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Gas-phase reactions of HONO with species of atmospheric interest, NO2, O3, and HCl, have been investigated
by means of ab initio molecular-orbital and transition-state theory calculations. For the HONO+ NO2 reaction,
the most favorable pathway is found to be the abstraction of OH in HONO by NO2, leading to the formation
of HNO3 and NO products. The activation energies computed at the G2M (RCC,MP2) level of theory for the
abstraction fromtrans- andcis-HONO are predicted to be 31.6 and 33.4 kcal/mol, respectively. At 300 K,
the calculated rate constant is smaller than 1.2× 10-14 cm3 mol-1 s-1. For the HONO+ O3 reaction, the
barrier height for the production of HNO3 + O2 is predicted to be 15.0 kcal/mol with the rate constant at 300
K, 5.7 × 10-2 cm3 mol-1 s-1. For thetrans- andcis-HONO + HCl f H2O + ClNO reactions, our G2M
calculations predict the corresponding barrier heights of 12.9 and 14.4 kcal/mol with predicted rate constants,
1.3 × 102 and 0.13× 102 cm3 mol-1 s-1 at 300 K. The results of our theoretical modeling indicate that the
three gas-phase reactions are too slow to be significant under the stratospheric and tropospheric conditions.

Introduction

Nitrous acid (HONO) is a key reactive intermediate in the
combustion of many nitramine propellants;1-4 it is also a
potential source of hydroxyl radical in the troposphere through
photolytic reactions.5 On account of its relevancy in combustion
and atmospheric chemistry, there has been considerable interest
in studying the chemical properties and the reactions of nitrous
acid, experimentally and theoretically. Besides some recent
theoretical studies, which focus on the properties of nitrous acid
as well as its van der Waals complexes,6-10 a series of ab initio
molecular-orbital (MO) and transition-state theory (TST) cal-
culations of HONO reactions in the gas phase have been
performed in our laboratory. The reactions that have been
theoretically studied are the oxidation of HNO by NO2 to
produce HONO and NO,11 the bimolecular self-reaction of
HONO,12 the reduction of HONO by HNO and NH3,13 the
oxidation of HONO by NO2 and O3, and the reaction of HONO
with HCl. In the present paper, we report our theoretical results
for the latter three gas-phase reactions of HONO with NO2,
O3, and HCl.

Although these title reactions, as pointed out above, are
directly relevant to both atmospheric chemistry14-16 and the
combustion of propellants, there are very few experimental
studies regarding these processes. The tunable diode laser study
of the HNO3 + NO f HNO2 + NO2 reaction performed by
Streit et al.14 appears to be the only experimental work related
to the kinetics of the HONO+ NO2 reaction. They also
investigated the HONO+ O3 f HNO3 + O2 reaction. They
estimated the upper limits of the rate constants at room
temperature for the reactions with NO2 and O3 to be 60 and 2.7
× 105 cm3 mol-1 s-1, respectively.14 A similar estimation was
made for the latter reaction by Kaiser et al.15 However, the

inevitable presence of H2O, NO, and NO2 in the reactor, which
may induce interfering side reactions,14,15 decreases the reli-
ability of those kinetic measurements. For the HONO+ HCl
f ClNO + H2O reaction, if it occurred readily, the ClNO
product could potentially undergo photodissociation to produce
the ozone-destructive chlorine atom.17 Recent experiments17,18

reveal that this reaction can occur both homogeneously and
heterogeneously. The experimentally estimated upper limit of
the rate constant for the homogeneous gas-phase reaction is∼1.1
× 105 cm3 mol-1 s-1 at 297 K.18

The small experimental values of the rate constants for these
reactions suggest that they may not contribute significantly in
the chemistry of stratosphere and troposphere. To elucidate the
mechanisms of these reactions and to make a reliable assessment
of their roles in the atmospheric chemistry, we have carried out
a detailed ab initio MO and TST study; the theoretical results
are presented herein.

Computational Details

The geometries of the reactants, products, intermediates, and
transition states of the three title reactions have been fully
optimized by using the hybrid density functional B3LYP method
(Becke’s three-parameter nonlocal exchange functional19-21 with
the correlation functional of Lee, Yang, and Parr22) using the
6-311G(d,p) basis set.23 Vibrational frequencies employed to
characterize stationary points and make zero-point energy (ZPE)
corrections have also been calculated at this level of theory and
used for the subsequent transition-state theory (TST) calculations
of reaction rate constants. All the stationary points have been
positively identified for local minima (with the number of
imaginary frequencies, NIMAG) 0) and transition states (with
NIMAG ) 1). To confirm that the transition states connect
between designated intermediates, we have performed intrinsic
reaction coordinate (IRC) calculations24 at the B3LYP/6-311G-
(d,p) level. All the energies quoted and discussed in the present
article include ZPE corrections.

To obtain more reliable energies, we have carried out
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restricted closed-shell and open-shell coupled cluster RCCSD-
(T)/6-311G(d,p)25 as well as G2M(RCC,MP2)26 calculations.
The G2M(RCC,MP2) method is a modification of the Gauss-
ian-2 (G2) approach;27 it uses B3LYP/6-311G(d,p) optimized
geometries and substitutes the QCISD(T)/6-311G(d,p)28 calcula-
tion of the original G2 scheme with the RCCSD(T)/6-311G-
(d,p) calculation. The total energy in G2M(RCC,MP2) is
obtained as follows:26

where

and the empirical “higher level correction”(HLC) in mhartree

wherenR andnâ are the numbers ofR andâ valence electrons,
respectively. All the ab initio calculations were performed using
the GAUSSIAN9429 and MOLPRO9630 programs.

Results and Discussions

A. HONO + NO2 Reaction.For the HONO+ NO2 reaction
in the gas phase, there are several possible, distinct reaction
pathways that lead to the formation of different sets of products,

Figure 1. B3LYP/6-311G(d,p) optimized structures (bond lengths in Å, bond angles in degrees) of the reactants, transition states, and products of
the HONO+ NO2 reaction.

E[G2M(RCC,MP2)) E[(RCCSD(T)/6-311G(d,p)]+
∆E(+3df,2p)+ ∆E(HLC) + ZPE

∆E(+3df,2p)) E[MP2/6-311+G(3df,2p)]-
E[MP2/6-311G(d,p)]

∆E(HLC) ) -5.25nâ - 0.19nR
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i.e.,

The optimized geometries of the reactants, products, and
transition states for the above pathways are shown in Figure 1.

The potential energy curves connecting the reactants, transition
states, and the corresponding products are depicted in Figure
2. The relative energies of all the species obtained at different
levels of theory are listed in Table 1 and their vibrational
frequencies and moments of inertia in Table 2. All the results
presented in this section, including the energy profiles presented
in Figure 2, are based on the G2M energies unless otherwise
specified.

O Abstraction by HONO. First we consider reaction pathway
1 proceeding by the abstraction of the oxygen atom from NO2

by HONO. Two transition states,TS1 andTS2, which derive,
respectively, fromtrans-HONO+ NO2 andcis-HONO+ NO2,
have been located in the PES. The corresponding activation
energies are predicted to be of the same value, 38 kcal/mol.
The calculated exothermicities for the formation of HNO3 +
NO from the reaction of thetrans- andcis-HONO isomers are
0.6 and 1.0 kcal/mol, respectively, in reasonable accord with
the experimental values, 0.1 and 0.6 kcal/mol.31

OH Abstraction by NO2. As alluded above, the abstraction

Figure 2. Energy diagram for the potential energy surface of the HONO+ NO2 reaction calculated in the framework of the G2M(RCC,MP2)//
B3LYP/6-311G(d,p) approach. Solid lines connect thetrans-HONO related channels, and the dotted lines connect thecis-HONO related channels.

TABLE 1: Energeticsa of the Reactants, Products, Intermediates, and Transition States of the NO2 + HONO Reaction at
Different Levels of Theory

ZPEb B3LYP/6-311G(d,p) CCSD(T)/6-311G(d,p) G2M(RCC,MP2)

trans-HONO + NO2 18.3 -410.89449c -409.97393c -410.29142c

cis-HONO + NO2 18.3 -410.89487c -409.97449c -410.29071c

-0.2 -0.4 +0.4
TS1 18.9 32.2 37.9 38.0
TS2 18.9 32.7 38.1 38.5
TS3 17.9 23.9 33.6 33.8
TS4 18.2 21.6 31.9 31.6
TS5 16.9 50.4 55.6 59.3
TS6 16.6 49.4 54.7 58.1
TS7 17.1 47.4 56.0 59.3
TS8 16.9 46.9 50.6 54.6
TS9 16.8 13.8 29.9 29.3
TS10 16.4 9.7 24.6 23.5
TS11 17.2 12.3 25.5 21.7
TS12 16.6 17.1 40.7 38.8
TS13 16.6 12.8 25.7 26.0
TS14 16.9 20.5 35.4 35.9
NO + HOONO(tp) 17.3 34.7 29.3 30.8
NO2 + HNO2 19.3 7.2 10.1 8.7
NO + HNO3 19.4 1.4 -3.2 -0.6 (-0.1)d

a Relative energy with respect to NO2 + trans-HONO. b Zero-point energy corrections (kcal/mol), calculated at the B3LYP/6-311G(d,p) level.
c Total energies given in hartrees.d Experimental value from ref 31 is given in parentheses.

O abstraction by HONO:

cis- or trans-HONO + ONO f HNO3 + NO (1)

OH abstraction by NO2:

cis- or trans-HONO + NO2 f NO + HNO3 (2)

f NO + HOONO (3)

H abstraction by NO2:

cis- or trans-HONO + NO2 f NO2 + HNO2 (4)

f NO2 + cis-HONO

(or trans-HONO) (5)
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of the OH group from HONO may proceed by NO2 attack on
the O(H) of HONO with either N or O, leading to the formation
of HNO3 or HOONO (peroxynitrous acid), respectively. Reac-
tion 2 has the same exothermicity as reaction 1 because both
reactions have common reactants and products. Reaction 3 is
predicted to be endothermic, as HOONO is known to be a high
energy isomer of HNO3.32,33

For reaction 2, two transition states,TS3andTS4, have been
found (see Figure 1).TS3 connectingcis-HONO + NO2 with
the HNO3 + NO products has an energy barrier of 33.4 kcal/
mol, whileTS4connectingtrans-HONO + NO2 with the same
products has a slightly lower energy barrier, 31.6 kcal/mol. It
is thus clear that for the production of HNO3, the two channels
(via TS3 and TS4) of reaction 2 are preferable over the two
channels viaTS1 andTS2 in reaction 1, as the latter pathways
require higher energy barriers (∼38 kcal/mol).

For reaction 3 producing HOONO+ NO, four transition
states, namely,TS5, TS6, TS7, andTS8, have been located in
the PES. BothTS5 andTS6 are formed bycis-HONO + NO2,
and TS7 and TS8 are formed bytrans-HONO + NO2. IRC
calculations reveal that these four TSs all lead to the common
products,trans,perp-HOONO [see HOONO(tp) in Figure 1] plus
NO, despite that HOONO itself has three possible conformers,
namely, cis,cis-HOONO, cis,perp-HOONO, and trans,perp-
HOONO.32,33 Further isomerization of HOONO into HNO3 is
kinetically prohibitive in the gas phase, as shown by recent ab
initio calculations.33,34Furthermore, its high endothermicity (30.8
kcal/mol) and activation energy (the lowest barrier height is
54.6 kcal/mol atTS8) imply that reaction 3 is practically not
important to the HONO+ NO2 reaction.

H Abstraction by NO2. H abstraction from HONO by NO2
producing different HONO isomers is indeed a process of NO2-
catalyzed isomerization of HONO. Totally six transition states
(TS9-TS14) have been located for such a catalytic isomeriza-
tion. TS9 connectscis-HONO + NO2 with NO2 + trans-
HONO. TS10 connectscis-HONO + NO2 with NO2 + cis-
HONO.TS11andTS12connecttrans-HONO+ NO2 with NO2

+ trans-HONO. TS13 and TS14 are the transition states for
the cis-HONO + NO2 S NO2 + HNO2 and trans-HONO +
NO2 S NO2 + HNO2 reactions, respectively. The activation
energies required for these six channels range from 21.6 kcal/

mol (TS11) to 38.8 kcal/mol (TS12). It is obvious that these
channels are practically inconsequential to the HONO+ NO2

reaction, insofar as the overall chemistry is concerned.
Rate Constant Calculations by TST. We have shown by ab

initio MO calculations that the two OH abstraction processes,
cis-HONO + NO2 f TS3 f HNO3 + NO andtrans-HONO
+ NO2 f TS4 f HNO3 + NO, are energetically more
favorable and are potentially key channels for the HONO+
NO2 reaction in the gas phase. TST calculations were carried
out to obtain their rate constants, using the reaction barriers
and molecular parameters given in Tables 1 and 2. The rate
constant expressions obtained by two-parameter fitting for 300-
1000 K and three-parameter fitting for the 300-3000 K
temperature range are given in Table 3, along with the derived
apparent activation energies and the rate constants at 300 K.
At 300 K, the calculated rate constants,kI andkII , for the cis-
and trans- reactions are 9.4× 10-14 and 1.2× 10-12 cm3 mol-1

s-1, respectively. The two theoretical values are considerably
lower than the experimentally estimated upper limit of 60.3 cm3

mol-1 s-1.15 These results suggest that the oxidation of HONO
by NO2 is too slow to be important in the chemistry of
atmosphere. It may be relevant to the combustion of nitramine
propellants under high temperature and pressure conditions,
however.

B. HONO + O3 Reaction.The optimized geometries of the
reactants, transition states and products of this reaction are
presented in Figure 3, and the corresponding energetics are
tabulated in Table 4. The potential energy curves connecting
the reactants, transition states, and the corresponding products
are depicted in Figure 4. The vibrational frequencies and
moments of inertia calculated at the B3LYP level are given in
Table 5.

Potential Energy Surface. The reaction producing HNO3 +
O2 (3Σg

-) is predicted to be exothermic by-44.4 kcal/mol at
the G2M level, in reasonable agreement with the experimental
value,-47.1 kcal/mol.31 The initial spin-allowed products of
the reaction are HNO3 + O2 (1∆) according to the result of an
IRC test. At the G2M level of theory, the predicted energy
difference between the1∆ and 3Σg

- states of O2 is 25.6 kcal/
mol, somewhat higher than the experimental value, 22.6 kcal/
mol.35 Five transition states,TS1′-TS5′ (Figure 3), have been

TABLE 2: Molecular and Transition-State Parameters of the Reactants, Products, and Transition States of the HONO+ NO2
Reaction, Used for the TST Calculations of the Rate Constantsa

species I i (amu) frequencies (cm-1)

trans-HONO 19.2, 143.9, 163.1 591, 618, 834, 1298, 1793, 3776
cis-HONO 21.3, 136.0, 157.3 638, 719, 892, 1338, 1721, 3584
NO2 7.5, 138.3, 145.8 767, 1399, 1706
TS1 285.2, 578.9, 609.5 294i, 101, 177, 246, 343, 491, 537, 550, 653, 849, 915, 1307, 1518, 1798, 3760
TS2 285.6, 572.2, 584.7 365i, 111, 179, 255, 314, 491, 535, 554, 673, 879, 928, 1345, 1496, 1756, 3703
TS3 175.4, 1300.4, 1440.3 617i, 45, 60, 111, 197, 292, 357, 363, 490, 778, 1044, 1370, 1774, 1924, 3739
TS4 174.6, 1265.7, 1438.1 615i, 47, 86, 111, 205, 318, 347, 375, 487, 781, 1061, 1372, 1766, 1971, 3771
TS5 109.6, 1517.2, 1619.8 607i, 44, 60, 108, 215, 241, 281, 347, 461, 673, 875, 1193, 1663, 1978, 3663
TS6 70.5, 1631.4, 1697.2 604i, 19, 57, 100, 184, 193, 278, 338, 455, 643, 843, 1150, 1664, 1975,3744
TS7 61.0, 1625.2, 1686.2 599i, 42, 98, 125, 199, 220, 345, 353, 450, 673, 890, 1202, 1670, 2012, 3693
TS8 141.6, 1397.9, 1539.5 592i, 39, 78, 101, 209, 260, 274, 298, 466, 650, 864, 1156, 1670, 2008, 3780,
TS9 214.6, 808.7, 1023.3 1688i, 72, 155, 163, 255, 298, 498, 779, 835, 1222, 1275, 1302, 1457, 1659, 1760
TS10 171.7, 1051.6, 1223.2 1581i, 8, 101, 129, 213, 346, 511, 761, 872, 1188, 1200, 1272, 1554, 1636, 1653
TS11 206.0, 950.0, 1156.0 1563i, 89, 121, 183, 186, 294, 506, 823, 883, 1193, 1281, 1302, 1649, 1661, 1859
TS12 49.8, 1608.6, 1658.3 1808i, 23, 62, 164, 190, 206, 467, 812, 892, 1191, 1276, 1284, 1602, 1671, 1748
TS13 261.8, 965.3, 977.5 1672i, 48, 82, 121, 333, 385, 420, 803, 852, 1257, 1391, 1400, 1431, 1633, 1656
TS14 163.7, 1090.5, 1254.2 2008, 71, 72, 179, 255, 379, 406, 791, 880, 1144, 1255, 1360, 1603, 1620, 1747
NO 35.2, 35.2 1988
HOONO(tp) 33.1, 367.8, 395.1 212, 293, 358, 459, 809, 1015, 1408, 1822, 3751
HNO2 16.7, 136.8, 153.5 800, 1069, 1408, 1542, 1678, 3145
HNO3 138.5, 149.8, 288.3 482, 588, 654, 776, 911, 1327, 1359, 1778, 3737

a Calculated at the B3LYP/6-311G(d,p) level.
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located in the PES of the reaction. The transition states,TS1′
and TS3′, derived fromcis-HONO + O3, have the barrier
heights of 26.1 and 15.0 kcal/mol, whereasTS2′ andTS4′ from
the trans-HONO + O3 reactants have the values of 23.7 and
26.1 kcal/mol, respectively. Hence, thecis-HONO reaction via
TS3′ is most favorable.

We have also found the transition state,TS5′, that leads to
the formation of HOOONO2. To the best of our knowledge, no
experimental observation of this molecule has been reported;
its possible existence was first predicted by Li and Iwata in
their recent study of the cyclic isomers of HNOx (x ) 2-6).36

HOOONO2 was found to be most stable among the four HNO5

conformers studied.36 Our G2M calculations predict that the
formation of the species is exothermic by 16.7 kcal/mol with a
barrier of 23.9 kcal/mol. Theoretically, HOOONO2 may undergo
unimolecular decomposition reactions forming HO3 + NO2 and
HO2 + NO3 with the predicted dissociation energies of 17.6
and 29.4 kcal/mol, respectively. In addition, it may also
decompose viaTS6′, producing HNO3 + O2 with a barrier of
21.9 kcal/mol (see Figure 3).

Rate Constant Calculations. The rate constants for the
reaction of O3 with trans- andcis-HONO have been calculated

with TST. The expressions for the two rate constants obtained
by 2-parameter fitting for 300-1000 K and 3-parameter fitting

TABLE 3: Calculated Rate Constants (cm3 mol-1 s-1) and Apparent Activation Energies (kcal/mol) for the HONO + NO2,
HONO + O3, and HONO + HCl Reactions

3-param (300∼3000 K) 300 K 2-param (300∼1000 K) Ea

HONO + NO2 f HNO3 + NO
NO2 + cis-HONO,kI 3.03× 102 T3.33 exp(-16427/T) 9.36× 10-14 1.18× 1013exp(-18171/T) 36.1
NO2 + trans-HONO,kII 2.00× 102 T3.28exp(-15445/T) 1.22× 10-12 5.49× 1012exp(-17165/T) 34.1
HONO + O3 f HNO3 + O2 (1∆)
O3 + trans-HONO,kIII 0.153 T3.22 exp(-10839/T) 3.04× 10-9 2.79× 109 exp(-12530/T) 24.9
O3 + cis-HONO,kIV 0.707 T3.41 exp(-6606/T) 5.73× 10-2 5.07× 1010exp(-8396/T) 16.7
HONO + HCl f H2O + ClNOa

HCl + trans-HONO,kV 1.05× 102 T3.02 exp(-5122/T) 1.27× 102 4.02× 1011exp(-6647/T) 13.2
HCl + cis-HONO,kVI 0.69× 102 T3.12exp(-5867/T) 0.13× 102 5.55× 1011exp(-7443/T) 14.8

a Eckart tunneling correction was used to compute the rate constants.

Figure 3. B3LYP/6-311G(d,p) optimized structures (bond lengths in Å, bond angles in degrees) of O2, O3, and the transition states of the HONO
+ O3 reaction.

TABLE 4: Energeticsa of the Reactants, Products,
Intermediates, and Transition States of the HONO+ O3
Reaction at Different Levels of Theory

ZPEb
B3LYP/

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

6-311G(d,p)
G2M

(RCC,MP2)

trans-HONO + O3 17.3 -431.23256c -430.28920c -410.62971c

cis-HONO + O3 17.3 -431.23294c -430.28976c -430.62900c

TS1′ 18.4 25.6 31.4 26.5
TS2′ 18.4 27.4 32.8 23.7
TS3′ 21.7 38.3 18.2 15.4
TS4′ 17.8 32.0 31.6 26.1
TS5′ 16.2 9.5 24.4 23.9
TS6′ 17.7 -9.6 5.1 5.2
HOOONO2 20.3 -25.9 -14.9 -16.7
NO2 + HO3 16.6 -16.0 -0.9 0.9
NO3 + HO2 15.6 -12.0 6.9 12.7
HNO3 + O2 (1∆g) 18.9 -21.9 -21.4 -18.8
HNO3 + O2 (3Σg

-) 18.9 -60.9 -52.1 -44.4 (-47.1)d

a Relative energy with respect totrans-HONO + O3. b Zero-point
energy corrections (kcal/mol), calculated at the B3LYP/6-311G(d,p)
level. c Total energies given in hartrees.d Experimental value from ref
31 is given in parentheses.
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for 300-3000 K are given in Table 3, along with the apparent
activation energies and the values at 300 K. For the most favored
reaction,cis-HONO + O3, the predicted rate constant,kIV, at
300 K is 5.7× 10-2 cm3 mol-1 s-1; it is higher by 7 orders of
magnitude than that fortrans-HONO + O3, kIII ) 3.0 × 10-9

cm3 mol-1 s1. The experimentally estimated upper limit at 300
K is 2.7 × 105 cm3 mol-1 s-1,14 which is significantly higher
than the predicted values.

C. HONO + HCl Reaction. The optimized geometries of
the reactants, transition states, and products of this reaction are
presented in Figure 5, and the corresponding energetics are
tabulated in Table 6. The potential energy curves connecting
the reactants, transition states, and the corresponding products
are depicted in Figure 6. The vibrational frequencies and
moments of inertia calculated at the B3LYP/6-311G(d,p) level
are given in Table 7.

Potential Energy Surface. We have located four transition
states,TS1′′ to TS4′′ (see Figure 5), responsible for four distinct
reaction pathways.TS1′′ derives fromtrans-HONO+ HCl and
leads to the formation of H2O and ClNO products. At the G2M
level, the reaction is predicted to be exothermic by 5.5 kcal/
mol with a barrier height of 12.9 kcal/mol. IRC calculations,
however, located two local minima,LM1 andLM2 , along this
reaction pathway.LM1 is a H-bonding complex of the reactants
trans-HONO + HCl, whereasLM2 is a H-bonding complex
of the products H2O + ClNO. Both H-bonding complexes have
been detected experimentally by matrix isolation infrared

spectroscopy and also confirmed by ab initio MO calcula-
tions.37,38 The reaction ofcis-HONO with HCl viaTS2′′ leads
to the same products as thetrans-reaction viaTS1′′. The G2M
barrier height and the heat of reaction for thecis-channel are
14.4 and -5.9 kcal/mol, respectively. In this channel, a
H-bonding complex ofcis-HONO and HCl,LM3 , exists as a
precursor. As far as the reverse reaction (H2O + ClNO f HCl
+ HONO) is concerned, the formation oftrans-HONO is
favored by 1.9 kcal/mol over the formation of thecis-isomer.

The third channel,trans-HONO + HCl f LM4 f TS3′′ f
LM5 f HNO2 + HCl, may be regarded as a HCl-catalyzed
isomerization of HONO. A similar process has been found in
our study of the NH3 + trans-HONO system.13 The G2M barrier
height for the catalytic isomerization is 18.5 kcal/mol, far lower
than that for the direct unimoleculartrans-HONO f HNO2

isomerization (55.2 kcal/mol).13 It should be mentioned that for
the NH3-catalyzed process, our G2M barrier is 21.3 kca/mol.13

Hence, both acid (HCl) and base (NH3) facilitate the H-migration
and enhancetrans-HONO f HNO2 isomerization significantly
in the gas phase.

The transition state,TS4′′, connects two equivalent isomers
of LM6 , a H-bonding complex of HCl+ cis-HONO, and gives
rise to the H-exchange between HCl andcis-HONO. This
H-exchange reaction, among all the four channels considered,
has the lowest activation energy (12.3 kcal/mol at the G2M
level), but it does not result in a chemical change. Therefore,

Figure 4. Energy diagram for the potential energy surface of the HONO+ O3 reaction calculated in the framework of the G2M(RCC,MP2)//
B3LYP/6-311G(d,p) approach. Solid lines connect thetrans-HONO related channels, and the dotted lines connect thecis-HONO related channels.

TABLE 5: Molecular and Transition-State Parameters of the Reactants, Products, and Transition States of the HONO+ O3
Reaction, Used for the TST Calculations of the Rate Constantsa

species I i (amu) frequencies (cm-1)

trans-HONO see Table 2 see Table 2
cis-HONO see Table 2 see Table 2
O3 15.9, 133.0, 148.9 747, 1191, 1249
TS1′ 257.3, 546.6, 626.4 610i, 134, 225, 307, 385, 472, 613, 618, 712, 767, 911, 1168, 1372, 1492, 3668
TS2′ 284.0, 519.1, 610.2 647i, 166, 211, 332, 377, 491, 582, 605, 678, 735, 867, 1204, 1326, 1554, 3757
TS3′ 174.1, 874.5, 1005.9 826i, 71, 121, 176, 281, 404, 501, 611, 633, 751, 893, 1299, 1364, 1614, 3645
TS4′ 182.7, 907.6, 1043.1 837i, 35, 101, 167, 270, 440, 490, 601, 629, 716, 880, 1316, 1345, 1712, 3729
TS5′ 227.4, 748.0, 935.9 1546i, 76, 163, 195, 299, 456, 510, 701, 832, 972, 1173, 1211, 1240, 1694, 1824
TS6′ 189.9, 679.4, 840.1 1063i, 102, 223, 336, 416, 557, 709, 777, 791, 1014, 1213, 1327, 1407, 1625, 1887
HOOONO2 205.5, 680.6, 800.7 108, 149, 327, 402, 451, 499, 644, 723, 784, 866, 961, 1361, 1407, 1823, 3715
HO2 2.9, 53.5, 56.4 1163, 1428, 3610
NO3 130.3,130.3, 260.6 259(2), 802, 1121(2), 1135
HO3 26.1, 155.7, 181.8 236, 453, 704, 1234, 1403, 3687
O2 (1∆g) 41.6, 41.6 1626
O2 (3Σg

-) 41.5, 41.5 1641
HNO3 138.5, 149.8, 288.3 482, 588, 654, 776, 911, 1327, 1359, 1778, 3737

a Calculated at the B3LYP/6-311G(d,p) level.
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in the following TST calculations, we do not take this channel
into account.

Rate Constant Calculations. The rate constants for the
channels,trans-HONO + HCl f LM1 f TS1′′ f LM2 f
ClNO + H2O andcis-HONO + HCl f LM3 f TS2′′ f LM2
f ClNO + H2O, have been calculated by using the TST with
Eckart tunneling corrections.39 The expressions for the rate
constants (kV and kVI) obtained by 2-parameter fitting in the
temperature range 300-1000 K and by 3-parameter fitting in
the temperature range 300-3000 K are given in Table 3, along

with the derived apparent activation energies and the rate
constants at 300 K. Experimentally, an upper limit of the gas-
phase HONO+ HCl f ClNO + H2O reaction at 297 K has
been reported to be∼1 × 105 cm3 mol-1 s-1,18 which is higher
than our predicted value (1.3× 102 cm3 mol-1 s-1) by several
orders of magnitude.

It is worthwhile to compare this reaction with the analogous
process,

which has been thoroughly studied in our laboratory recently
with the G2M method.12 The lowest energy path in this reaction
involvescis- andtrans-HONO, taking place via a six-membered
ring hydrogen-bonded TS with a 13.7 kcal/mol barrier. It is
slightly higher than the two lowest barriers for the HCl reaction
with HONO, 12.7 kcal/mol via TS4′′ and 12.9 kcal/mol via
TS1′′, despite the large difference in the H-X (X ) Cl, ONO)
bond strengths. The key factor for the slightly lower barrier for
the stronger H-Cl bond may be attributed to the stronger Cl-
NO bond (vs the ON-ONO bond) which helps drive the
reaction forward. The predicted bimolecular rate constant for
the self-reaction of HONO was found to be 4 orders of
magnitude lower than the upper limit of Kaiser and Wu,40 who
strongly emphasized the importance of heterogeneous contribu-
tions to these types of reactions.

Concluding Remarks

The mechanisms for the gas-phase reactions of HONO with
the three species of atmospheric interest, NO2, O3, and HCl,

Figure 5. B3LYP/6-311G(d,p) optimized structures (bond lengths in Å, bond angles in degrees) of HCl, ClNO, H2O, and the transition states of
the HONO+ HCl reaction.

TABLE 6: Energeticsa of the Reactants, Products,
Intermediates, and Transition States of the HONO+ HCl
Reaction at Different Levels of Theory

ZPEb
B3LYP/

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

6-311G(d,p)
G2M

(RCC,MP2)

trans-HONO + HCl 16.9 -666.59523c -665.56155c -665.81099c

cis-HONO + HCl 16.9 -666.59562c -665.56211c -665.81028c

TS1′′ 16.9 10.3 13.6 12.9
TS2′′ 16.7 11.2 15.3 14.8
TS3′′ 18.4 16.6 21.9 18.5
TS4′′ 17.3 11.7 15.4 12.7
LM1 18.0 -3.8 -5.2 -4.3
LM2 19.4 -6.9 -5.4 -6.4
LM3 17.9 -3.1 -4.7 -3.6
LM4 18.3 0.1 -2.9 -3.6
LM5 19.4 4.0 5.4 3.7
LM6 18.0 -1.7 -3.4 -3.3
HNO2 + HCl 17.9 7.3 10.1 8.7
ClNO + H2O 17.5 -2.3 -3.0 -5.5 (-5.0)d

a Relative energy with respect totrans-HONO + HCl. b Zero-point
energy corrections (kcal/mol), calculated at the B3LYP/6-311G(d,p)
level. c Total energies given in hartrees.d Experimental value (ref 31)
is given in parentheses.

HONO + HONO f H2O + [N2O3] f H2O + NO + NO2
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have been investigated by means of ab initio MO and transition-
state theory calculations. For the HONO+ NO2 reaction, several
possible reaction pathways have been identified, including
O-transfer from NO2 to HONO and H and HO abstraction from
HONO by NO2. Interestingly, the HO abstraction channel
leading to the formation of HNO3 and NO have been shown to
be most favorable with the predicted barrier heights of about
32 kcal/mol for both cis and trans reactions. The calculated rate
constant for the reaction at 300 K is on the order of 10-12 cm3

mol-1 s-1.
For the HONO+ O3 reaction, a barrier height of 15.0 kcal/

mol has been predicted for the most favorable channel occurring
via a transition state connecting the O3 + cis-HONO reactants
with the O2 (1∆) + HNO3 products. TST calculations predict a
rate constant of 5.7× 10-2 cm3 mol-1 s-1 for this channel at
300 K. Thetrans-HONO + O3 reaction was also shown to take
place via a cyclic transition state, leading directly to HOOONO2

with a 23.9 kcal/mol barrier.
For the trans- and cis-HONO + HCl f H2O + ClNO

reactions, our G2M calculations predicted their barrier heights
to be 12.9 and 14.4 kcal/mol, respectively. TST calculations
gave the respective rate constants, 1.3× 102 and 0.13× 102

cm3 mol-1 s-1 at 300 K, noticeably lower than the experimen-
tally estimated upper limit,∼1 × 105 cm3 mol-1 s-1.

On the basis of the aforementioned theoretical results, it can
be concluded that the three homogeneous gas-phase reactions
are probably unimportant in atmospheric chemistry; however,
both NO2 and HCl reactions may become significant under high
temperature/pressure propellant combustion conditions.

The large deviation between the predicted and the estimated
upper limit in each of the three reactions investigated deserves
further comments. First of all, as alluded to earlier, the
pronounced catalytic effects of the reactor surface on thermal
reactions of highly polar molecules such as HONO40 and
HCOOH41 are well-known. These deleterious effects make it
impossible to extract their small homogeneous gas-phase
contributions. For the HONO system, its source molecules, NO,
NO2, and H2O, may also complicate the chemistry involved.
Second, the predicted TS parameters, particularly energy
barriers, may be too high by 2-3 kcal/mol, which is within the
combined errors of the reactants and TS,( 2 kcal/mol, at the
G2M(RCC, MP2) level of theory.26 These discrepancies could
only be settled by a truly homogeneous experiment carried out
in a shock tube, however.
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Figure 6. Energy diagram for the potential energy surface of the HONO+ HCl reaction calculated in the framework of the G2M(RCC,MP2)//
B3LYP/6-311G(d,p) approach. Solid lines connect thetrans-HONO related channels, and the dotted lines connect thecis-HONO related channels.

TABLE 7: Molecular and Transition-State Parameters of the Reactants, Products, and Transition States of the HONO+ HCl
Reaction, Used for the TST Calculations of the Rate Constantsa

species I i (amu) frequencies (cm-1)

trans-HONO see table 2 see table 2
cis-HONO see table 2 see table 2
HCl 0.0, 5.8, 5.8 2927
TS1′′ 196.7, 558.8, 709.0 965i, 158, 186, 434, 470, 555, 661, 921, 1221, 1395, 2060, 3766
TS2′′ 178.9, 630.3, 769.7 988i, 121, 242, 404, 480, 520, 681, 948, 1207, 1337, 2012, 3731
TS3′′ 96.1, 713,5, 809.7 640i, 273, 355, 476, 916, 1030, 1126, 1290, 1478, 1700, 1987, 2219
TS4′′ 137.3, 559.4, 696.7 622i, 278, 364, 725, 815, 977, 1097, 1305, 1453, 1497, 1628, 1932
LM1 115.3, 1129.9, 1245.2 32, 43, 130, 394, 396, 545, 605, 783, 1268, 1823, 2782, 3773
LM2 305.8, 472.9, 740.4 110, 137, 169, 216, 294, 354, 445, 554, 1646, 2014, 3769, 3873
LM3 31.3, 1463.8, 1495.1 19, 46, 110, 350, 407, 575, 660, 851, 1305, 1759, 2811, 3609
LM4 139.2, 1071.2, 1210.4 15, 97, 106, 382, 416, 605, 652, 872, 1323, 1792, 2773, 3750
LM5 70.3, 1079.9, 1150.3 49, 104, 152, 414, 475, 805, 1076, 1402, 1545, 1676, 2722, 3153
LM6 135.4, 954.6, 1090.0 38, 87, 108, 280, 294, 662, 726, 928, 1346, 1691, 2850, 3559
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a Calculated at the B3LYP/6-311G(d,p) level.
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