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Ab initio Study of Hydrazoic Acid

I. The Ground State: HN;(*4")

Jacques Lievin, Jacques Breulet*, and Georges Verhaegen

Laboratoire de Chimie Physique Moléculaire, CP. 160, Université Libre de Bruxelles, 50, ave.
F. D. Roosevelt, B-1050 Brussels, Belgium

SCF and CI calculations were carried out on the ground 14’ state of HN;. The
equilibrium geometry and vibration frequencies were computed. The results
point to a planar structure (group C;) 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 N, 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, 51.
The dissociation process HN; — NH + N, 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 HNj [9], and the protonation of Ny [10]. All these calculations [7, 8, 10] were
made with basis sets of variable size, except those of Rabalais ez 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 (CH,N,) which
have been reported previously [11, 12}, and those of the azide ion (N3) 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 HNj. Since hydrazoic acid is experimentally reputed to be a non-linear
but planar molecule [3], most calculations were made on point-group C; structures;
a few calculations only were performed in point-group C; symmetry (= # 0).

2.2. Electronic Configurations and States

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

(1-6)a’® 1a"% (7-9)a’® 24", 4

The dissociation products have configurations and states:
NH(group C,,) 10%26%30%17% 3%, 1A 1Y
No(group Do)  102102262202175302, X

Fig. 1. Parameters and axis convention
for HNs; = = 180° corresponds to a
planar frans structure (point group C;)
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Combination of these configurations in group C; yields:

A: (1-6)a’? 12" (7-9)a’? 2a"?, 2y
B.' (1—6)012 la”2 (7—9)012 2(1” 10(1,, 3A”’ IAI/
C: (1-6)a'’? 1a™ (7-9)a’? 10a’?, A

The electronic states for their part combine as:
3R - 4 Iy g+ > 34"
lA + 12 g+ > 1 A”

T 4N gy

Owing to the degeneracy of =, and =, orbitals in point group C,, symmetry, the
two 14’ states should be degenerate at the dissociation limit with an energy equal
to that of NH(ZE(*X*) 4+ $E(*A)) + N(E(*Z})). Thus one expects that the ground
configuration 4 will mix increasingly with configuration C as R, increases, until a
50% contribution of configuration C is achieved at the dissociation limit.

Also, since ®%~ is the ground state of NH, one expects an intersystem crossing
between the ground *A’ state (Configurations 4 and C) and the 4" 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 GAUSSTAN 70. A few calculations were also made with
basis set 6-31G** [19] using GAUSSIAN 76 [20].

Configuration interaction (CI) 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;f, RiRa, RoB, off, Ry, Rye
and R,R;3). A term in 82 was also considered.

Vibration frequencies were obtained from direct diagonalization of the correspond-
ing FG matrix. According to group-theoretical considerations, HN; has 5 normal
modes of A" symmetry and one of A" symmetry, the latter corresponding ex-
clusively to the out-of-plane angle = and reversely = participating only to the 4"
symmetry coordinate. Thus, if one uses internal coordinates (R;, R, Ry, o, B and ),

Table 1. Survey of some calculated points

CI calculation®

Basis Energy
Molecule (geometry)® State set 8 n (a.u.)
HN3(R, =1.1254, 14 6-31G — — —163.7292
R:=127A, Rs=1.024, 6-31G 2,104 594 —163.9145
a=111°, B=170°) 6-31G 7.10-° 1339 —163.9247
6-31G**  — — —163.8392
HN(B=161°)¢ 14° 6-31G — — —163.7276
6-31G 2.10-% 567 —163.9110
6-31G** — — —163.8360
HN;(8=181°)° 14’ 6-31G — — ~163.7271
6-31G 2.10-¢ 581 —163.9093
6-31G** — —~163.8376
HNg(B=191°)° 14 6-31G — — ~163.7217
HN3(R:=1.1034, 14 6-31G — — ~163.7098
R,=1.587A, R;=1.034, 6-31G 2.10-¢ 563 —~163.8829
«=98°, =163°) 6-31G 7.10-5 1243 ~163.8940
6-31G**  — — ~163.8054
34" 6-31G — — —163.6550
HNg(R,=1.0994), 14 6-31G — — -163.7084
R,=2.1174, R;=1.0354, 6-31G 2,107 333 —163.8686
a=90°, B=156°) 6-31G 7.10~5 693 —163.8851
6-31G**  — — —163.7983
34" 6-31G — — —163.7768
HN(R,=1.0944, 14’ 6-31G — — —163.7050
R,=32A, R;=1.0354, 6-31G 7.10"8 418 —163.8846
a=90°, B=156°) 34" 6-31G — —163.8061
NH(R=1.0324) I(A+1ZH) 6-31G — — —54.8357
6-31G 7.10-5 60 —54.8934
6-31G**  — — —54.8538
1A 6-31G 7.10~5 ¢ 106 —54.9031
3%~ 6-31G — — —54.9384
No(R=1.0954) 1 6-31G — —_ —108.8679
6-31G*+ — — —108.9430

2 7 = 180° for all geometries considered here.

b § refers to the threshold for selecting configurations, n is the corresponding number of
configurations. Unless otherwise indicated, calculations are carried out on the A’ state
(Configuration A) as reference state. SCF calculations are characterized by blanks.

¢ Same geometry as first point except for the value of angle 8.

4 CI reference state: (1/V2)(| - - mix| — |-+ - m,7y]), see Section 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 1 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,® 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 B8 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,N, [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 R; (N—N bound) is overestimated — this is entirely in keeping with similar
findings in CH,N,,.

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 8 (cf. Fig. 1) calculated here at different levels of approximation
together with the value proposed by Harrison et al. [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 Nj with basis set 6-31G: in this case, the
calculations point without doubt to a linear structure. Qur results for N3 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
* The authors are willing to supply further results upon request. These include 123 calculated

points with basis set STO-3G and 54 with basis set 6-31G on the molecules HN;, N5, NH
and Nz.
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Table 3. Determination of g and &,

81

Analytical
fit B kg
Method Basis set degree” Coupling (deg) (10712 ergfrad?)
SCF?2 STO-3G 2 a, B 170 4.7
SCF* 6-31G 2 1st neighb.© 170 54
SCF® 6-31G 3 — 170 54
CI* 6-31G 2 — 170 12.6
(8=2-10"%
SCF* 6-31G** 2 — 173 6.9
SCF¢ 4,4,3,2;4,3) 2 —_ 172 6.8
+ pol.
exp. — — — 180° 10.0*f
* This work. b Maximum power of B in polynomial.
¢ See Section 2.1. 9 Ref. [7].
° Ref. [3]. Postulated value. f Ref. [27].
Table 4. Force constants and vibration frequencies
HNj
Property Calculated® Exp.4 Calculated® Exp.©
ky? 21.9 17.3 17.2 13.4
koo 9.3 10.1 17.2 13.4
kas 7.1 6.2 — ——
kea 0.71 0.69 — —
kgs 0.38 0.71 0.66 0.58
k; 0.10 — — -—
kia 2.4 1.74 29 1.74
kig —-0.14 0.03 —
kas —-0.23 0.30 — —
kog —0.35 0.06 — —
koa 1.1 0.44 — -—
kae 0.24 0.04 — —
kog —0.02 0.12 — —
vs(N;NyNz)°© 1617 1269.0 1562 1344
va(N; N, N3) 2344 2140.4 2276 2041
w(NH) 3606 3335.6 — —
H(NH) 982 1152.5 — —
bin(N1 N N3) 472 657.9 693 645
Bous 496 740.0 693 645
2 This work.

® Force constant k;; corresponds to internal coordinates R; and R; (see (Fig. 1); units are 10°

dyn/cm.

¢ Approximate description of normal modes is given [27]: »; and v, corresponds to symmetric
and asymmetric streiching respectively, by, and b,y to in- and out-of-plane bending. Units

are cm™ L.

4 See Ref. [27] for force constants, Refs. [4, 5] for vibration frequencies.
¢ Solid state results depending on the nature of crystal [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 Nj for which no
direct comparison with experiment is possible.

The influence of correlation and of basis set was tested on the B-bending force
constant of FINj, just as it was tested for the value of 8. 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 HN;, N3, NH and N,: net populations are indicated above
the atoms, and overlap populations above the bonds.

6.40 126 640 6.85 50 .65
OO OO0 MN+M
N, N, N, H
6.50 100 610 66 6.60 80 55
O2O-5 0080w
Fig. 2. Mulliken population analysis re-
705 §10 705 0 sults. Net populations are indicated above

90 90 - + the atoms, overlap populations above the
O O O O Ny + H bonds. STO-3G basis set
The data permit a clear visualization of the charge transfers which take place when

HN, is dissociated, and when Ny is protonated.

If one compares the overlap populations of Fig. 2 with those of N, (triple bond),
N,H, (double bond) and NyH, (single bond) calculated [30] with the same basis
set,? it is apparent that:

1) the N—N bonds in N3 correspond closely to double bonds

2 Respectively 1.20, 0.88 and 0.54 for N, N,H. and NoH, [30].
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2) the N;—N, and N,—Nj; bonds in HNj; correspond to intermediates between a
double and a triple bond and a double and a single bond respectively.

Thus N3 may be depicted by the formula:
) )
N=N=N
and HNj; 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 R,. Once the
geometries along the reaction path were established with this basis set, calculations
with the larger 6-31G (IDZ) 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 CH,N,, 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 (Ry), 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 yiclds 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 of polarization functions
(3d on N and 2p on H) increases the dissociation energy by a factor of two
(~0.022u. > ~0.04 a.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 N, on the
one hand with those of CH, and N, on the other hand. In Fig. 4 we give a sketch

® A study of basis-set-borrowing applied to the dissociation energy of CH, into C + H,

has shown that this effect accounts for ~25%, of the calculated dissociation energy with basis
set STO-3G [31].
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Ry (D)
1
(4
!

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 6-31G** 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.
Ry(au) 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 CH,(XH) attack the N, 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 #-structure and the lone pairs in N,. The near-perpendicu-
larity between the XH bonds and the N—X direction is also easily understood: in
CH,N,, the new bond is formed perpendicular to the two CH bonds and the
carbon lone pair which all lie in the same plane; in NHN, the new bond is formed
perpendicular to the NH bond and the two nitrogen lone pairs which are also co-
planar.

When the N,—XH distance decreases, apparently the two systems behave differ-
ently: in CH,N,, we find that both angles ((H;)—C—N and N—N-—CH,) increase
to 180° at equilibrium resulting in a change from C; structure to a C,, structure; in
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O—O—OB -2

Ry= 4 au. R,=3au R, = R,(eq)

Fig. 4. Comparison of dissociation paths of HINg and CH_N,, (Ref. [12])

NHN,, 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 C,, structure in CH;N,, has been explained [12] on the basis of a strong
interaction between the two CH bond densities and a = structure lying above and
below the molecular plane. Further the H—C—H angle of 120° points to a near
sp® 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 HNj, there also exists a # structure lying above and below the molecular plane.
In this case, however, because NH, contrary to CH,, has axial symmetry, the =
structure can be established in a plane perpendicular to that found for CH,N,,
i.e. without having to straighten out the N—N—H angle. Thus the near sp2 bond
directions in nitrogen can be maintained on the N atom because a lone-pair lies
at 120° of the N—H and N,—Nj bonds in the molecular plane. This structure also
explains the close but nevertheless non-linearity of the N;—N,—Nj angle as being
due to an asymmetrical repulsion between the N;,—N, bond density with the
N3;—H bond density on the one hand and the N; 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 (R, = 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 14’ state by
10 kcal/mole, but do not modify the nature of the dissociation products,
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i.e. NH(3'A + 1 1E+), The reason for this is that the ground 4’ state (Conf. 4)
was chosen as reference state for these calculations over the whole range of R, 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
R, = 6.0 a.u. the weights (square of CI coefficients) of Configurations 4 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 NH
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 3%~ (10%2¢230%1m,1m,) structure, which ensures a =, — m,
degeneracy. Also, the reference state for the selection of the interacting configura-
tions was chosen as: (1/\/5)(] <o — |- - mymy]) in accordance with the *A
irreducible representation.? Another calculation on NH similar to that on HN; was
made, i.e. both the SCF and CI reference state was chosen as 1(*X* + IA)
(106220%302172). The results of these two calculations are given in Table 1.

Since the =, — , degeneracy is due to the axial symmetry of NH 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 HN; (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 HN,.

3.6. Estimation of the Dissociation Energy of NaH

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

First we consider the process:

HNy(4) — Ny('Z) + NHG 'A + 3 °E7).
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({'A + 1X*) and NH('A) as discussed in
Sect. 3.5. Thus the reaction:

HN,(*4) - Ny(*Z5) + NH(A)

is endothermic by ~ 35 kcal/mole.

4 In fact WCA®) = L(] -+ - Famrn| = | -+ 7wy | £ i(] -+ - wamy| — |- - -7y |)) however it may
be shown that, because of the inherent equality J (mymy) — J(mpry) = 2K(m,m,), either the real
or the imaginary part of the wavefunction is sufficient to describe adequately the *A 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(*A) together with zero-point energies. Using
the experimental value T,(*A) = 1.57 ¢V [34] together with the vibration frequencies
calculated here for HN; and the corresponding experimental values for Ny [35]
and NH(X ) [36] yields:

HN,(14) = N,('Z;) + NHEE)AHS ~ —8 keal/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 HNj is stable or metastable.

However, our findings seem to account better for the explosive nature of the
molecule. According to preliminary calculations on the 24" state, which correlates
with Ny(*2;) + NH(®XZ 7), the intersystem crossing with the ground 14’ 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 14’ state to the 34" state.
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