number 32. 

1 A Gmelin volume titled "Masurium" was published with this System Number in 1941. 

A Periodic Table of the Elements with the Gmelin System Numbers is given on the Inside 
Front Cover 




