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We have calculated the structure of the complex between H2O and HO2NO2. The species H2O-HO2NO2 has
a relatively large binding energy of 6.5 kcal mol-1 at the B3LYP/6-311++G(3df,3pd) level of theory.
Vibrational frequencies were also calculated. These data were used to calculate the equilibrium constant for
the formation of the complex, as well as the rate constant for its dissociation. Using these calculations in
conjunction with the Troe method, we computed a reaction rate constant for the HO2-H2O complex with
NO2 and compared it to the rate constant for HO2 + NO2. The HO2-HO2NO2 complex is presented for a
point of comparison.

I. Introduction

Pernitric acid (PNA) is an important reservoir species that
couples both the HOx and the NOx chemical families. This type
of coupling is critical to many atmospheric processes, including
stratospheric ozone removal.1 The major production route for
pernitric acid is from the radical-radical reaction of the
hydroperoxyl radical (HO2) and nitrogen dioxide (NO2) via the
reaction2-12

This reaction has also been suggested13-16 to play an important
role in the destruction of HOx species through the following
mechanism.

The enhancement of the rate of reaction 1 by the presence of
water can influence the importance of this reaction. Sander and
Peterson17 studied the reaction of HO2 and NO2 in the presence
of water vapor and found that the reaction rate is significantly
enhanced. It was suggested that the enhancement involves an
intermediate formed by the reaction of the hydroperoxyl
radical-water complex (HO2-H2O) with NO2. This intermedi-
ate formed by the reaction has been suggested to be more stable
with respect to dissociation than the noncomplexed intermediate
because of the larger number of vibrational modes available
for energy dispersal. In this study, we present the results of our
calculations of the probable intermediate formed, the H2O-
HO2NO2 complex. We calculate the structure, rotational con-
stants, vibrational frequencies, and energetics of this complex.
Based on the observed enhancement of the HO2 + NO2 reaction
in the presence of water and the proposed mechanism for the
enhancement given by Sander and Peterson,17 the reaction rate
constant for the reaction involving the water-complexed hy-
droperoxyl radical with nitrogen dioxide should be faster than

that for isolated HO2 and NO2. That is, reaction 3 should be
faster than reaction 1.

Because the HO2-H2O complex has not been observed in the
gas phase, the rate constant for reaction 3 cannot be directly
measured experimentally. In the present work, we use density
functional theory to estimate salient features of the potential
energy surface, using this information to estimate the reaction
rate constants for both of these reactions.

II. Computational Methods

All calculations were performed using the Gaussian 94 suite
of programs.18 Geometries were optimized using the Becke
three-parameter hybrid functional combined with the Lee, Yang,
and Parr correlation [B3LYP] density functional theory method.19

This method has been shown to produce reliable results for
hydrogen-bonded complexes when compared with other meth-
ods.20,21 Basis sets employed were the 6-31G(d), 6-311++G
(d,p), 6-311++G (2d,2p), 6-311++G(2df,2p), and 6-311++G
(3df,3pd). Frequency calculations were also performed at the
B3LYP/6-311++G(3df,3pd) level of theory. Zero-point energies
taken from these frequency calculations can be assumed to be
an upper limit because of the anharmonic nature of the potential
energy surface. We use the data provided by these calculations
to determine the reaction rate constants for reactions 1 and 3.
The methods used will be discussed in the following section.

III. Results and Discussion

A. Structure and Energy of the Species Studied.Saxon
and Liu22 and, more recently, Chen and Hamilton23 have
performed theoretical studies of pernitric acid. Chen and
Hamilton showed that the B3LYP method calculated a minimum
structure similar to that of both Møller-Plessett perturbation
theory (MP2) and quadratic configuration interaction theory with
single and double substitution (QCISD) using similar size basis
sets. Our calculated geometry for PNA is given in Table 1. It
is in good agreement with the structure calculated by Chen and
Hamilton, as well as with the experimentally derived results of

HO2 + NO2 + M a HO2NO2 + M (1)

HO2 + NO2 + M a HO2NO2 + M (1)

HO2NO2 + OH f H2O + O2 + NO2 (2)

net: OH+ HO2 f H2O + O2

HO2-H2O + NO2 + M a H2O-HO2NO2 + M (3)
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Suenram et al.24 This gives us confidence in the method-
ology used in this work. The structure of HO2NO2 is shown in
Figure 1.

In this work, we have calculated the structure of the complex
between water and pernitric acid, H2O-HO2NO2. In this
complex, the PNA is a hydrogen donor to the oxygen atom on
the water. The structure is shown in Figure 2. The intermolecular
bond (R) has a calculated distance of 1.767 Å at the B3LYP/
6-311++G(3df,3pd) level of theory. This is 0.016 Å shorter
than the calculated intermolecular bond in HO2-H2O,25 which
has similar connectivity, at the same level of theory. The full
optimized geometry for this complex is given in Table 2. The
oxygen-hydrogen bond in HO2NO2 is elongated in the water-
PNA complex by 0.015 Å, or 1.5%. Whereas the O1-O2 bond
distance is relatively unchanged in PNA, the N-O2 bond

distance is decreased by 0.022 Å, about 1.5%. The other
coordinates of HO2NO2 are relatively unchanged.

We have also calculated the structure for the complex between
the hydroperoxyl radical and pernitric acid, HO2-HO2NO2,
shown in Figure 3. In that species, PNA is the hydrogen donor
to the terminal oxygen atom of HO2, and the hydroperoxyl
radical is a hydrogen donor to one of the oxygen atoms of
pernitric acid. These intermolecular bonds, along the R1 and
R2 coordinates, have distances of 1.792 and 1.882 Å, respec-
tively. The geometry of the HO2-HO2NO2 complex is shown
in Table 3. As for the H2O-PNA complex, the H1-O1 bond is
elongated by 1.9%, which is more than in the water-pernitric
acid complex. The N-O2 bond is shortened relative to that in
isolated PNA by 2.5%, which is more than was the case for
H2O-HO2NO2. The hydrogen-oxygen bond on the hydroper-

TABLE 1: Geometry of Pernitric Acid

B3LYP

coordinatea 6-31G(d) 6-311++G(d,p) 6-311++G(2d,2p) 6-311++G(2df,2p) 6-311++G(3df,3pd) exptb

HO1 0.978 0.972 0.970 0.970 0.970 0.965
O1O2 1.404 1.399 1.401 1.397 1.396
NO2 1.511 1.531 1.516 1.516 1.515 1.511
NO3 1.198 1.189 1.190 1.187 1.186
NO4 1.199 1.190 1.192 1.189 1.188
HO1O2 102.7 103.4 103.2 103.4 103.4
O1O2N 109.1 109.6 109.6 109.7 109.6 102.9
O2NO3 116.5 116.4 116.6 116.5 116.5
O2NO4 110.1 109.9 109.9 109.9 109.9
HO1O2N 85.4 90.3 88.1 88.1 87.5 72.8
O1O2NO3 -10.5 -9.8 -9.3 -9.4 -9.2 0.0
O1O2NO3 171.0 171.1 171.8 171.7 171.9

a Bond distances are reported in angstroms, bond angles and dihedrals in degrees.b Taken from ref 24.

TABLE 2: Geometry of the Water-Pernitric Acid Complex

B3LYP

coordinatea 6-31G(d) 6-311++G(d,p) 6-311++G(2d,2p) 6-311++G(2df,2p) 6-311++G(3df,3pd)

R 1.732 1.768 1.776 1.777 1.767
H1O1 0.998 0.986 0.985 0.985 0.985
O1O2 1.405 1.397 1.399 1.396 1.395
NO2 1.482 1.509 1.495 1.494 1.493
NO3 1.208 1.192 1.194 1.191 1.190
NO4 1.202 1.194 1.196 1.193 1.192
H2O5 0.972 0.963 0.962 0.962 0.962
H3O5 0.970 0.963 0.962 0.962 0.962
H1O1O2 102.2 102.8 102.8 103.0 103.0
O1O2N 10.1 110.1 110.1 110.2 110.2
O2NO3 117.4 117.0 117.2 117.1 117.0
O2NO4 111.1 110.4 110.5 110.5 110.5
H2O5H3 105.3 106.7 106.3 106.4 106.2
H2O5H1 96.5 119.4 111.7 112.8 112.4
O5H1O1 161.5 173.9 173.7 173.7 174.3
H1O1O2N 80.1 87.3 84.6 84.5 84.0
O1O2NO3 -13.0 -8.7 -9.2 -9.2 -9.2
O1O2NO3 169.0 172.4 172.1 172.1 172.1
H2O5H1O1 -1.4 -41.0 -9.6 -10.6 -7.1
H3O5H1O1 109.4 100.9 116.0 117.8 120.2
O5H1O1O2 -74.0 -48.1 -71.2 -70.7 -72.8

a Bond distances are reported in Ångstroms, bond angles and dihedrals in degrees.

Figure 1. Structure of Pernitric Acid.
Figure 2. Structure of the Water-Pernitric Acid Complex.
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oxyl radical, H2-O5, is elongated by 1.1% relative to those in
isolated HO2. Also, the nitrogen-oxygen bond nearest to the
R2 bond on the PNA, N-O3, is elongated by 1.3%. These latter
two bonds are indicative of the interaction alongR2. The
analogous coordinates in H2O-HO2NO2 are not significantly
different from those in isolated PNA. The rotational constants
for both complexes are presented in Table 4.

Pernitric acid has twelve fundamental vibrational modes, and
water has three. The water-pernitric acid complex has modes
that are similar to these, as well as an additional six new modes
that are unique to it. All of these modes are listed in Table 5.
The modes that are similar to those of the parent molecules
may be shifted with respect to the isolated monomers. The PNA
oxygen-hydrogen stretch (mode number 3) is red-shifted by
290 cm-1 with respect to that in isolated HO2NO2. This is
consistent with the lengthening of the H1-O1 bond along that
coordinate. This mode also has the largest band intensity, making
it a good candidate for experimental detection of this species.

The hydroperoxyl radical-pernitric acid complex also has
twenty-one fundamental vibrational modes, listed in Table 6.
Many of these modes show shifts similar to those of the H2O-
HO2NO2 complex. The PNA H1-O1 stretch (mode number 2)
has a larger red shift, 358 cm-1, than that in the water-pernitric
acid complex. It has weaker intensity, 255.3 km mol-1, however.
The H1 out-of-plane torsion of PNA (mode number 10) has the
same size blue shift, 440 cm-1, as that in H2O-HO2NO2. Unlike
in the water-pernitric acid complex, where modes in common
with the water molecule modes are relatively unaffected by
complexation, in the HO2-HO2NO2 complex, the hydroperoxyl
H2-O5 stretch (mode number 1) is red-shifted by 155 cm-1

with respect to the same stretch in isolated HO2. It is also the
mode with the largest calculated intensity in HO2-HO2NO2,
714.1 km mol-1. The hydroperoxyl H2-O5-O6 bend is blue-
shifted by 87 cm-1. Of the intermolecular modes in HO2-HO2-
NO2, the H2 out-of-plane torsion at 523 cm-1 is the most
strongly absorbing band, with an intensity of 125.2 km mol-1.

The binding energies for the H2O-HO2NO2 and HO2-HO2-
NO2 complexes are listed in Table 7. At the highest level of
theory used, B3LYP/6-311++G(3df,3pd), the binding energies
(Do) are calculated to be 6.5 and 6.9 kcal mol-1, respectively.
There was relatively good convergence as the size of basis set
was increased in these calculations. It is clear that the 6-31G-
(d) basis set is too small to accurately predict energies for these
types of molecules, overestimating the binding energies by about
50% for each complex. The complexes have similar binding
energies, but for different reasons. In the case of H2O-HO2-
NO2, water is a good hydrogen acceptor, and pernitric acid is

TABLE 3: Hydroperoxyl Radical -Pernitric Acid Complex

B3LYP

coordinatea 6-31G(d) 6-311++G(d,p) 6-311++G(2d,2p) 6-311++G(2df,2p) 6-311++G(3df,3pd)

R1 1.798 1.843 1.811 1.817 1.792
R2 1.901 1.926 1.909 1.913 1.882
H1O1 0.996 0.987 0.987 0.987 0.988
O1O2 1.405 1.398 1.399 1.396 1.394
NO2 1.480 1.496 1.481 1.480 1.477
NO3 1.212 1.204 1.206 1.203 1.202
NO4 1.197 1.187 1.189 1.186 1.186
H2O5 0.994 0.986 0.986 0.986 0.986
O5O6 1.326 1.322 1.323 1.320 1.318
H1O1O2 103.0 103.7 103.6 103.8 103.8
O1O2N 110.0 110.4 110.5 110.6 110.6
O2NO3 117.8 117.1 117.5 117.3 117.3
O2NO4 111.1 111.2 111.2 111.2 111.3
H2O5O6 105.5 106.1 105.8 106.0 105.9
O5O6H1 103.2 109.4 107.0 107.5 107.2
O6H1O1 150.9 155.3 158.1 158.0 160.1
H1O1O2N 91.8 87.7 86.8 86.3 85.5
O1O2NO3 -9.8 -11.9 -11.1 -11.3 -11.3
O1O2NO3 170.6 168.9 169.7 169.5 169.5
H2O5O6H1 11.3 12.5 11.8 12.0 11.6
O5O6H1O1 16.0 13.2 17.2 16.9 17.9
O6H1O1O2 -111.9 -103.3 -105.7 -105.5 -104.0

a Bond distances are reported in angstroms, bond angles and dihedrals in degrees.

TABLE 4: Rotational Constants for H 2O-PNA and HO2-PNA Complexes

B3LYP

species
rotational
constanta 6-31G(d) 6-311++G(d,p) 6-311++G(2d,2p) 6-311++G(2df,2p) 6-311++G(3df,3pd)

H2O-HO2NO2 A 5253 5439 5430 5448 5474
B 2296 1902 1953 1952 1959
C 1880 1725 1737 1734 1740

HO2-HO2NO2 A 4580 4370 4405 4418 4400
B 1530 1535 1545 1543 1566
C 1269 1250 1264 1261 1277

a Rotational constants are reported in MHz.

Figure 3. Structure of the Hydroperoxyl Radical-Pernitric Acid
Complex.
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a good hydrogen donor. The intermolecular bond distance,R,
is 1.767 Å. In the case of HO2-HO2NO2, there are two
interactions along theR1 andR2 coordinates. The hydroperoxyl
radical is not as good of a hydrogen acceptor as water, as is
evident by the longer bond along theR1 coordinate, 1.792 Å.
In that case, there is a second interaction in which HO2 is a
hydrogen donor to PNA along theR2 coordinate, which has a
distance of 1.882 Å. The combination of these two interactions
makes the binding energy of the hydroperoxyl radical-pernitric
acid complex about 0.4 kcal mol-1 larger than that of the water-
pernitric acid complex.

Thermodynamic data are listed in Table 8. The data for HO2,
NO2, H2O, and PNA were taken from NASA’s JPL Publication
97-4.26 Enthalpy data were extrapolated to other temperatures
using Kirchhoff’s Law.

whereT is the temperature and∆Cp is the difference in heat
capacity at constant pressure of the substances whose enthalpy
is being calculated compared to those of the elements in their
natural state. The heat capacities for all of the species at 298 K
were taken from the output of the ab initio calculations.
Differences in heat capacities were assumed to be independent
of temperature. Entropies were extrapolated to different tem-
peratures using the following equation

whereCv is the heat capacity at constant volume. The enthalpies
of the complexes at zero Kelvin (∆Hf

0) were calculated from
the difference in their internal energies and extrapolated to

different temperatures using eq 4. Entropies at 300 K were
calculated using the ab initio calculations and extrapolated using
eq 5.

Using the data in Table 8, we calculated the equilibrium
constants for the formation of the complexes (Kf) via the
following reactions

At 300 K, Kf is 1.9 × 10-21 cm3 molecule-1 for H2O-HO2-
NO2 and 6.9× 10-23 cm3 molecule-1 for HO2-HO2NO2. The
difference inKf between the complexes arises from the change
in entropy being much more favorable in the case of the water
complex. At 200 K, the formation of the complexes is more
favored, withKf values of 1.3× 10-19 for H2O-HO2NO2 and
7.2 × 10-21 for HO2-HO2NO2.

B. Determination of Reaction Rate Constants.As men-
tioned earlier, Sander and Peterson17 observed a significant
enhancement in the rate constant of reaction 1 in the presence

TABLE 5: Vibrational Frequenciesa of the Water-Pernitric
Acid Complex

B3LYP/6-311++G(3df,3pd)mode
number mode description frequency shift intensity

1 water H2-O5-H3

asymmetric stretch
3902 -11 95.0

2 water H2-O5-H3

symmetric stretch
3805 -9 16.2

3 PNA H1-O1 stretch 3425 -290 766.4
4 PNA O3-N-O4

asymmetric stretch
1769 -28 424.1

5 water H2-O5-H3 bend 1627 0 66.9
6 PNA H1-O1-O2 bend 1549 +114 51.3
7 PNA O3-N-O4

symmetric stretch
1348 -5 231.0

8 PNA O1-O2 stretch 1008 +7 36.6
9 PNA N-O2 stretch 846 +30 116.8

10 PNA H1 out-of-plane
torsion

814 +440 51.0

11 PNA NO3 umbrella 729 -21 26.1
12 PNA O3-N-O4 bend 662 0 3.9
13 PNA O3-N-O4 rock 474 +13 14.0
14 PNA N-O2-O1 bend 337 +29 1.3
15 intermolecular H1-O5

stretch
297 9.5

16 intermolecular H2 wag 274 217.6
17 intermolecular H2O twist 240 40.8
18 PNA O2-NO2 torsion 161 +11 5.2
19 intermolecular H2-O5-H1

bend
133 46.5

20 intermolecular
H2-O5-H1-O1 torsion

56 3.0

21 intermolecular
O5-H1-O1-O2 torsion

37 3.4

a Vibrational frequencies are reported in cm-1, intensities in km
mol-1.

∆H(T2) - ∆H(T1) ) ∆Cp ∆T (4)

S(T2) - S(T1) ) Cv ln(T2/T1) (5)

TABLE 6: Vibrational Frequenciesa of the Hydroperoxyl
Radical-Pernitric Acid Complex

B3LYP/6-311++G(3df,3pd)mode
number mode description frequency shift intensity

1 HO2 H2-O5 stretch 3447 -155 714.1
2 PNA H1-O1 stretch 3357 -358 255.3
3 PNA O3-N-O4

asymmetric stretch
1756 -41 470.2

4 PNA H1-O1-O2 bend 1541 +106 66.1
5 HO2 H2-O5-O6 bend 1523 +87 41.1
6 PNA O3-N-O4

symmetric stretch
1336 -17 204.1

7 HO2 O5-O6 stretch 1214 +35 12.5
8 PNA O1-O2 stretch 1009 +8 33.8
9 PNA N-O2 stretch 830 +14 142.4

10 PNA H1 out-of-plane
torsion

814 +440 22.4

11 PNA NO3 umbrella 726 -24 19.6
12 PNA O3-N-O4 bend 657 -5 7.7
13 intermolecular H2

out-of-plane torsion
523 125.2

14 PNA O3-N-O4 rock 487 +26 12.8
15 PNA N-O2-O1 bend 341 +33 1.1
16 PNA O2-O2 torsion 273 +123 37.7
17 intermolecular O1-H1-O6

bend
189 25.0

18 intermolecular H2-O3

stretch
158 4.2

19 intermolecular
O1-H1-O6-O5 torsion

119 1.4

20 intermolecular
N-O3-H2-O5 torsion

81 3.1

21 intermolecular
O2-N-O3-H2 torsion

55 0.6

a Vibrational frequencies are reported in cm-1, intensities in km
mol-1.

TABLE 7: Binding Energiesa of H2O-HO2NO2 and
HO2-HO2NO2

H2O-HO2NO2 HO2-HO2NO2

B3LYP basis set De Do De Do

6-31G(d) 12.8 10.9 12.3 10.3
6-311++G(d,p) 9.6 7.7 8.7 6.7
6-311++G(2d,2p) 8.4 6.6 8.6 6.6
6-311++G(2df,2p) 8.4 6.5 8.5 6.5
6-311++G(3df,3pd) 8.3 6.5 8.9 6.9

a Binding energies are reported in kcal mol-1.

H2O + HO2NO2 a H2O-HO2NO2 (6)

HO2 + HO2NO2 a HO2-HO2NO2 (7)
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of water. This is thought to occur because a complex between
water and the hydroperoxyl radical has a faster rate constant in
reaction with NO2 than does isolated HO2. It has been proposed
that the enhanced rate constant involves the following reaction

We can use the data in Table 8, in combination with a method
first developed by Troe27,28 and further shown to be effective
by Patrick and Golden29 for reactions of atmospheric importance,
to estimate the rate constant for the reverse of reaction 3. We
compare this to the reaction rate constant calculated for the
formation of pernitric acid not involving complex formation.

In the method we use, the dissociation rate constant for the
complex is calculated using the following equation

whereZLJ is the Lennard-Jones collision frequency;F(E0) is
the density of states;R is the gas constant;T is the temperature;
Qvib is the vibrational partition function for the associated
species;E0 is the critical energy; andFE, Fanh, and Frot are
correction terms for the energy dependence of the density of
states, for anharmonicity, and for rotation, respectively. The
critical energy represents the energy needed for this reaction to
take place, in this case the difference in energies between the
products and reactants.

To compare our calculated value with a rate that has been
measured, we first used this method to calculate the rate constant
for reaction 1. The experimentally determined rate constant at
300 K reported in ref 26 is 1.8× 10-31 cm6 molecule-2 s-1.
Our calculated value at the same temperature is 2.2× 10-32

cm6 molecule-2 s-1. This is the rate constant for the association
of HO2 and NO2 in reaction 1 (kassoc). Under equilibrium
conditions, this is

The calculated value is within an order of magnitude of what
is determined experimentally. Differences in experimental and
calculated values arise from the fact that we use our calculated
energies, which are slightly different from the measured values,
to determine the rate constants. We use the calculated numbers
to be consistent with the comparison of reactions 1 and 3. For
reaction 3, we determine the rate constant to be 4.7× 10-30

cm6 molecule-2 s-1. This is about 200 times faster than the
rate constant we calculated for reaction 1 and about 25 times
faster than the experimentally determined rate constant for that
reaction. We can appraise these results as the upper and lower
limits on the relative rates of reaction 3 and reaction 1. Hence,
we estimate the rate constant for reaction 3 to be between 4.7
× 10-30 cm6 molecule-2 s-1 and 3.6× 10-29 cm6 molecule-2

s-1. The increase inkassocfor reaction 3 compared to that for
reaction 1 arises from two contributions: (1) the presence of
lower-energy intermolecular vibrational modes in the H2O-
HO2NO2 complex that contribute to the vibrational partition
function (Qvib) term in eq 8 and (2) the binding energy of the
H2O-HO2NO2 complex. For reaction 3,kassocis about 2 orders
of magnitude greater than that for reaction 1.

IV. Conclusions

We have calculated the structures, energies, and vibrational
frequencies for the complexes between water and the hydrop-
eroxyl radical with pernitric acid. The vibrational frequencies
reported provide a guide to the experimental detection of these
complexes. We use the calculated data to estimate the equilib-
rium constants for the formation of these complexes. In turn,
we use the Troe method to compute the reaction rate constant
for the reaction of HO2-H2O with NO2. These data support
the already-proposed explanation for the enhancement in the
rate constant observed in the reaction between HO2 and NO2

in the presence of H2O. These results suggest that the additional
stabilization of HO2NO2 by water may be a driving force for
the rate enhancement of the HO2 + NO2 reaction in the presence
of water vapor. The present results are consistent with the results
of Sander and Peterson.17
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