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Reaction of the hydrogen atom with hydrazoic acid HN3 in the gas phase has been investigated theoreti-
callly. Tracing of the reaction path by the SCF procedure based on the 6-31G (d,p) basis functions has shown
that the reaction proceeds through an initial rate-determining hydrogen atom addition to HN3 giving a doublet
radical HoN3, which is subsequently self-decomposed into NHy+N3. The barrier height for the initial addition
step calculated by the MRD-CI method employing the [4s2p1d] basis sets is 21 kJmol™! (with the vibrational
zero-point energy correction). The bimolecular rate constants for the overall reaction calculated by the conven-
tional transition state theory combined with appropriate tunneling corrections are found to agree well with the
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experimental data reported over the temperature range 300 to 500 K.

The bimolecular reaction of the hydrogen atom with
hydrazoic acid HN3 is known to be an unavoidable side
reaction in the thermal decomposition of HN3.» It is
so much so as the triplet imidogen radicals NH (3%7)
generated by the primary decomposition of HN3 tend
to be readily “self-recombined” to give No+2H. HNj3 as
the parent compound is much more susceptible to the
attack of H than to NH (327).

A direct kinetic study? of the reaction between H and
HNj3 has shown that the product is exclusively NHo:

H + HN3 — NH; + N» (1)

Apparently, reaction (1) is far more advantageous than
the abstraction reaction:

H + HN3 — Hs + N3 (2)

The situation can be taken as indicating that the initial
step of the H-HN3 reaction will be an addition reaction

H\
H+HNg - SN-NN (3)
1

the doublet adduct thus formed being decomposed sub-
sequently to NHg+Na:

1 — NH> + N» (4)

Admitting that the bimolecular reaction of our con-
cern, i.e., reaction (1), is in reality a two-step reaction
comprizing reactions (3) and (4), we are required to an-
swer several questions of importance. They include the
following:

1. Can the adduct 1 be a well-definable intermediate?

2. Which of the two successive reactions, (3) and (4),
is rate-determining? More specifi¢ally, which of the re-
spective transition states will energetically be less sta-
ble?

3. Can the characteristics of the net transition state
located be compatible with the experimentally deter-
mined rate constants??

The present work is aimed at answering all these
questions. To this end, we trace reactions (3) and (4)
by the SCF/6-31G (d,p) procedure. The stationary
points located are then subjected to the multi-reference
double-excitation (MRD) configuration-interaction (CI)
computations using the [4s2pld] basis functions. The
bimolecular rate constants for the overall reaction (1)
are calculated by the conventional transition state the-
ory (TST).® Kinetic features and mechanism of the re-
action will be discussed in the light of the theoretical
results obtained.

Method of Calculations

The reaction paths were traced by the UHF SCF pro-
cedure combined with the energy gradient technique. The
Gaussian 86 program package? was used for this purpose.
The basis sets used are the 6-31G(d,p) functions® through-
out. The validity of the geometries for the transition states
located were checked by the vibrational analyses.

All the stationary points involved in the potential energy
surface swept were then subjected to the MRD-CI computa-
tions. The Table MRD-CI program furnished by Buenker®?
was used. The basis sets used for the CI computations were
the conventional 6-31G(d,p) functions and the [4s2p]/[2s]
functions due to Dunning® augmented with one set each
of d and p polarization functions. In obtaining the CI en-
ergy, we followed the configuration-selection routine, extrap-
olation technique, and the Langhoff~-Davidson perturbation
corrections, as has been described in detail in our previ-
ous papers.® !V The maximal dimension of the present CI
computations are ca. 15000 while the total numbers of the
symmetry-adapted configurational functions are ca. 800000.

Results

(A) Adduct Radical. The doublet radical HyN3
comprizing hydrazoic acid HN3 and a hydrogen atom
can either be an asymmetric entity HHN3 (1) or a sym-
metric adduct HN3H (2). SCF geometry optimizations
of these radicals by use of the 6-31G(d,p) basis sets gave
the structures as shown in Fig. 1. The former radical
(1) has proved to be nonplanar, while the latter (2) is
planar (Cy,)symmetric. In terms of the UHF SCF en-
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ergies, 1 and 2 are more stable than the binary system
H+HNj3 by 254 and 184 kJ mol~!, respectively.

By separate computations, it has begq confirmed that
1 is state-correlated with H+HNj3 (X A’), whereas 2
with H+HN3 (a3A”). The situation indicates that the
additiogllof the hydrogen atom toward HNj in its ground
state (X A’) should take place exclusively on the termi-
nal nitrogen atom bearing the H atom. This, in turn,
justifies the presumption that the initial step of the H—
HNj reaction of our present concern will be reaction (3).
In what follows, therefore, we will focus our attention
on the behavior of the asymmetric radical HHN3 (1).

(B) Potential Energy Profiles. To begin with,
the transition state (TS1) of the initial H atom addi-
tion reaction (3) was located by the SCF/6-31G(d,p)
procedure. The incoming hydrogen atom (H®) starts
to approach the N! atomic site from the direction per-
pendicular to the molecular plane of HN3. The optimal
geometry obtained for TS1 is shown in Fig. 2. The cal-
culated SCF barrier height was 50 kJ mol ™.

The subsequent decomposition process of 1, reaction
(4), was then traced by the SCF procedure in the at-
tempt to locate its transition state (TS2). The SCF
saddle point showed up at the N'-N? separation of 1.59
A. The point was found to lie only 14 kJ mol~! above 1.
TS2 is thus far lower-lying than TS1 and is even more
stable than the initial state H+HNj3. Clearly, the initial
H atom addition step, reaction (3), is rate-determining

HHN, HN3H (A)

Fig. 1. Optimized geometries of HHN3 (1) and HN3H
(2). The bond lengths are given in units of A. The
entries given in parentheses indicate the dihedral an-
gles ¢ (HNNN).
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Fig. 2. Optimized geometries of the transition states.

The bond lengths are given in units of A. The entries
given in parentheses indicate the dihedral angles ¢
(HNNN). TS1, reaction (3); TS2, reaction (4).
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for the overall reaction (1).

All the stationary points mentioned above were sub-
jected to the MRD-CI calculations using the 6-31G(d,
p) and Dunning’s [4s2p1d] basis functions. The CI en-
ergies obtained and the vibrational zero-point corrected
data therof (CI+vib), both expressed by taking the ini-
tial H+HNj3 system as reference, are summarized in
Table 1. The UHF SCF energies are also included there
for the sake of comparison.

We should mention one thing at this stage. That
is, because geometries of the various doublet species
treated in this work have all been optimized by the UHF
SCF procedure, we feel it most adequate to conduct the
geometry optimization for the singlet mother compound
HN3 somehow at a beyond-RHF SCF level. The pre-
caution seems to be particularly appropriate here since
the total energy calculated for HNj is fairly sensitive to
the geometry adopted for it. Under such circumstances,
we have decided to optimize the geometry of HNj
by the perfect-pairing multi-configuration (MC) SCF
formalism'? in which six frontier orbitals are invoked
for six electrons (6,6) to be accommodated.’® The CI
energies calculated for this MC(6-6) SCF geometry'®
were found to be ca. 15 kJ mol~! lower than those ob-
tained for the RHF SCF optimized geometry.'*) The
CI energies Ecp for the initial state H+HNj3 given in
Table 1 are based on the above-mentioned MC SCF
geometry for HNj.

It should also be mentioned here that, in evaluating
the CI energy of TS2, a series of CI computations wete
carried out at several points on the SCF reaction path
to locate the point of the CI maximum. The geometry
of TS2 given in Fig. 2 corresponds, in reality, to such
a point where the N'-N?2 linkage (1.89 A) has consid-
erably been elongated as compared to that in the SCF
saddle point. It is now more than 100 kJmol~! less
stable than the adduct radical 1. The conclusion that
TS2 is by far lower-lying than TSI remains unaltered,
however.

As can be seen in Table 1, the activation barrier
heights for the rate-determining step (T'S1) calculated
by the MRD-CI/[4s2pld] method, 18 (CI) and 21 (CI+
vib) kJ mol~!, are in good agreement with the experi-
mental activation energy E,=19 kJmol~!.? Also, the
heat of reaction calculated for the overall process (1) by
the same basis set, —324 kJ mol~! (CI+vib), agrees well
with the experimental value of A Hy =—320 kJ mol~1.1%)

Figure 3 is a diagrammatic illustration of the poten-
tial energy profiles for the H+HNj3 system calculated
by the present MRD-CI/[4s2p1d]//6-31G(d,p) proce-
dure. The energy gaps shown are all based on the CI
energies with the vibrational zero-point energy correc-
tions. That the reaction between H and HNj3 should
end up with the formation of NH, (2B;)+N; via the
rate-controlling TS1 is self-explanatory.

(C) Rate Constants. We are now in a po-
sition to calculate the bimolecular rate constants for
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Table 1.
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Relative MRD-CI Energies (kJ mol™!) of the H-HN3 System Cal-

culated by Use of the 6-31G(d,p) and [4s2p1d] Basis Functions

State 6-31G(d,p) [4s2p1d] Expt
UHF SCF ClI  Cl+vib CI  Cl+vib ’
H+HN; 0 (0¥ 0 (0)? (0)° (0)
TS1 50 27 30 18 21 199
HHN;(1) —254  —347 -319  —393 —366
HHN3(2A") —243  —266 —242  —288 —264
HN3H(2) —184 -13 12 -34 -9
TS2 —240  —230 -219 234 —222
NH.(®B;)+N; —437  -321 -309 —336 -324  —320°
NH(?A1)+N; —296  —182 -169  —194 -181  —1989
TS3 78 78 69 54 45
a) FEscrp=-—164.34113 hartrees. b) Ecj=—164.86271 hartrees; FE,;, =54.8
kJmol~™!. c¢) Eci=-164.89389 hartrees; E,;,=54.8 kJmol~!. d) Experimental

activation energy, Ea.2) ) Based on the thermochemical data, AH,.!5) ) The
excitation energy (123 kJmol~1)!6) was corrected for the vibrational zero-point

energy.
TS1
324
TS2 NHz(2A;) + N,
HHN4(3A) 143
144
102
| l NH,(B,) + N,
HHNa(1)

Fig. 3. Potential energy profiles of the H-HN3 sys-
tem calculated by the MRD-CI method employing
the [4s2pld] basis functions. Energy gaps shown are
in units of kJmol™! with the vibrational zero point
correction.

reaction (1) according to the conventional transition
state theory (TST). The vibrational frequencies calcu-
lated by the SCF/6-31G(d,p) procedure for the reac-
tant HN3 are 516.6, 609.3, 1130, 1292, 2260, and 3361
cm™?! (corrected by a constant factor of 0.90), which
give the vibrational zero-point energy of 54.8 kJ mol~!.
The frequencies calculated by the same token for TS1
are 339.4, 454.0, 551.1, 635.2, 1058, 1286, 1942, and
3375 cm™! with one additional imaginary frequency of
12564 cm™1.

The rate constants k have first been calculated by
adopting the [4s2p1d] theoretical activation energy Eo=
21 kJmol~! over the temperature range 300—500 K.
The resuls are indicated by a dotted line in Fig. 4, where
it is seen to be by a factor of 3 to 6 too low as compared
with the experimental results,? which are represented
by the Arrhenius parameters A=1.53x10'® ¢m3 mol~?
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Fig. 4. Rate constants for the gas-phase reaction H+

HN3;—NH2+H,. Broken line, calculated by the con-
ventional TST without the tunneling correction; bold
line, calculated by the TST formalism with the tun-
neling correction; full line, experimental results re-
ported by G. Le Bras and J. Combourieu.?

s7! and F,=19 kJmol~!. At first sight, the discrepancy
may appear to be due to a possible overstimation of the
Ey value.

It is our feeling that another factor of importance
which needs to be taken into consideration is the tun-
neling effect operative in the region of TS1. For evalu-
ating the tunneling correction factors I'(T) at various
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temperatures, we adopt here Wigner’s expression'”
I(T) =1+ (h|v'| /kT)?/24, (5)

where v#=12564 cm~! in the present instance.

The I'(T) values at various temperatures were cal-
culated according to Eq. 5. The rate constants k cal-
culated by multiplying these I'(T) values at the tem-
perature range 300—500 K are shown by a bold line in
Fig. 4. The results reproduce the experimental curve
quite satisfactorily. The theoretically obtained activa-
tion energy Ey=21 kJmol~! is believed to be highly
accurate.

Discussion

As has already been described above, both the acti-
vation energy and the exoergicity of the entire reaction
(1) are reproduced reasonably well by the present CI
computations based on the [4s2pld] basis functions. In
view of this success, calculations of other energies re-
lated to the adduct radical (1) will also be sufficiently
reliable. Thus, the H-N bond dissociation energy of 1
is calculated to be 366 kJ mol~!, a value which is some-
what smaller than 440 kJ mol~! for NH3.!® The energy
barrier of 1 against its decomposition into NHy+Nj is
predicted to be 144 kJ mol~!. It seems, therefore, that
the doublet radical 1 is a fairly stable entity and could
well be identified as such when the H atom addition
toward HNj3 is conducted under high pressures at low
temperatures.

Also shown in Fig. 3 is the energy level for the planar
(2A’) form of HHN3, which corresponds to the transi-
tion state for the “umbrella inversion” of HHNj3;. The
calculated inversion energy is 102 kJ mol™!, which is
significantly greater than the experimental value of 24
kJmol~! for the case of NH3.!®

At this stage, we would like to point out one feature
of importance regarding the decomposition process (4).
We have noticed that, as the N'-N? bond of 1 is elon-
gated, its NHy moiety is rotated increasingly around
the N!-N? axis until it attains a C,-symmetric form at
TS2. Beyond TS2, the entire system maintains the C,
symmetry all the way. An implication of this computa-
tional feature is that the NH, radical at the instance of
its formation by the decomposition should be rotation-
ally excited.

Finally, we will comment briefly on the abstraction
reaction (2), which has been left out of account at the
onset. Geometry optimization of the transition state
(TS3) by the UHF /SCF procedure has given a structure
as shown in Fig. 5. Results of the subsequent MRD-CI
calculations are listed in the final line of Table 1. The
activation energy (CI+vib) obtained by the use of the
[4s2p1d] basis functions is 45 kJ mol~1, which is clearly
greater than that (21 kJmol~!) calculated for the ad-
dition reaction (1). Accordingly, the possibility of the
abstraction reaction participating in the H-HNj3 reac-

Theoretical Study of the Reaction H+HN3—NH2+N»

1947

176.8°
N? N3
1.193 1220 1.113
107.1°
1.003 174.2°
H5

T3 (A)
Fig. 5. Optimized geometry of the transisiton state

(TS3) for the abstraction reaction H+ HN3—H2+Nj.
The bond lengths are give in units of A.

tion must be less than 0.5% in the temperature region
of our interest. Ignoring the role of the abstraction re-
action in the H-HNj3 reaction is thus most likely to be
legitimate.

Conclusions

1. The gas-phase reaction H+HN3;—NH;+ Ny should
proceed through the rate-determining addition of H
toward HNj, the calculated barrier height being 21
kJmol~1.

2. The adduct radical HHN3 could be a well-definable
entity, which would, however, readily be collapsed into
NH,+N, above room temperature.

3. The conventional transition-state theory combined
with tunneling corrections is capable of reproducing the
bimolecular rate constants for the entire reaction in the
temperature region 300—500 K.
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