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ABSTRACT: Potential-energy surfaces for various channels of the reaction haveHNO 1 NO2

been studied at the G2M(RCC,MP2) level. The calculations show that direct hydrogen abstrac-
tion leading to the products should be the most significant reaction mech-NO 1 cis-HONO
anism. Based on TST calculations of the rate constant, this channel is predicted to have an
activation energy of and an A factor of ca. at ambient211 3 21 216–7 kcal/mol 10 cm molecule s
temperature. Direct H-abstraction giving has a high barrier on PES and theNO 1 trans-HONO
formation of trans-HONO would rather occur by the addition/1,3-H shift mechanism via the
HN(O)NO2 intermediate or by the secondary isomerization of cis-HONO. The formation of

can take place by direct hydrogen transfer with the barrier of ca. higherNO 1 HNO 3 kcal/mol2

than that for the channel. The formation of HNO2 by oxygen abstraction isNO 1 cis-HONO
predicted to be the least significant reaction channel. The rate constant calculated in the
temperature range for the lowest energy path producing gave300–5000 K NO 1 cis-HONO
rise to

220 2.64 3 21 21k 5 7.34 · 10 T exp(22034/T) cm molecule s .a

q 1998 John Wiley & Sons, Inc. Int J Chem Kinet 30: 729–736, 1998

INTRODUCTION

All four species involved in the title reaction are
known to coexist in most H/N/O-systems. The reac-
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tion may be an important sink for NO2 in the early
stages of nitramine and nitrate ester combustion re-
actions, because HONO is chemically less reactive
than either HNO or NO2.

The rate constant for the reaction in either the for-
ward or the reverse direction is not known experimen-
tally or theoretically. The reaction is exothermic by
more than and, in principle, can take23 kcal/mole
place by several direct and indirect abstraction mech-
anisms.
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Direct mechanism:
a

HNO 1 NO 99: NO 1 cis-HONO2

b
99: NO 1 trans-HONO

c
99: NO 1 HNO2

Indirect mechanism:
d

HNO 1 NO 99: HN(O)NO !:2 2

NO 1 trans-HONO
e

99: HN(O)ONO !: HNO 1 NO2

The objective of this study is to elucidate the mecha-
nisms involved and to provide the absolute values of
the rate constants for various product channels over a
wide range of reaction conditions for computer sim-
ulation of nitramine and nitrate ester combustion re-
actions using high-level ab initio molecular orbital
methods aided by statistical reaction rate theory cal-
culations.

CALCULATION METHODS

The geometries of the reactants, products, intermedi-
ates, and transition states have been optimized using
the hybrid density functional B3LYP method [1] with
the 6-311G-(d,p) basis set [2]. Vibrational frequencies,
calculated at the B3LYP/6-311G(d,p) level, have been
used for the characterization of stationary points, zero-
point energy (ZPE) correction, and transition-state the-
ory (TST) computations of the reaction rate constants.
All the stationary points have been positively identi-
fied for minimum (number of imaginary frequencies

) or transition state ( ). AllNIMAG 5 0 NIMAG 5 1
the energies quoted and discussed in the present article
include the ZPE correction. In some cases discussed
below, we used the MP2/6-311G(d,p) approach [3] for
geometry optimization and for vibrational frequency
calculations.

In order to obtain more reliable energies, we used
the G2M(RCC,MP2) method [4]. The
G2M(RCC,MP2) method is a modification of the
Gaussian-2 [G2(MP2)] approach [5], by default it uses
B3LYP/6-311G(d,p) optimized geometries and ZPE
corrections and substitutes the QCISD(T)/6-311G(d,p)
calculation of the original G2 scheme by the restricted
open-shell coupled cluster [6] RCCSD(T)/6-
311G(d,p) calculation. The method can also be used
with the MP2/6-311G(d,p) geometries and frequencies
where ZPE corrections are scaled by 0.95. The total
energy in G2M(RCC,MP2) is calculated as follows
[4]:

E[G2M(RCC,MP2)] 5 E[RCCSD(T)/6-311G(d,p)]
1 DE(13df2p) 1 DE(HLC) 1 ZPE,

where

DE(13df2p) 5 E[MP2/6-3111G(3df,2p)]
2 E[MP2/6-311G(d,p)]

and the empirical “higher level correction”

DE(HLC) 5 25.25n 2 0.19n ,b a

where are the numbers of a and b valencen and na b

electrons, respectively.
The GAUSSIAN 92/DFT [7] and MOLPRO 94 [8]

programs were employed for the potential-energy sur-
face computations.

RESULTS AND DISCUSSION

The reaction of HNO with NO2, as alluded to in the
introduction, can occur by various mechanisms. Ab-
straction of the H atom from HNO by NO2 can lead
to the cis or trans-isomer of HONO and to HNO2. On
the other hand, the N atom of HNO can form a bond
with the nitrogen or oxygen atom of NO2 leading to
intermediates of the HN2O3 stoichiometry. Another
possibility is the bond formation between the O atom
of HNO and N or O of NO2. However, we could not
locate any stable species with the HNOONO or
HNONO2 structures and ruled out these reaction chan-
nels. The second mechanism is discussed in greater
detail below. The optimized geometries of the reac-
tants, products, intermediates, and transition states are
shown in Figure 1. Their energies, calculated at vari-
ous levels of theory, are collected in Table I. Figure 2
illustrates profiles of the potential energy surfaces
(PES) of various channels of the reac-HNO 1 NO2

tion.

Direct Hydrogen Abstraction

First, we consider the reaction channels proceeding by
abstraction of the hydrogen atom from HNO by NO2.
If the H atom is abstracted by the oxygen atom, HONO
is formed in either cis or trans conformation. TS1 is
the transition state leading from the reactants to

TS1 has an early character; thecis-HONO 1 NO.
breaking NH bond is stretched by only 0.04 Å as com-
pared to that in HNO, while the forming OH bond is
still 0.70 Å longer than that in HONO. The early char-
acter of the transition state can be attributed to the
exothermicity of the HNO 1 NO : NO 12
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Figure 1 Optimized geometries of the reactants, products, intermediates, and transition states for the reaction,HNO 1 NO2

calculated at the B3LYP/6-311G(d,p) level (bond lengths are in Å and bond angles are in degrees). For TS1, TS3, and TS4,
italic numbers show the MP2/6-311G(d,p) optimized geometric parameters.

reaction, which is as high ascis-HONO
at the G2M(RCC,MP2) level. At the31.8 kcal/mol

B3LYP level, the energy of TS1 is slightly lower than
that of and the transition state actuallyHNO 1 NO2

connects a weak ONH . . . ONO complex with the
products. The ONH . . . ONO complex (shown in
Fig. 1) lies below TS1 at the B3LYP0.4 kcal/mol
level without ZPE correction. At the G2M level, the
energy of the complex formation from HNO and NO2

is The B3LYP approach is known to un-2.2 kcal/mol.
derestimate barrier heights. Higher level calculations
at the RCCSD(T)/6-311G(d,p) and G2M(RCC,MP2)
levels give for the barrier at TS1 the values of

respectively.6.4 and 5.3 kcal/mol,
For comparison, we also carried out geometry op-

timization of TS1 at the MP2/6-311G(d,p) level. The
geometry change from B3LYP to MP2 is significant;
MP2 gives the NH distance 0.08 Å longer and HO
0.31 Å shorter than those at the B3LYP level, respec-

tively. The barrier height for HNO 1 NO : NO 12

at MP2/6-311G(d,p)//MP2/6-311G(d,p)cis-HONO
is Using the MP2 optimized geometry22.7 kcal/mol.
we also performed a single point G2M(RCC,MP2)
calculation and found that at the G2M(RCC,MP2)//
MP2 level the barrier is close to17.3 kcal/mol,
the RCCSD(T)/6-311G(d,p)//MP2 value of 17.9 kcal/
mol. The energy difference between the
G2M(RCC,MP2)//B3LYP and G2M(RCC,MP2)//
MP2 values is unexpectedly high, In12.0 kcal/mol.
order to reconcile these results, geometry optimization
of TS1 at higher theory levels, such as QCISD or
CCSD, is required. At this stage, we believe that the
B3LYP optimized geometry of TS1 and, correspond-
ingly, the G2M(RCC,MP2)//B3LYP energy are more
accurate. This is based on comparison of the MP2,
B3LYP, and QCISD optimized geometries of transi-
tion states for the and3H 1 O , O ( P) 1 H , N 12 2

reactions [4] as well as for [9]. The com-O H 1 NO2 2 2



732 MEBEL, LIN, AND MOROKUMA

JCK(Wiley) LEFT INTERACTIVE

short
standard
long

Table I Relative Energies (kcal/mol) of Various Species Through the Reaction of HNO with NO2 Optimized at the
B3LYP/6-311G(d,p) Level of Theory

Species

UMP2/
6-311G(d,p)

ZPEa Erel

B3LYP/
6-311G(d,p)

ZPE Erel

RCCSD(T)/
6-311G(d,p)

UMP2/6-311
1G(3df,2p) G2M(RCC,MP2)

bHNO 1 NO2 14.7 0.0 14.2 0.0 0.0 0.0 0.0
TS1, C1 27.0 14.4 22.3 6.4 25.8 5.3
TS2, Cs 48.0 13.9 5.0 21.5 47.2 20.6
TS3, Cs 20.1 14.8 20.4 0.2 20.4 0.1
TS3 (MP2)c, Cs 13.6 5.7 21.9 8.0 6.0 8.2
TS4 (MP2)c, C1 17.1 21.6 22.7 10.2 19.4 8.0
HN(O)NO2, C1 0.6 18.4 212.0 20.9 23.0 24.5
TS5, C1 23.9 15.2 4.4 17.4 20.6 14.1
TS6, C1 56.3 16.2 4.7 18.1 53.6 15.4
NO 1 trans-HONO 16.9 225.1 15.9 228.0 231.8 225.7 232.1
NO 1 cis-HONO 17.0 225.7 15.8 228.2 232.2 225.5 231.8
NO 1 HNO2 18.4 221.0 16.6 219.1 221.2 221.4 222.7

aZPE is scaled by 0.95.
bThe total energies of HNO 1 NO2 are the following: UMP2/6-311G(d,p): 2334.86877, B3LYP/6-311G(d,p): 2335.64600, RCCSD(T)/

6-311G(d,p): 2334.90750, UMP2/6-3111G(3df,2p): 2335.072347, G2M(RCC,MP2): 2335.164788, including ZPE.
cOptimized at the MP2/6-311G(d,p) level.

Figure 2 Profile of potential-energy surface (in kcal/mol)
for the reaction, calculated at theHNO 1 NO2

G2M(RCC,MP2) level.

parison clearly indicates that the B3LYP geometry in
most cases closely agree with the QCISD one, while
the MP2 geometry does not. Also, the MP2 approxi-
mation gives for TS1 an unreasonably high imaginary
frequency, which is an evidence of high218631i cm ,
spin contamination of the UMP2 wavefunction.

Transition state TS2 connecting withHNO 1 NO2

the products has a much higherNO 1 trans-HONO
energy, at the G2M level. The character20.6 kcal/mol
of TS2 is also early, but later than that of TS1. Al-
though the trans-HONO is slightly more favorable en-
ergetically than cis-HONO, the former is significantly
less reactive with respect to the hydrogen abstraction
than the latter. Earlier, we observed the similar trend
for the [10]NH 1 NO : NH 1 cis/trans-HONO3 2 2

and [9] reac-H 1 NO : H 1 cis/trans-HONO2 2

tions. In the reverse process, the barrier for abstraction
of the hydrogen atom from trans-HONO is always
higher than that from cis-HONO. We discussed this
trend in detail earlier [10] and it was attributed to the
repulsive interaction between an unpaired electron of
NO2 located on the nitrogen p orbital directed2( A ),1

outside of the ONO angle, and the forming O . . . H
bond. The trend can be also explained using the con-
cept of nodal lines. In the molecular plane of NO2 the
radical orbital has two nodal planes, as shown16a1

below:

O
2

1

1
N

O

An approximately straight line through the two O at-
oms is one nodal plane. The second line is approxi-
mately the perpendicular bisector of the two NO bonds
connected through the bonds. If the H of HNO attacks
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NO2 from below that corresponds to cis-HONO for-
mation. There is sufficient room for the orbitals in-
volved to not cross a nodal plane. If the H attacks from
above, there is again room enough to produce the
HNO2 product without crossing a nodal plane. But if
the H attacks from the side as needed for trans-HONO
formation, it is interacting in the most confined region
between nodal planes (and a region the calculations
show has the most confined radical orbital extent). The
result is that the nodal plane causes overlap cancella-
tion and a significantly higher barrier. Because of the
higher barrier at TS2, the reaction channel leading to

is not expected to compete withNO 1 trans-HONO
that producing We were unable toNO 1 cis-HONO.
optimize geometry of TS2 at the MP2 level; the en-
ergies are high and the transition state search does not
converge.

A transition state for the HNO 1 NO : NO 12

abstraction reaction also appeared difficult toHNO2

calculate. At the B3LYP level, the optimized geometry
of TS3 represents the two reactants at a long separa-
tion from each other; the ONH . . . NO2 distance is
2.39 Å. The energy of this structure is 20.4 and

relative to at the B3LYP0.1 kcal/mol HNO 1 NO2

and G2M(RCC,MP2) levels, respectively. Apparently,
in this case the B3LYP approximation fails to correctly
reproduce the shape of PES and the transition-state
position. Therefore, we reoptimized TS3 using the
MP2/6-311G(d,p) approach. At this level, the opti-
mized structure looks more reasonable. The breaking
NH and the forming OH bond lengths are 1.14 and
1.53 Å, respectively. Thus, the transition state exhibits
an early character in accordance with the reaction ex-
othermicity. The character of TS3 is later than that of
TS1, which is also in line with the Hammond rule; the

channel is less exothermic thanNO 1 HNO NO 12

Using the MP2 geometry of TS3, we cal-cis-HONO.
culated the barrier for the HNO 1 NO : NO 12

abstraction reaction to be at theHNO 8.2 kcal/mol2

G2M level, about higher than the barrier3 kcal/mol
for the channel.HNO 1 NO : NO 1 cis-HONO2

The order of the barrier heights for the two channels
corresponds to the order of their exothermicities. A
similar trend was earlier found for the NH 1 NO3 2

hydrogen abstraction reaction, where the barrier even-
tually leading to the products is ca.NH 1 HNO2 2

higher than the one leading to7 kcal/mol NH 12

[10]. Since the UMP2 method is not thecis-HONO
most reliable one for the calculations of geometries
and, especially, vibrational frequencies of transition
states for radical reactions and can suffer a severe spin
contamination of the wavefunction [10–13], further
studies would be required. In particular, geometry op-
timization and frequency calculations for TS3 at a

higher level, such as QCISD or CCSD, is needed but
prohibitively time-consuming at present. We tenta-
tively conclude that the product channelNO 1 HNO2

has a higher barrier and is less significant for the
reaction than theHNO 1 NO NO 1 cis-HONO2

channel.

Indirect Hydrogen Transfer

The initial association of HNO with NO2 can occur at
either nitrogen or oxygen atom of the latter. First, we
consider the reaction mechanism leading to a
HN(O)NO2 intermediate. HN(O)NO2 has an asym-
metric structure with a single NN bond. According to
the calculated charge and spin density distribution, the
dominant resonance structures are the following:

N9N1

O

O2

?
O

H

N9N1

O

O2
?
O

H

with the participation of

N9N1

OO2

O
?

H

N9N1

9N

O

O2 ?
O

H

N1

O

O2

?
O

H

9NN1

O O2

?
OH

At the G2M level, HN(O)NO2 lies below4.5 kcal/mol
the reactants.

Whether the barrier between andHNO 1 NO2

HN(O)NO2 exists, is a complicated question. At the
B3LYP level, the search of the corresponding transi-
tion state was unsuccessful; the optimization always
ends up in the reactants, indicating thatHNO 1 NO ,2

no barrier exists. On the other hand, the optimization
at the MP2 level gives a transition state TS4. The
G2M//MP2 calculated barrier is then 8.0 kcal/mol.
This value is close to the barrier for the similar

reaction,HNO 1 NO : HN(O)NO 9.5 kcal/mol
[14]. A barrier of was also found for the5–6 kcal/mol
NN bond formation in the reactionHNO 1 HNO
leading to HN(O)N(H)O [15]. On this basis, we be-
lieve that the MP26/6-311G(d,p) gives at least quali-
tatively correct geometry for TS4, and the G2M//MP2
calculated barrier is a reasonable estimate of the actual
value. As for TS3, a further study of TS4 including
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Table II Molecular and Transition-State Parameters
of the Reactants, Products, and Transition States of the
HNO 1 NO2 Reaction, Used for the TST Calculations of
the Rate Constants (Calculated at the B3LYP/6-
311G(d,p) Level)

Species i
Ii

(10240 g cm2) nj (cm21)

HNO A 1.521 1574, 1669, 2830
B 19.72
C 21.24

NO2 A 3.606 767, 1394, 1701
B 65.30
C 69.21

TS1 A 74.64 183i, 60, 87, 126, 303,
486, 765, 1205, 1475,B 334.0
1586, 1695, 2251C 382.5

NO A 0.0 1984
B 16.49
C 16.49

cis-HONO A 10.07 665, 722, 945, 1338,
1639, 3656B 63.24

C 73.36

its geometry optimization at the QCISD or CCSD
level is also required.

After the HN(O)NO2 intermediate is formed, the
reaction can proceed by a 1,3-H shift from nitrogen to
oxygen accompanied by splitting of the NN bond. The
corresponding transition state is TS5 and, after it is
cleared, the products are formed.NO 1 trans-HONO
The barrier at TS5 is calculated to be at14.1 kcal/mol
the G2M//B3LYP level. Note that the geometries of
HN(O)NO2 and TS5 do not differ significantly at the
B3LYP and MP2 levels, and their G2M//B3LYP and
G2M//MP2 energies agree within Theca. 2 kcal/mol.
1,3-hydrogen shift is the rate-determining step for
the HNO 1 NO : TS4 : HN(O)NO : TS5 :2 2

reaction mechanism. The energyNO 1 trans-HONO
of TS5 is lower than that of TS2, so the6.5 kcal/mol
formation of trans-HONO from is moreHNO 1 NO2

likely to occur by the addition/hydrogen shift mecha-
nism than by direct hydrogen abstraction. On the other
hand, trans-HONO can be formed in a secondary re-
action of cis-HONO isomerization [16]. The reaction
channel proceeding via the HN(O)NO2 intermediate to

is expected to be less significantNO 1 trans-HONO
than be-HNO 1 NO : TS1 : NO 1 cis-HONO2

cause of the higher barriers at TS4 and TS5.
The second addition channel could proceed via a

HN(O)ONO intermediate. However, at the B3LYP
level no equilibrium structure with such geometry was
found. Depending on the initial HN(O)-ONO distance,
the optimization converges to either orHNO 1 NO2

to A search of a HN(O)ONO-like tran-HNO 1 NO.2

sition state gives TS6. Intrinsic reaction coordinate
(IRC) calculations [17] confirm that TS6 connects the

reactants with the prod-HNO 1 NO HNO 1 NO2 2

ucts. The reaction is exothermic by and21.4 kcal/mol,
TS6 is an early transition state. The forming NO bond
is longer than that in HNO2, while the˚ ˚1.88 A, 0.67 A
breaking ON bond is stretched by only with˚0.07 A
respect to that in NO2. Note that the B3LYP and MP2
optimized geometries of TS6 are similar. Because of
the high barrier at TS6 ( above the re-15.4 kcal/mol
actants), the channelHNO 1 NO : HNO 1 NO2 2

proceeding by oxygen abstraction is expected to be the
least significant one for the reaction. In particular, the
barrier for oxygen abstraction is higher than the barrier
for hydrogen abstraction at TS3, also leading to the

products.HNO 1 NO2

Interestingly, the MP2 geometry optimization of
HN(O)ONO shows that such an isomer may exist. At
the G2M/MP2 level, it lies higher than6.0 kcal/mol

and is separated from byHNO 1 NO HNO 1 NO2 2

a low barrier of ( relative to3.5 kcal/mol 9.5 kcal/mol
). Apparently, at the B3LYP level, theHNO 1 NO2

barrier between HN(O)ONO and dis-HNO 1 NO2

appears, and this isomer no longer exists. At both lev-
els of theory, HN(O)ONO is not relevant to the reac-
tion kinetics because this structure at best is a
metastable intermediate which rapidly dissociates to
HNO 1 NO.2

Rate Constants for the HNO 1 NO 42

Reaction in theTS1 4 NO 1 cis-HONO
Forward and Reverse Directions

Because the direct hydrogen abstraction is expected to
be the dominant reaction channel, we carried out TST
calculations of the rate constant for this channel. We
used the conventional method with Wigner’s tunnel-
ing correction described earlier [10,13,18]. The mo-
lecular and transition state parameters of HNO, NO2,
TS1, NO, and cis-HONO calculated at the B3LYP
level are shown in Table II. We calculated the rate
constant by replacing the lowest frequency 21(60 cm )
with one-dimensional internal rotation. The lowest
real frequency in TS1 approximately corresponds to
internal rotation around the N . . . H . . . O axis.
Hence, we computed the reduced moment of inertia
for the internal rotation based on the geometry of TS1
and obtained the value of which240 226.94 ·10 g cm
was used in the rate constant calculations. The next
two low frequencies, 87 and correspond to21126 cm ,
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Figure 3 Arrhenius plots of the rate constants for the
reaction in the forwardHNO 1 NO 4 NO 1 cis-HONO2

(a) and reverse (b) directions.

the in-plane (NH)O(NO) bending coupled with the
ONHO torsion and the NHO bending coupled with the
NHON torsion, respectively. The Arrhenius plot of the

rate constants isHNO 1 NO : NO 1 cis-HONO2

presented in Figure 3(a). The three-parameter fit in the
temperature range gives the following300–5000 K

expression in 3 21 21cm molecule s :

220 2.64k 5 7.34 ·10 T exp(22034/T)a

No experimental data are available for comparison.
The tunneling correction is found to be small because
the imaginary frequency in TS1 is as low as

The two-parameter fit for the21183i cm . 300–1000 K
interval resulted in the following expression:

211 3 21 21k 5 1.85 ·10 exp(26687/T) cm molecule sa

The rate calculations using zero, one, or two internal
rotors replacing none, one, or two lowest frequencies,

respectively, gave quite similar results with the A fac-
tor varying from to and the acti-212 2115.8 ·10 2.7 ·10
vation energy in the range. Thus, the6.3–7.1 kcal/mol
ambient temperature activation energy for the

reaction is pre-HNO 1 NO : NO 1 cis-HONO2

dicted to be while the A factor is6–7 kcal/mol,
211ca. 10 .

Using the same approach, we calculated rate con-
stants for the reverse NO 1 cis-HONO : HNO 1

reaction which is endothermic byNO 31.8 kcal/mol2

and has a barrier of The Arrhenius plot37.1 kcal/mol.
is shown in Figure 3(b). The three-parameter expres-
sion in fitted for the3 21 21cm molecule s 300–

temperature range is:5000 K

211 20.36k 5 3.59 ·10 T exp(219131/T)2a

The two-parameter fitting in the temper-300–1000 K
ature range gives an activation energy of

and an A factor of The re-21237–38 kcal/mol ca. 10 .
verse reaction is much slower than the forward one.

CONCLUSION

We have studied potential energy surfaces for various
channels of the reaction. The calcula-HNO 1 NO2

tions show that direct hydrogen abstraction leading to
the products via TS1 should be theNO 1 cis-HONO
most significant reaction mechanism. Direct H-ab-
straction via TS2 giving has aNO 1 trans-HONO
high barrier on PES and the formation of trans-HONO
would rather occur by the addition/1,3-H shift mech-
anism via the HN(O)NO2 intermediate, HNO 1
NO : TS4 : HN(O)NO : TS5 : NO 1 trans-2 2

or by a secondary isomerization of cis-HONO,
HONO. The formation of can take placeNO 1 HNO2

by direct hydrogen abstraction via TS3. We calculated
the barrier at TS3 to be higher than thatca. 3 kcal/mol
at TS1, and the channel is expected toNO 1 HNO2

be less important than However,NO 1 cis-HONO.
since the B3LYP calculations of TS3 have failed,
more accurate calculations of this transition state are
required to reliably predict the rate constant of the

channel. The forma-HNO 1 NO : NO 1 HNO2 2

tion of HNO2 by oxygen abstraction via TS6 is pre-
dicted to be the least significant reaction channel. TST
calculations with tunneling correction have been per-
formed for the major channel, HNO 1 NO :2

At ambient temperature,TS1 : NO 1 cis-HONO.
the reaction is predicted to have an activation energy
of and an A factor of ca.6–7 kcal/mol

211 3 21 2110 cm molecule s .
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