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Ab initio Study of Hydrazoic Acid 

I. The Ground State: HN3(1A ') 
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SCF and CI calculations were carried out on the ground 1A' state of HNs. The 
equilibrium geometry and vibration frequencies were computed. The results 
point to a planar structure (group Cs) but to a non-linear (170 ~ N - - N - - N  
conformation. The calculated vibration frequencies are in fair agreement with 
experimental assignments. 

The dissociation path of the molecule to NH  and N2 products was investigated 
and compared to the isoelectronic reaction of diazomethane. The dissociation 
energy of hydrazoic acid is estimated to be about - 8 kcal/mole, with a potential 
barrier to dissociation of about 30 kcal/mole. 
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1. Introduction 

Hydrazoic acid is quite an important reagent in organic chemistry, its main interest 
being its reaction with carboxylic acids to yield acyl azides, which in turn via a 
Schmidt degradation reaction lead to isocyanates [1]. Also, one of the important 
properties of this molecule is its low stability: it is known to explode very easily 
even under mild conditions [2]. 

The molecular properties of hydrazoic acid are not well known. The geometrical 
structure of the molecule has been determined partially only by microwave spectro- 
scopy: the N - - N  and N - - H  distances as well as the N - - N - - H  angle have been 
derived assuming that the molecule is planar and that the three N atoms are 
colinear [3]. Vibration frequencies have been determined by IR spectroscopy [4, 5]. 
The dissociation process HNa -+ NH + N2 has been discussed [6] on the basis of 
electron impact measurements. 
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Calculations have been made to check the linearity of the N atoms: the results 
point to a quasi-linear structure, the N - - N - - N  angle being 172 ~ [7]. Other relevant 
calculations concern the K-shell binding energies [8, 9], other spectral properties 
of HNa [9], and the protonation of N~ [10]. All these calculations [7, 8, 10] were 
made with basis sets of variable size, except those of Rabalais et al. [9] which are 
semi-empirical (INDO). 

In this work we shall report the results of ab initio calculations (SCF CI) for the 
ground state of the molecule along its dissociation path. The equilibrium geometry, 
vibration frequencies, dissociation path and intersystem crossing with an excited 
triplet state will be described. Of special interest will be the comparison of some of 
these quantities with those of the isoelectronic species diazomethane (CH2N2) which 
have been reported previously [11, 12], and those of the azide ion (Nff) to be 
reported here. 

2. Methods of Calculation 

2.1. Geometry 

In Fig. 1, we give the axis convention adopted as well as the geometrical parameters 
which were varied in order to determine the equilibrium geometry and the dissocia- 
tion path of HN3. Since hydrazoic acid is experimentally reputed to be a non-linear 
but planar molecule [3], most calculations were made on point-group Cs structures; 
a few calculations only were performed in point-group (71 symmetry (~- # 0). 

2.2. Electronic Configurations and States 

From previous work [7-10] the ground configuration and state of HNa (group Cs) 
is known to be: 

(1_6)a'2 la"2 (7_9)a'2 2a "2, 1 A, 

The dissociation products have configurations and states: 

NH(group C ~ )  l~r22a23a21rr 2, 3y-,  1A, iZ+ 

l%la~,2%2aulrr~,3 g, N2(groupD~)  2 2 ~ 2 ~ a2 1X+ 

! f l, 
_ _ _  R _ _ _ u  

Fig. 1. Parameters and axis convention 
for HNa; ~" = 180 ~ corresponds to a 
planar trans structure (point group C8) 
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Combination of  these configurations in group Cs yields: 

A: (1-6)a '2 la "2 (7-9)a '2 2a "2, iA" 

B: (1-6)a '2 la "2 (7-9)a '2 2a" 10a', 8A", iA" 

C: (1-6)a '2 la "2 (7-9)a '2 10a '2, iA' 

The electronic states for their part combine as: 

3F_,- + IZo+ > 3A" 

iy+ + iZ~ i A, 

Owing to the degeneracy of rrx and % orbitals in point group C ~  symmetry, the 
two aA' states should be degenerate at the dissociation limit with an energy equal 
to that of NH(�89 +) + �89 + N2(E(aZg+)). Thus one expects that the ground 
configuration A will mix increasingly with configuration C as R2 increases, until a 
50~ contribution of configuration C is achieved at the dissociation limit. 

Also, since 3y- is the ground state of NH, one expects an intersystem crossing 
between the ground aA' state (Configurations A and C) and the 8A" state (Con- 
figuration B). 

2.3. Programs, Basis Sets, and Calculations 

The SCF energies were obtained with the well-known program GAUSSIAN 70 [13]. 
The SCF equations were set up using the method of Roothaan [14] for closed-shell 
structures, and the method of Davidson (OCBSE) [15] for open-shell structures. 
The first of these methods is a part of GAUSSIAN 70, the second was coded by 
Morokuma and Iwata [16]. 

Preliminary calculations were made with the minimal STO-3G [17] basis set, 
production runs made use of the 6-31G [18] basis set of  double zeta quality. Both 
of these sets are in-built to GAUSSIAN 70. A few calculations were also made with 
basis set 6-31G** [19] using GAUSSIAN 76 [20]. 

Configuration interaction (C1) calculations were run at different levels of approxi- 
mation: the programs used are those written by Whitten and his collaborators [21] 
and extended (modified) by one of us (J. L.). These programs select amongst all 
possible configurations engendered by single or double substitution from the 
ground configuration those whose interaction with one (ground) or more chosen 
configurations is greater than a chosen threshold; the interaction is calculated 
from second order perturbation theory. 

2.4. Equilibrium Geometry and Vibration Frequencies 

The equilibrium geometry was obtained by fitting the energy values to coupled 
quadratic equations involving all the parameters. Coupling terms include all 
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possibilities between adjacent in-plane parameters (i.e. R~/3, R~R2, R2[3, ~[3, R2~, Rs~ 
and R2Rs). A term in/3 3 was also considered. 

Vibration frequencies were obtained from direct diagonalization of the correspond- 
ing FG matrix. According to group-theoretical considerations, HN3 has 5 normal 
modes of A' symmetry and one of A" symmetry, the latter corresponding ex- 
clusively to the out-of-plane angle T and reversely ~ participating only to the A" 
symmetry coordinate. Thus, if one uses internal coordinates (R~, R2, R3, %/3 and ~-), 

T a b l e  1. S u r v e y  o f  s o m e  c a l c u l a t e d  p o i n t s  

C I  c a l c u l a t i o n  b 

Basis  E n e r g y  

M o l e c u l e  ( g e o m e t r y )  ~ S ta t e  set  8 n (a .u . )  

H N 3 ( R 1  = 1 .125/~,  1A' 6 - 3 1 G  - -  - -  - 1 6 3 . 7 2 9 2  

R 2 =  1.27/~,  Ra = 1 .02/~,  6 - 3 1 G  2.10 -4  594 - 1 6 3 . 9 1 4 5  

u = l l l  ~  ~ 6 - 3 1 G  7.10 -5  1339 - 1 6 3 . 9 2 4 7  

6 - 3 1 G * *  - -  - -  - 163.8392 

H N 3 ( / 3 =  161~ ~ 1A" 6 - 3 1 G  - -  - -  - 1 6 3 . 7 2 7 6  

6 - 3 1 G  2 .10  -4  567 - 1 6 3 . 9 1 1 0  

6 - 3 1 G * *  - -  - -  - 1 6 3 . 8 3 6 0  

HN3( f l  = 181~ c 1A' 6 - 3 1 G  - -  - -  - 163.7271 

6 - 3 1 G  2.10 -4  581 - 163.9093 

6 - 3 1 G * *  - -  - -  - 163.8376 

H N 3 ( ~  = 191~ ~ 1A' 6 - 3 1 G  - -  - -  - 163.7217 

H N 3 ( R 1  = 1 .103/~,  1A' 6 - 3 1 G  - -  - -  - 163.7098 

R2 = 1 .587/~,  R 3 =  1 , 0 3 A ,  6 - 3 1 G  2.10 -9  563 - 1 6 3 . 8 8 2 9  

~ = 9 8  ~  163 ~ 6 - 3 1 G  7.10 -5  1243 - 163.8940 

6 - 3 1 G * *  - -  - -  - 163.8054 

3A" 6 - 3 1 G  - -  - -  - 163.6550 

H N 3 ( R 1  = 1.099/~) ,  1A' 6 - 3 1 G  - -  - -  - 163.7084 

R 2 = 2 . 1 1 7 / ~ ,  R 3 =  1.035 A ,  6 - 3 1 G  2.10 -4  333 - 163.8686 

~ = 9 0 ~  156 ~ ) 6 - 3 1 G  7.10 -~ 693 - 1 6 3 . 8 8 5 1  

6 - 3 1 G * *  - -  - -  - 163.7983 

3A" 6 - 3 1 G  - -  - -  - 163.7768 

H N ~ ( R 1  = 1 . 0 9 4 ~ ,  1A'  6 - 3 1 G  - -  - -  - 163.7050 

R2 = 3.2/~,  R 3 =  1 . 0 3 5 A ,  6 - 3 1 G  7.10 -5  418 - 1 6 3 . 8 8 4 6  

a = 9 0  ~ , f l =  156 ~ 3A" 6 - 3 1 G  - -  - -  - 163.8061 

N H ( R - -  1 .032/~)  �89 + ~ E  + ) 6 - 3 1 G  - -  - -  - 5 4 . 8 3 5 7  

6 - 3 1 G  7.10 -~ 60 - 5 4 . 8 9 3 4  

6 - 3 1 G * *  - -  - -  - 5 4 . 8 5 3 8  

1A 6 - 3 1 G  7 . 1 0 - 5  a 106 - 5 4 . 9 0 3 1  

3 ~ -  6 - 3 1 G  - -  - -  -- 54.9384 

N 2 ( R =  1.095 A )  leg+ 6 - 3 1 G  - -  - -  - 108.8679 

6 - 3 1 G * *  - -  - -  - 108.9430 

~- = 180 ~ fo r  all g e o m e t r i e s  c o n s i d e r e d  here .  

b 3 re fe rs  to  t he  t h r e s h o l d  fo r  se lec t ing  c o n f i g u r a t i o n s ,  n is the  c o r r e s p o n d i n g  n u m b e r  o f  

c o n f i g u r a t i o n s .  U n l e s s  o t h e r w i s e  i n d i c a t e d ,  c a l c u l a t i o n s  a r e  c a r r i e d  o u t  o n  t h e  1A' s t a t e  

( C o n f i g u r a t i o n  A)  as r e f e r e n c e  s ta te .  S C F  c a l c u l a t i o n s  a r e  c h a r a c t e r i z e d  by  b l an k s .  

S a m e  g e o m e t r y  as first  p o i n t  e x c e p t  fo r  t he  v a l u e  o f  ang le /3 .  

a C I  r e f e r e n c e  s t a t e :  ( l / V 2 ) ( I . . .  ~xffx[ - I " "  ~ l ) ,  see Sec t ion  3.5. 
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the FG matrix is in this case block-diagonalized in two sub-matrices, one of dimen- 
sion 5, the other of dimension I just as if symmetry coordinates had been used. All 
the G (kinetic energy) matrix elements are tabulated [22], the F (potential energy) 
matrix elements were deduced from the above-mentioned quadratic expansion. 

2.5. Calculations 

As there are far too many calculated points to list individually, 1 in Table 1 we 
merely give a list of the most important calculated points obtained with the ex- 
tended basis sets 6-31G and 6-31G**, together with parallel CI results. These 
points correspond to the dissociation path on the one hand, and to a variation of  
angle/3 around its equilibrium value on the other hand. 

3. Results and Discussion 

3.1 Equilibrium Geometry 

In Table 2 we compare the equilibrium values of the parameters found here with 
basis-sets STO-3G and 6-31G with the corresponding experimental values [3]. For  
the distances, the agreement is at worse ~ 0.03 A with basis set 6-31G. It is interest- 
ing to note that, as in CH,~N2 [11, 24], the distance between the non-neighbouring 
heavy atoms (last column of Table 2) is in better agreement with the experimental 
findings, than the individual bond-lengths. Likewise with basis set STO-3G, the 
value R1 ( N - - N  bound) is overestimated- this is entirely in keeping with similar 
findings in CHIN2. 

The comparison between calculated and experimental values of the angles is made 
more difficult because the lack of experimental data made it necessary to postulate [3] 
a planar structure with three co-linear N atoms. Our findings confirm the postulated 
planar structure of the molecule, but not the linearity of the N atoms. In Table 3 
we present values of/3 (cf. Fig. 1) calculated here at different levels of approximation 
together with the value proposed by Harrison et aI. [7] from large basis set calcula- 
tions, although this latter result does not proceed from a complete geometry 
optimization. All these theoretical data point to a non-linearity of 7-10 ~ This 
value is corroborated by similar results found for the isoelectronic molecule 
NHCO (4 [25]-5 [26] deg). 

In order to make sure that these findings are not an artifact of our calculations, 
parallel results were also obtained for N j  with basis set 6-31G: in this case, the 
calculations point without doubt to a linear structure. Our results for Na are 
also given in Table 2. 

3.2 Force Constants and Vibration Frequencies 

The second derivatives of the quadratic expansion mentioned in Paragraph 2.4 
yield diagonal and non-diagonal stretching and bending force constants; these are 

a The authors are willing to supply further results upon request. These include I23 calculated 
points with basis set STO-3G and 54 with basis set 6-31G on the molecules HNa, Ng, NH 
and N2. 
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Table 3. D e t e r m i n a t i o n  o f  fl a nd  ks  

M e t h o d  Basis  set  

Ana ly t i ca l  

fit /~ 
degree b C o u p l i n g  (deg) (10 - 12 e rg / rad  z) 

S C F  ~ STO-3G 2 a, fl 170 4.7 

S C F  ~ 6-31G 2 1st neighb.  ~ 170 5.4 

SCF  ~ 6-31G 3 - -  170 5.4 

CI  a 6-31G 2 - -  170 12.6 
(~ = 2 . 1 0 - 4 )  

SCF  ~ 6-31G** 2 - -  173 6.9 

SCF  a (4, 4, 3, 2;  4, 3) 2 - -  172 6.8 

+ pol .  
exp. - -  - -  - -  180 ~ 10.0 t 

a This  work.  

~ See Sect ion 2.1. 

~ Ref. [3]. Pos tu l a t ed  value.  

u M a x i m u m  p o w e r  of  fl in po lynomia l .  

a Ref. [7]. 
t Ref. [27]. 

Table  4. Force  cons tan t s  and  v ib ra t ion  frequencies  

HN~ N3- 

Proper ty  Ca lcu la ted  a Exp.a Ca lcu la t ed  ~ Exp." 

k lz  b 21.9 17.3 17.2 13.4 

k22 9.3 10.1 17.2 13.4 

k3a 7.1 6.2 - -  - -  

k~= 0.71 0.69 - -  - -  

kaB 0.38 0.71 0.66 0.58 

k ,  o . 1 0  - -  - -  - -  

k12 2.4 1.74 2.9 1.74 

klB --0.14 0.03 - -  - -  

k23 - -  0.23 0.30 - -  - -  

k2~ - 0 . 3 5  0.06 - -  - -  

k2~ 1.1 0.44 - -  - -  

k3= 0.24 0.04 - -  - -  

k.B --0.02 0.12 - -  - -  

vs(N1N2N~) c 1617 1269.0 1562 1344 

v~(N~N2N3) 2344 2140.4 2276 2041 

v(NH) 3606 3335.6 - -  - -  

b (NH)  982 1152.5 - -  - -  

bin(N1N2N3) 472 657.9 693 645 

bout 496 740.0 693 645 

a This  work.  
b Force  cons t an t  k~ s co r responds  to  in te rna l  coord ina te s  Rt and  Rj  (see (Fig. 1); uni ts  a re  105 

dyn/cm.  

~ A p p r o x i m a t e  descr ip t ion  of  n o r m a l  modes  is given [27]: vs and  va cor responds  to  symmet r i c  

and  a symmet r i c  s t re tch ing  respect ively,  b~, a nd  bout to in- and  out -of -p lane  bending.  Uni t s  
are  e r a -  1. 

d See Ref. [27] for force cons tan ts ,  Refs. [4, 5] for  v ib ra t ion  frequencies.  

e Solid s ta te  resul ts  depend ing  on  the na tu re  of  c rys ta l  [28]. 
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given in Table 4, and compared with available values derived from measured 
frequencies. Here again however, due to lack of data, the experimentalists have had 
to make approximations to derive these constants [27, 28]. 

Direct comparison of the calculated and measured vibration frequencies, also given 
in Table 4, shows only fair agreement between the two sets of values: the calculated 
stretching frequencies are high, whereas the calculated bending frequencies are low. 
This type of agreement is what one may expect from a non-polarized and a non- 
correlated wave function. The same applies to the frequencies of Nff for which no 
direct comparison with experiment is possible. 

The influence of correlation and of basis set was tested on the E-bending force 
constant of HN3, just as it was tested for the value of/3. The results are given in the 
last column of Table 3. We note that inclusion of polarization functions in the 
basis set as well as that of correlation both tend to increase the force constant. The 
CI result shows relatively good agreement with the experimental value, which 
because of the approximations mentioned above should be regarded as tentative 
only. It is expected that similar CI calculations should reduce the stretching force 
constants. 

3.3. Population Analysis 

Mulliken population analyses [29] calculated with the minimal STO-3G basis set 
are shown in Fig. 2 for HN3, Nff, NH and N2: net populations are indicated above 
the atoms, and overlap populations above the bonds. 

6.~o s~o s.e6 .s5 
~ N2+ NH 

N1 N2 Nz H 
6.50 6.10 6,60 .55 
~ S O 0  N3H 

7.05 6.10 7,05 0 

0 N~'+ H + 

Fig. 2. Mulliken population analysis re- 
sults. Net populations are indicated above 
the atoms, overlap populations above the 
bonds. STO-3G basis set 

The data permit a clear visualization of the charge transfers which take place when 
HNa is dissociated, and when N~ is protonated. 

I f  one compares the overlap populations of Fig. 2 with those of N2 (triple bond), 
N2H2 (double bond) and N2H~ (single bond) calculated [30] with the same basis 
set, 2 it is apparent that: 

1) the N - - N  bonds in Nff correspond closely to double bonds 

2 Respectively 1.20, 0.88 and 0.54 for Nz, N2H2 and N2H~ [30]. 
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2) the N1--N2 and N2--Na bonds in HNa correspond to intermediates between a 
double and a triple bond and a double and a single bond respectively. 

Thus N~ may be depicted by the formula: 

( - )  ( - )  

N - - N - - N  

and HNa by the resonance structures: 

( - )  ( + )  ( + )  ( - )  

N = N - ~ - N - - H  ~ N - - N - - - N - - H  

These structures are in agreement with chemical intuition. 

3.4. Dissociation Path 

3.4.1. Description 

Exploratory calculations of the least-energy dissociation path were carried out with 
the minimal STO-3G basis set. Simultaneous minimization of  the energy as a 
function of  all parameters was made at a few chosen values of  R2. Once the 
geometries along the reaction path were established with this basis set, calculations 
with the larger 6-31G (DZ) basis set were carried out to refine the values obtained. 

The 6-31G results are given in the first column of Table 1 (first three entries) and 
are compared to the STO-3G results in Fig. 3. We note that, as for CHIN2, basis 
set STO-3G tends to overestimate systematically the N - - N  bond distance. This 
seems to indicate that the STO-3G basis set is not fully optimal for nitrogen. 

The potential energy curves shown in the bottom of Fig. 3 represent the energy 
along the dissociation coordinate (R2), calculated at the values of the other param- 
eters given in the same figure, except for the 6-31G** results which pertain to the 
6-31G geometries. We also note that the minimal STO-3G basis set yields a dis- 
sociation energy which is higher than the larger 6-31G basis set; this rather un- 
expected result may be explained by basis-set-borrowing between NH and N~. 3 
Of more importance is the influence of polarization functions on the dissociation 
energy. The results of  Table I and Fig. 3 show that addition &polarization functions 
(3d on N and 2p on H) increases the dissociation energy by a factor of two 
(~ 0 . 02a . u . - +  N0.04a.u.). This important effect results from the very large 
lowering caused by the addition of these functions (-0.11 a.u.) at equilibrium 
geometry. 

3.4.2. Analysis 

It is interesting to compare the minimal energy approaches of NH and N2 on the 
one hand with those of CH2 and N2 on the other hand. In Fig. 4 we give a sketch 

3 A study of basis-set-borrowing applied to the dissociation energy of CH2 into C + H2 
has shown that this effect accounts for ~25~o of the calculated dissociation energy with basis 
set STO-3G [31]. 
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Fig. 3. Geometry optimization along dissociation 
path. Circles, triangles and squares refer to basis 
sets STO-3G, 6-31G and 6-31G**, respectively. 
In the lower part of the figure, the corresponding 
relative energies are given; the 6-31 G** energies 
refer to 6-31G geometries. Absolute energies at 
the minimum of the potential surfaces are respec- 
tively -- 161.6659, - 163.7292 and - 163.8392 a.u. 
for basis sets STO-3G, 6-31G and 6-31G** 

of  the two systems together with the angles involved at different distances of 
approach. 

First we notice that at large distances the angles of approach are almost identical: 
both NH and CH2(XH) attack the N2 molecule at an angle of 25 ~ from N - - N - - X  
co-linearity. This angle corresponds to a point of attack of lowest electron density 
which lies between the ~--stl:ucture and the lone pairs in N2. The near-perpendicu- 
larity between the XH bonds and the N - - X  direction is also easily understood: in 
CH2N2, the new bond is formed perpendicular to the two CH bonds and the 
carbon lone pair which all lie in the same plane; in NHNz the new bond is formed 
perpendicular to the NH bond and the two nitrogen lone pairs which are also co- 
planar. 

When the N2- -XH distance decreases, apparently the two systems behave differ- 
ently: in CH2N2, we find that both angles ( (H2)- -C--N and N - - N - - C H 2 )  increase 
to 180 ~ at equilibrium resulting in a change from Cs structure to a C2~ structure; in 
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R 2 = 4 a.u. R= = 3 a.u. 

Y 

I 

[ 

R 2 = Rz(eq . )  

Fig. 4. Comparison of dissociation paths of HN3 and CH2N2 (Ref. [12]) 

NHN2, the N - - N - - H  angle increases only to ~ 110 ~ and the N - - N - - N  angle to 
~ 170 ~ at equilibrium resulting in no change in symmetry. 

The planar C2, structure in CH2N2 has been explained [12] on the basis o f  a strong 
interaction between the two CH bond densities and a zr structure lying above and 
below the molecular plane. Further the H - - C - - H  angle of  120 ~ points to a near 
sp 2 structure of  the carbon electrons; the N - - N - - C  linearity is ensured by a sym- 
metrical interaction between the N - - N  bond and each of the CH bonds. 

In HN3, there also exists a ~r structure lying above and below the molecular plane. 
In this case, however, because NH,  contrary to CH2, has axial symmetry, the ~r 
structure can be established in a plane perpendicular to that found for CH2N2, 
i.e. without having to straighten out the N N H angle. Thus the near sp 2 bond 
directions in nitrogen can be maintained on the N3 atom because a lone-pair lies 
at 120 ~ of the N - - H  and N2--Na bonds in the molecular plane. This structure also 
explains the close but nevertheless non-linearity of  the N1--N2--N3 angle as being 
due to an asymmetrical repulsion between the N~--N2 bond density with the 
N 3 - - H  bond density on the one hand and the N3 lone-pair on the other hand. 

3.5. CI Calculations 

CI calculations (6-31G basis set) were made at a few points along the dissociation 
path (R2 = 2.4, 3.0, 4.0 and 6.0 a.u.) at chosen values of  the interaction threshold 
(cf. Sect. 2.3). In Table 1, some of the calculated energies are given. 

The CI  results change the adiabatic dissociation energy of the 1A' state by 
10 kcal/mole, but do not modify the nature of  the dissociation products, 
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i.e. NH(�89 ~A + �89 ~Z+). The reason for this is that the ground aA' state (Conf. A) 
was chosen as reference state for these calculations over the whole range of R2 at 
the expense of Configuration C; thus the 50~ mixture of  Configurations A 
and C necessary to the description of NH(~A) was not achieved. For example, at 
R2 = 6.0 a.u. the weights (square of  CI  coefficients) of Configurations A and C 
in the CI expansion are respectively 0.907 and 0.005. 

In order to obtain a correct dissociation limit, calculations were carried out on N H  
alone at the same level of approximation. One CI  calculation was based on the 
orbital energies and transformed molecular integrals generated by a Fock matrix 
corresponding to a aZ-(la22az3a21~'~lTry) structure, which ensures a ~ r ~ -  ~ru 
degeneracy. Also, the reference state for the selection of the interacting configura- 

tions was chosen as: ( l /x /2) ( ] - . .  ~ - ~ ]  - I " "  ~zr~l) in accordance with the ~A 
irreducible representation. 4 Another calculation on N H  similar to that on HNa was 
made, i.e. both the SCF and CI reference state was chosen as �89 + + 1A) 
(lg22923~21ZrSx). The results of  these two calculations are given in Table 1. 

Since the zr~ - zr v degeneracy is due to the axial symmetry of N H  alone the effect 
of this degeneracy is apparent only at the dissociation limit (R~ > 6.0 a.u.) and 
disappears at the equilibrium geometry of HN3 (R~ = 2.4 a.u.). Thus the difference 
between the energies of  the two CI calculations gives a quantitative correction to 
the dissociation energy of HN3. 

3.6. Estimation of the Dissociation Energy of N3H 

From the data given in previous sections it is possible to estimate roughly the dis- 
sociation energy of HNa. 

First we consider the process: 

HN3(1A ') --~ N2(1ZJ) + NH(�89 ~A + �89 aZ+). 

The CI  results (6-31G) yield 25 kcal/mole for this reaction. Addition of polariza- 
tion function to the basis set adds 11 kcal to this value at the SCF level of  approxi- 
mation (cf. Fig. 3) and, by analogy to similar calculations [26], it is estimated to 
add a further 4 kcal/mole for their contribution to the CI expansion. Thus 
40 kcal/mole seems a reasonable estimate for the energy of the above process. 

This energy should be reduced by 6 kcal/mole in order to take into account the 
difference in energy between NH(�89 + �89 +) and NH(~A) as discussed in 
Sect. 3.5. Thus the reaction: 

HN3(1A ') ~ N2(IF~ +) + NH(~A) 

is endothermic by ~ 35 kcal/mole. 

4 In fact ~u(1A=~) = �89 "V,~rxl- I '" .rT~ry[ • i(l '" "~rx~'ul - ['" "Vx~ul)) however it may 
be shown that, because of the inherent equality J(~rx~rx) - J(Tr,rr~) = 2K(~x~r~), either the real 
or the imaginary part of the wavefunction is sufficient to describe adequately the 1A state. This 
point was tested numerically here. 
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The thermodynamic dissociation energy may be estimated from the above value 
by considering the term energy of NH(1A) together with zero-point energies. Using 
the experimental value Te(1A) = 1.57 eV [34] together with the vibration frequencies 
calculated here for HNa and the corresponding experimental values for N2 [35] 
and NH(3Z -)  [36] yields: 

HNa(1A ') --> N2(~E +) + NH(aE-)AH~ ,~ - 8 kcal/mole. 

Therefore, according to the present estimate, hydrazoic acid should be slightly 
metastable. This conclusion is contrary to electron-impact measurements [6] which 
predict a value of + 9 kcal/mole for the same process. At the present time, because 
of the approximate nature of our calculated value, as well as of  experimental un- 
certainties due to the exact nature of  the fragments, it is difficult to predict with 
certainty whether HNa is stable or metastable. 

However, our findings seem to account better for the explosive nature of  the 
molecule. According to preliminary calculations on the aA" state, which correlates 
with N2(~E +) + NH(3Z-) ,  the intersystem crossing with the ground 1A' state occurs 
at energies close to the ~A' state dissociation limit. As a result, there should be a 
~30  kcal/mole potential barrier towards dissociation of the molecule. These 
numbers provide an explanation to the chemical properties of the molecule: it is 
capable of  explosive decomposition at moderate temperatures, but nevertheless 
can be stored as a gas at room temperature and low pressure. 

4. Conclusions 

The present study on hydrazoic acid gives information on the structure of  this 
molecule, and offers some insight as to its dissociation mechanism. Obviously 
more work will be necessary to obtain reliable quantitative results on the energetics 
of  its dissociation. This work will be pursued in the following two directions: 

a) More elaborate SCF CI calculations including polarization functions in the 
basis set will be made in order to confirm (or infirm) the present estimates. 

b) With these improved wavefunctions, we plan to calculate the spin-orbit inter- 
action allowing the molecule to pass from the 1A' state to the 3.4" state. 
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