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We have calculated the structure of the complex betweghahd HQNO,. The species fD—HO,NO; has

a relatively large binding energy of 6.5 kcal mblat 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 theHH4O complex with

NO, and compared it to the rate constant for H© NO,. The HG—HO,NO, complex is presented for a

point of comparison.

|. Introduction that for isolated H@ and NQ. That is, reaction 3 should be

Pernitric acid (PNA) is an important reservoir species that faster than reaction 1.

couples both the HEand the NQ chemical families. This type HO,—H,O + NO, + M = H,0—HO,NO, + M  (3)

of coupling is critical to many atmospheric processes, including

stratospheric ozone removalhe major production route for  Because the HO-H,O complex has not been observed in the

pernitric acid is from the radicalradical reaction of the  gas phase, the rate constant for reaction 3 cannot be directly

hydroperoxyl radical (Hg) and nitrogen dioxide (N§) via the measured experimentally. In the present work, we use density

reactiorf~*2 functional theory to estimate salient features of the potential
energy surface, using this information to estimate the reaction

HO, + NO, + M =HO,NO, + M @) rate constants for both of these reactions.
This reaction has also been suggesteld to play an important Il. Computational Methods
Lc:'leecrl]r;rt]ir;?ndestructlon of Hospecies through the following All calculations were performed using the Gaussian 94 suite
' of programsi® Geometries were optimized using the Becke
HO, + NO, + M == HO,NO, + M 1) three-parameter hybrid functional combined with the Lee, Yang,
and Parr correlation [B3LYP] density functional theory metfbd.
HO,NO, + OH— H,0+ O, + NO, 2 This method has been shown to produce reliable results for
hydrogen-bonded complexes when compared with other meth-
net:  OH+HO,—H,0+ 0, 0ds?021 Basis sets employed were the 6-31G(d), 6-8315

(d,p), 6-311+4G (2d,2p), 6-31%+G(2df,2p), and 6-314+G

The enhancement of the rate of reaction 1 by the presence oftodf:3pd). Frequency calculations were also performed at the
water can influence the importance of this reaction. Sander angB3LYP/6-311-+G(3df,3pd) level of theory. Zero-point energies

Petersol studied the reaction of HGand NQ in the presence taken from these frequency calculatlon§ can be assumed to'be
of water vapor and found that the reaction rate is significantly &0 UPPer limit because of the anharmonic nature of the potential

enhanced. It was suggested that the enhancement involves affnergy surface. We use the data provided by these calculations
intermediate formed by the reaction of the hydroperoxyl to determine the reaction rate constants for reactions 1 and 3.

radica-water complex (H@—H,0) with NO,. This intermedi- The methods used will be discussed in the following section.
ate formed by the reaction has been suggested to be more stablﬁI Results and Discussion

with respect to dissociation than the noncomplexed intermediate”

because of the larger number of vibrational modes available A. Structure and Energy of the Species StudiedSaxon

for energy dispersal. In this study, we present the results of ourand Lit??2 and, more recently, Chen and Hamiltérhave
calculations of the probable intermediate formed, th©H performed theoretical studies of pernitric acid. Chen and
HO,NO, complex. We calculate the structure, rotational con- Hamilton showed that the B3LYP method calculated a minimum
stants, vibrational frequencies, and energetics of this complex.structure similar to that of both MglletPlessett perturbation
Based on the observed enhancement of the HDO, reaction theory (MP2) and quadratic configuration interaction theory with
in the presence of water and the proposed mechanism for thesingle and double substitution (QCISD) using similar size basis
enhancement given by Sander and Petetétine reaction rate  sets. Our calculated geometry for PNA is given in Table 1. It
constant for the reaction involving the water-complexed hy- is in good agreement with the structure calculated by Chen and
droperoxyl radical with nitrogen dioxide should be faster than Hamilton, as well as with the experimentally derived results of
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TABLE 1: Geometry of Pernitric Acid

J. Phys. Chem. A, Vol. 104, No. 26, 2008213

B3LYP
coordinaté 6-31G(d) 6-31%+G(d,p) 6-311#-+G(2d,2p) 6-311+G(2df,2p) 6-31%+G(3df,3pd) expt
HO, 0.978 0.972 0.970 0.970 0.970 0.965
0:0; 1.404 1.399 1.401 1.397 1.396
NO, 1.511 1.531 1.516 1.516 1.515 1.511
NOs 1.198 1.189 1.190 1.187 1.186
NO, 1.199 1.190 1.192 1.189 1.188
HO,0, 102.7 103.4 103.2 103.4 103.4
0,0:N 109.1 109.6 109.6 109.7 109.6 102.9
O,NO; 116.5 116.4 116.6 116.5 116.5
O;NO;4 110.1 109.9 109.9 109.9 109.9
HO,0O;N 85.4 90.3 88.1 88.1 87.5 72.8
0,0,NO3 —10.5 —9.8 -9.3 —9.4 —-9.2 0.0
0,0,NO3 171.0 1711 171.8 171.7 171.9

aBond distances are reported in angstroms, bond angles and dihedrals in degedesn from ref 24.

TABLE 2: Geometry of the Water —Pernitric Acid Complex

B3LYP
coordinaté 6-31G(d) 6-31%+G(d,p) 6-311+G(2d,2p) 6-311++G(2df,2p) 6-31#+G(3df,3pd)
R 1.732 1.768 1.776 1.777 1.767
H.0, 0.998 0.986 0.985 0.985 0.985
0,0, 1.405 1.397 1.399 1.396 1.395
NO, 1.482 1.509 1.495 1.494 1.493
NO3 1.208 1.192 1.194 1.191 1.190
NO, 1.202 1.194 1.196 1.193 1.192
H,0s 0.972 0.963 0.962 0.962 0.962
H3Os 0.970 0.963 0.962 0.962 0.962
H10,0, 102.2 102.8 102.8 103.0 103.0
0:0:N 10.1 110.1 110.1 110.2 110.2
O,NO; 117.4 117.0 117.2 117.1 117.0
O;NO4 1111 110.4 110.5 110.5 110.5
H,0sH3 105.3 106.7 106.3 106.4 106.2
H,0sH1 96.5 119.4 111.7 112.8 112.4
OsH101 161.5 173.9 173.7 173.7 174.3
H10,0:N 80.1 87.3 84.6 84.5 84.0
0,0,NO3 —13.0 -8.7 -9.2 —-9.2 —-9.2
0:10:NO3 169.0 172.4 1721 1721 1721
H,05H,01 -1.4 —-41.0 -9.6 —10.6 -7.1
H30sH101 109.4 100.9 116.0 117.8 120.2
OsH,0:0, —74.0 —48.1 —71.2 —70.7 —72.8

aBond distances are reported in Angstroms, bond angles and dihedrals in degrees.

Figure 1. Structure of Pernitric Acid.

Suenram et a? This gives us confidence in the method-

ology used in this work. The structure of HRO; is shown in

Figure 1.

In this work, we have calculated the structure of the complex

between water and pernitric acid,,&—HO;NO,. In this

the water. The structure is shown in Figure 2. The intermolecular
bond R) has a calculated distance of 1.767 A at the B3LYP/
6-311++G(3df,3pd) level of theory. This is 0.016 A shorter

than the calculated intermolecular bond in 3,025 which

PNA complex by 0.015 A, or 1.5%. Whereas the-@; bond
distance is relatively unchanged in PNA, the-®, bond

Figure 2. Structure of the WaterPernitric Acid Complex.

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

We have also calculated the structure for the complex between
the hydroperoxyl radical and pernitric acid, FEHO,NO,,
. shown in Figure 3. In that species, PNA is the hydrogen donor
complex, the PNA is a hydrogen donor to the oxygen atom on i, the terminal oxygen atom of HOand the hydroperoxyl
radical is a hydrogen donor to one of the oxygen atoms of
pernitric acid. These intermolecular bonds, along theaRd
R, coordinates, have distances of 1.792 and 1.882 A, respec-
tively. The geometry of the HE-HO,NO, complex is shown
has similar connectivity, at the same level of theory. The full in Table 3. As for the HO—PNA complex, the k0, bond is
optimized geometry for this complex is given in Table 2. The elongated by 1.9%, which is more than in the watgernitric
oxygen-hydrogen bond in HENO; is elongated in the water

acid complex. The NO, bond is shortened relative to that in
isolated PNA by 2.5%, which is more than was the case for
H,O—HO,NO,. The hydroger-oxygen bond on the hydroper-
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TABLE 3: Hydroperoxyl Radical —Pernitric Acid Complex

B3LYP
coordinate 6-31G(d) 6-31%+G(d,p) 6-311+G(2d,2p) 6-31%+G(2df,2p) 6-314+G(3df,3pd)
R 1.798 1.843 1.811 1.817 1.792
Ro 1.901 1.926 1.909 1.913 1.882
H10, 0.996 0.987 0.987 0.987 0.988
0,0, 1.405 1.398 1.399 1.396 1.394
NO, 1.480 1.496 1.481 1.480 1.477
NOs 1.212 1.204 1.206 1.203 1.202
NO, 1.197 1.187 1.189 1.186 1.186
H,Os 0.994 0.986 0.986 0.986 0.986
0506 1.326 1.322 1.323 1.320 1.318
H,0,0; 103.0 103.7 103.6 103.8 103.8
O;0.N 110.0 110.4 110.5 110.6 110.6
O:NO; 117.8 1171 1175 117.3 117.3
ONO, 111.1 111.2 111.2 111.2 111.3
H,0:06 105.5 106.1 105.8 106.0 105.9
0s06H1 103.2 109.4 107.0 107.5 107.2
OgH101 150.9 155.3 158.1 158.0 160.1
H,0;0,N 91.8 87.7 86.8 86.3 85.5
0,0.NO; 9.8 -11.9 —11.1 -11.3 -11.3
0,0.NO; 170.6 168.9 169.7 169.5 169.5
H,0506H1 11.3 12.5 11.8 12.0 11.6
0506H10; 16.0 13.2 17.2 16.9 17.9
O6H1010, ~111.9 -103.3 —105.7 ~105.5 —104.0

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

TABLE 4: Rotational Constants for H,O—PNA and HO,—PNA Complexes

rotational B3LYP
species constarit 6-31G(d) 6-31%++G(d,p) 6-313-+G(2d,2p) 6-31%++G(2df,2p) 6-311-+G(3df,3pd)
H,O—HO;NO, A 5253 5439 5430 5448 5474
B 2296 1902 1953 1952 1959
C 1880 1725 1737 1734 1740
HO,—HO,;NO; A 4580 4370 4405 4418 4400
B 1530 1535 1545 1543 1566
C 1269 1250 1264 1261 1277

The hydroperoxyl radicatpernitric acid complex also has
twenty-one fundamental vibrational modes, listed in Table 6.
Many of these modes show shifts similar to those of th@H
HO2NO; complex. The PNA h—0O; stretch (mode number 2)
has a larger red shift, 358 cr than that in the waterpernitric
acid complex. It has weaker intensity, 255.3 km mphowever.
The H, out-of-plane torsion of PNA (mode number 10) has the
same size blue shift, 440 crh as that in HO—HONO,. Unlike
in the water-pernitric acid complex, where modes in common
Figure 3. Structure of the Hydroperoxyl RadieaPernitric Acid with the water molecule modes are relatively unaffected by
Complex. complexation, in the H&-HO,NO, complex, the hydroperoxyl

oxyl radical, H—Os, is elongated by 1.1% relative to those in Hz~Os stretch (mode number 1) is red-shifted by 155 ¢ém

isolated HQ. Also, the nitrogeroxygen bond nearest to the with respect to the same stretch in isolated,HDis also the

R. bond on the PNA, N-Os, is elongated by 1.3%. These latter mode with thel largest calculated intensity in HPHONO,,
two bonds are indicative of the interaction aloRg. The 714.1 km mot™. The hydroperoxyl #-Os—0s bend is blue-

analogous coordinates in,8—HO,NO; are not significantly ~ Shifted by 87 cm?. Of the intermolecular modes in HOHO,-

different from those in isolated PNA. The rotational constants NOz: the H out-of-plane torsion at 523 cm is the most

for both complexes are presented in Table 4. strongly absorbing band, with an intensity of 125.2 km mol
Pernitric acid has twelve fundamental vibrational modes, and  The binding energies for the;@—HO,NO, and HQG—HO,-

water has three. The watepernitric acid complex has modes NO; complexes are listed in Table 7. At the highest level of

that are similar to these, as well as an additional six new modestheory used, B3LYP/6-3H+G(3df,3pd), the binding energies

that are unique to it. All of these modes are listed in Table 5. (Do) are calculated to be 6.5 and 6.9 kcal molrespectively.

The modes that are similar to those of the parent molecules There was relatively good convergence as the size of basis set

may be shifted with respect to the isolated monomers. The PNA was increased in these calculations. It is clear that the 6-31G-

oxygen—hydrogen stretch (mode number 3) is red-shifted by (d) basis set is too small to accurately predict energies for these

290 cnt! with respect to that in isolated HNO,. This is types of molecules, overestimating the binding energies by about

consistent with the lengthening of thg-HO; bond along that 50% for each complex. The complexes have similar binding

coordinate. This mode also has the largest band intensity, makingenergies, but for different reasons. In the case gd-HHO,-

it a good candidate for experimental detection of this species. NO,, water is a good hydrogen acceptor, and pernitric acid is
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TABLE 5: Vibrational Frequencies? of the Water—Pernitric TABLE 6: Vibrational Frequencies? of the Hydroperoxyl
Acid Complex Radical—Pernitric Acid Complex
mode B3LYP/6-311+G(3df,3pd) mode B3LYP/6-311+G(3df,3pd)
number mode description frequency shift intensity number mode description frequency shift intensity
1 water H—0Os—Hs 3902 —-11 95.0 1 HO, H,—Osstretch 3447  —155 714.1
asymmetric stretch 2 PNA H,—O; stretch 3357 —358 2553
2 water H—0Os—Hgs 3805 -9 16.2 3 PNA O;—N—-0Oq4 1756 —41  470.2
symmetric stretch asymmetric stretch
3 PNA H,—O; stretch 3425 —290 766.4 4 PNA H;—0;—0;bend 1541 +106 66.1
4 PNA G;—N—0O, 1769 —28 4241 5 HO,H,—0s—0Ogbend 1523 +87 41.1
asymmetric stretch 6 PNA G;—N—04 1336 —-17 204.1
5 water H—Os—Hsbend 1627 0 66.9 symmetric stretch
6 PNA H;—0;—0,bend 1549 +114 51.3 7 HO, Os—Ogstretch 1214 +35 12.5
7 PNA G;—N—0Oq4 1348 -5 2310 8 PNA O—O;stretch 1009 +8 33.8
symmetric stretch 9 PNA N—O;stretch 830 +14 1424
8 PNA O,—0O;stretch 1008 +7 36.6 10 PNA H, out-of—plane 814 +440 22.4
9 PNA N—O,stretch 846 +30 116.8 torsion
10 PNA H, out-of—plane 814 +440 51.0 11 PNA NQ;umbrella 726 —24 19.6
torsion 12 PNA O—N—0O4bend 657 -5 7.7
11 PNA NG;umbrella 729 =21 26.1 13 intermolecular Kl 523 125.2
12 PNA Q—N—0O4bend 662 0 3.9 out-of—plane torsion
13 PNA GQ—N—0O4rock 474 +13 14.0 14 PNA O—N—0O4rock 487 +26 12.8
14 PNA N-0O,—0; bend 337 +29 1.3 15 PNA N-0O,—0; bend 341 +33 1.1
15 intermolecular 05 297 9.5 16 PNA GQ—0;torsion 273 +123 37.7
stretch 17 intermolecular ©-H1—0g 189 25.0
16 intermolecular biwag 274 217.6 bend
17 intermolecular b twist 240 40.8 18 intermolecular k03 158 4.2
18 PNA O,—NOztorsion 161 +11 5.2 stretch
19 intermolecular b-0s—H; 133 46.5 19 intermolecular 119 14
bend 0;—H;—0s—0Ostorsion
20 intermolecular 56 3.0 20 intermolecular 81 3.1
H;—0s—H;—0; torsion N—0O3—H,—0storsion
21 intermolecular 37 3.4 21 intermolecular 55 0.6
Os—H;—0;—0, torsion 0O,—N—03—Hstorsion
aVibrational frequencies are reported in thintensities in km aVibrational frequencies are reported in chintensities in km
mol~2. mol2.

a good hydrogen donor. The intermolecular bond distaRce, ~TABLE 7: Binding Energies® of H,O—HO,NO, and
is 1.767 A. In the case of HO-HO,NO,, there are two HO>—HO.NO,

interactions along thB; andR; coordinates. The hydroperoxyl H,O—HO:NO, HO,—HO,NO;
radical is not as good of a hydrogen acceptor as water, as iS  B3LYP basis set De D, De D,
evident by the Ionggr bond along tiRe co.ord!nate,.l.792 A. 6-31G(d) 128 109 123 103
In that case, there is a second interaction in which, HOa 6-311++G(d,p) 9.6 77 8.7 6.7
hydrogen donor to PNA along tH& coordinate, which has a 6-311++G(2d,2p) 8.4 6.6 8.6 6.6
distance of 1.882 A. The combination of these two interactions  6-311:+G(2df,2p) 8.4 6.5 8.5 6.5
makes the binding energy of the hydroperoxy! radiqadrnitric 6-311++G(3df,3pd) 8.3 6.5 8.9 6.9
acid complex about 0.4 kcal mdllarger than that of the water aBinding energies are reported in kcal mbl

pernitric acid complex.

Thermodynamic data are listed in Table 8. The data fop,HO  different temperatures using eq 4. Entropies at 300 K were
NO2, H,0, and PNA were taken from NASA’s JPL Publication calculated using the ab initio calculations and extrapolated using
97-426 Enthalpy data were extrapolated to other temperatures eq 5.
using Kirchhoff's Law. Using the data in Table 8, we calculated the equilibrium

constants for the formation of the complexds)(via the
AH(T,) — AH(T)) = AC, AT (4) following reactions

whereT is the temperature andC; is the difference in heat H,O + HO,NO, = H,0—HO,NO, (6)
capacity at constant pressure of the substances whose enthalpy

is being calculated compared to those of the elements in their HO, + HO,NO, = HO,—HO,NO, (7)
natural state. The heat capacities for all of the species at 298 K

were taken from the output of the ab initio calculations. At 300 K, K is 1.9 x 102! cm® molecule’? for H,O—HO,-
Differences in heat capacities were assumed to be independenNO; and 6.9x 10-2 cm® molecule? for HO,—HO,NO,. The

of temperature. Entropies were extrapolated to different tem- difference inKs between the complexes arises from the change

peratures using the following equation in entropy being much more favorable in the case of the water
complex. At 200 K, the formation of the complexes is more
T,) — §T,) =C, In(T,/T,) (5) favored, withKs values of 1.3x 10719 for H,O—HO,NO, and

7.2 x 102! for HO,—HO,NOs.
whereC, is the heat capacity at constant volume. The enthalpies B. Determination of Reaction Rate ConstantsAs men-
of the complexes at zero Kelvil\{H;°) were calculated from  tioned earlier, Sander and PeterSonbserved a significant
the difference in their internal energies and extrapolated to enhancement in the rate constant of reaction 1 in the presence
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TABLE 8: Thermodynamic Data?

HO, NO, H.O HO:NO, HO,—H-0 H,O—HO,NO; HO,—HO,NO,
AH{ 35 8.4 —57.1 —11.4 —59.8 —75.0 —14.8
AH?0 3.0 8.1 —57.7 —11.8 —60.4 —75.8 —15.7
AHg0 2.8 7.9 —57.8 —12.5 —60.8 —76.2 —16.1
AS00 51.9 54.5 42.7 64.6 65.9 79.9 80.9
AS0 54.4 57.3 45.1 70.8 72.3 90.2 91.1
K200 1.3x 1071 7.2x10%
K300 1.9x 102 6.9x 102

a Enthalpies are reported in kcal mé|l entropies in cal molt K=1, and equilibrium constants in édmolecule™.

of water. This is thought to occur because a complex betweens™. The increase irkassocfor reaction 3 compared to that for
water and the hydroperoxyl radical has a faster rate constant inreaction 1 arises from two contributions: (1) the presence of
reaction with NQ than does isolated HOIt has been proposed  lower-energy intermolecular vibrational modes in theOH
that the enhanced rate constant involves the following reaction HO,NO, complex that contribute to the vibrational partition
function Quib) term in eq 8 and (2) the binding energy of the
HO,—H,0 + NO, + M = H,0-HO,NO, + M  (3) H,O—HO,NO, complex. For reaction XassodS about 2 orders

. . . . of magnitude greater than that for reaction 1.
We can use the data in Table 8, in combination with a method 9 9

first developed by Tro&28 and further shown to be effective
by Patrick and Goldefi for reactions of atmospheric importance,
to estimate the rate constant for the reverse of reaction 3. We We have calculated the structures, energies, and vibrational
compare this to the reaction rate constant calculated for the frequencies for the complexes between water and the hydrop-
formation of pernitric acid not involving complex formation. ~ €roxyl 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,
In the method we use, the dissociation rate constant for the we use the Troe method to compute the reaction rate constant
complex is calculated using the following equation for the reaction of H@-H,O with NO,. These data support

- I the already-proposed explanation for the enhancement in the

Kgissoc= 213 P(Eg) RT(Quip) ~ eXpCEQR T ) FeF o rate constant observed in the reaction between bi@ NG

(8) in the presence of $#D. These results suggest that the additional

whereZ,; is the Lennard-Jones collision frequengyfEo) is stabilization of HQNO; by water may be a d.riving force for
the density of state®}is the gas constari;is the temperature;  the rate enhancement of the b® NO, reaction in the presence
Quib is the vibrational partition function for the associated of water vapor. The present results are consistent with the results
species;Ep is the critical energy; andFg, Fann and Fry are of Sander and Peterséh.

correction terms for the energy dependence of the density of .
states, for anharmonicity, and for rotation, respectively. The = Acknowledgment. The authors thank the Jet Propulsion
critical energy represents the energy needed for this reaction tol-aboratory Supercomputer Cen_ter at the California Institute qf
take place, in this case the difference in energies between the! ©chnology for ample computational resources to complete this
products and reactants. study.

To compare our calculated value with a rate that has been
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Phys. Lett.1977, 45, 564.
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IV. Conclusions

HO, + NO, + M == HO,NO, + M (1)
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