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Data for the reactions between OH and Nitave been modeled using a multiwell, multichannel master
equation approach. In this work, new ab initio quantum chemical resultssfocis- andtrans—perp-HOONO

at the QCISD(T)/cc-pVDZ level are used with the multiple-well, multiple-channel master equation approach
in order to model the data between 220 and 430 K in both He andii¢ results are in good agreement with

the experimental data over the entire ranges of temperature and pressure. The contribution from HOONO is
evaluated for the experimental conditions. It is also evaluated for the conditions described by the U.S. Standard
Atmosphere (1976). Although the HON@athway dominates over all atmospheric conditions, up20%

of the reaction is predicted to yield HOONO near the tropopause. If the atmospheric fate of HOONO is
different than that of HON@ this can affect atmospheric chemistry models.

Introduction complex chemical systems. Thus much work has been aimed
at modeling “elementary” chemical reactions. Part of the
motivation of such work has been a desire to test the limits of
knowledge of elementary reactions. For the most reliable
interpolation and extrapolation, it is necessary to employ the
best theoretical methods that can be applied to the system. In
the past few years, this reaction system has been analyzed
theoretically by several groups.

The reaction of OH with N@is the principal sink for NQ
in the troposphere and thus has a direct effect on ozone
production. In the stratosphere, nitric acid (HONQs a
“reservoir species”, which “stores” highly reactive OH and NO
in a relatively inert form. In addition, the reaction is a popular
test bed for investigating fundamental aspects of recombination

reactions. In experiments, OH radical can be detected with high Chakraborty et al? carried out ab initio electronic structure

sensitivity on very short time scales under an exceptionally wide calculations and applied the results by using canonical varia-
range of experimental conditions. This has enabled experimentstional Rice-Rams %F: efKasseJ—Marcuys (RRgKM) theorv to
at temperatures frony220 to~450 K and pressures from1 perg y

mbar to~1 kbar. The experimental data have been reviewed obtain rate constants in reasonable agreement with the experi-

elsewheré:? Recent experiments have shown unambiguous mental data. Golden and Sr’rﬁthj_sed RRKM theory to
evidence for the existenteand significant production of reexamine the reaction system in light of recent experimental

peroxynitrous acid (HOONO)although its existence had been and theo_r etical |nformat|or_1. M_atheu and Ca_rl_é?_emvestlgated
surmised earliet-7 Recent spectroscopic resdit¥ have the reaction system by using literature ab initio results and an

confirmed the existence of HOONO. Thus the reaction can be glr\]{[e:Z?eL?prllattzent{ an_ls_frcé;emlrepre?ﬁngatlortl ofrthenerllerigy-dfetpr)]end-
written with two channels onstants. also carried out a reanalysis ot the

reaction in light of recent new data on the reaction system.

OH + NO, — HONO, (1a) ~ The present work differs from the previous theoretical work
in several ways. First, a multichannel, multiwell master equation
— HOONO (1b) analysis was carried out. Second, additional high-level ab initio

electronic structure calculations were carried out and utilized

These reactions are precisely analogous to the reactions formingy it the master equation. Third, a unified model was found that
alkyl nitrates from alkoxy radicals reacting with NGFurther-  gqsistactorily describes all of the existing experimental kinetics
more, ROONQ (where R ISan alkyl group) has be_en implicated yata The unified model is used to generate practical formulas
in the formation of alkyl nitrates from the reactions of RO ¢4 cajculating rate constants as functions of temperature and
radicals with nitric oxidé 13 Several theoretical models of this pressure for use in atmospheric chemistry models. Finally, the

6 ; : . /
system have been reported recenly. _ model is used to estimate the fractional yield of HOONO as a
Even when experimental data are unusually extensive, f,nction of altitude in the earth’s atmosphere.

theoretical models must be used to assist in estimating the rate
data needed for modeling the atmosphere, combustion, and othegyperimental Data
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TABLE 1: Energies? of HOONO Conformers Relative to
Planar cis-cisHOONO

level cis—perp TS?2 TSZ trans—-perp
B3LYP/6-31H+G** 0.8 19 56.3,59.8 8.1
G2 5.6 13.3
G3 5.6 55 595,621 13.5
QCISD(T)/cc-pVDZ 5.0 44 610,633 15.7
QCISD(T)/6-311G(d,) 2.9 11.7

2 AU° (0 K) in kJ mol* including zero-point energie8 Transition
state connecting cisperp and cis-cis via rotation about the ©0 bond.
¢ Pair of transition states connecting trafperp and cis-cis via rotation
about the N-O bond.? Values using QCISD(T)/cc-pVDZ zero-point
energies® McGrath and Rowland (ref 27) with MP2/6-31G(d) geom-
etries and frequencies.

Quantum Chemical Results

Characterization of HOONO and HONO». Our kinetics
modeling requires information about the overall thermochem-
istry of HOONO/HONQ formation from OH and N@ the
isomerization between HOONO conformers, and the isomer-
ization of HOONO to HONGQ@, as well as geometries and
vibrational frequencies of equilibrium structures. A large number
of quantum chemical studies of the HOONO/HONSystem
have been reported 40 Especially thorough studies have been
those of McGrath and Rowlarfd,Houk et al.3” Sumathi and
Peyerimhoff®® Li and Franciscé? and Dixon et af® McGrath
and Rowlané® obtained at the QCISD(T)6-311G(d,p)//MP2/6-
31G(d) level values of 2.9 and 11.7 kJ mblrespectively, for
AU° (0 K), including zero-point energy (ZPE) contributions,
of the cis—perp and transperp conformers of HOONO relative
to that of the planar ciscis conformer. As noted in several
earlier investigations, the planar €isis conformer of HOONO
with Cs symmetry is favored over nonplanar conformers at
essentially all levels of computation that include electron
correlation. The nonplanar eiperp conformer, in which the
OONO portion of the molecule is cis and nearly planar while
the bond to H is nearly normal to this plane, is of marginal
stability as a local minimum. By contrast, the nonplanar trans
perp conformer, in which the OONO portion of the molecule
is trans and nearly planar while the bond to H is nearly normal

Golden et al.

TABLE 2: Structures?2 of HOONO Conformers

parameter ciscis TSP trans-perp
R(O—N) 1.197 1.159, 1.162 1.175
R(N—-0O) 1.412 1.656, 1.645 1.504
R(0-0) 1.443 1.448, 1.448 1.442
R(O-H) 0.980 0.974,0.974 0.974
A(O—N-0) 113.9 109.4, 109.4 108.6
A(N—0-0) 112.8 99.2,99.3 104.9
A(O—O—H) 99.6 100.1, 100.0 100.1
D(O—N—-0-0) 0.0 82.9,91.4 176.5
D(N—0O—0—H) 0.0 97.9,-95.6 98.6

aBond distances in angstroms and angles in degrees at the
QCISD(T)/cc-pVDZ level” Pair of transition states connecting trans
perp and cis-cis via rotation about the NO bond.¢ The planar HON@
structure at the QCISD(T)/cc-pVDZ level has R{91)= 1.417, R(N-
02) = 1.218, R(N-0O3) = 1.204, R(H-01) = 0.977, A(O:--N—-02)
= 115.5, A(OF-N—03) = 115.5, and A(HO1-N) = 101.3.

TABLE 3: Vibrational Frequencies (cm~1)2b of HOONO
Conformers and HONO;

mode cis-cis trans-perp TS2 HONG;
vl 363* 206 224,218 477*
v2 397 293 272,278 576
v3 515* 353 374,381 644
v 618 442 434, 416 762*
v5 796 774 661, 687 892
v6 939 951 853, 854 1337
v7 1461 1392 1353, 1355 1360
v8 1649 1758 1816, 1797 1786
19 3496 3753 3744, 3732 3738

aVibrational wavenumbers in cm in at the QCISD(T)/cc-pVDZ
level. ® Values marked with an asterisk are for “a” modes of planar
structures® Pair of transition states connecting traigerp and cis
cis via rotation about the NO bond. The first entry of each row was
used for RRKM calculations of the isomerization rate constant. In
addition, modev, was treated as a 2-fold internal rotor with reduced
moment of inertia equal to 0.919 am.AThe resultingA factor for
isomerization (in the trans> cis direction) is 1.8x 10 s,

the sign of the N-O—O—H dihedral angle, we have simplified

our kinetic modeling by considering only one set of transition
state parameters and assuming the path is doubly degenerate
(taking into account the two directions of twist about the ®

to this plane, appears on the basis of many calculations to be abond in going from transperp to cis-cis).

well-defined local minimum. Our best values faU° (0 K)

The studies of Houk et & and Sumathi and Peyerimh#&ff

for these conformers (Table 1, obtained using the Gaussian 94are largely based on DFT methods, which yield very reasonable

and Gaussian 98 progranfdy2namely, 5.0 and 15.7 kJ md}
respectively, at the QCISD(T)/cc-pVDZ level, are slightly higher

values for conformational energies but not very good values
for bond-breaking energies. Li and Franci&coarried out a

than those of McGrath and Rowland. Nonetheless our resultsvery thorough study of the structure and stability of HOONO,

support the conclusion of Dixon et®lthat the nonplanar cis
perp structure may well not be a local minimum. Our results
(Table 1) show that the intrinsic energy barrier connecting cis
perp and cis-cis via rotation about the ©0O bond is negligible.
The energy of this saddle point (including ZPEs) is actually
slightly below that of the cisperp minimum (including ZPEs),
although its electronic energy is slightly higher, namely, by 1.8,
0.5, and 0.2 kJ mot at the B3LYP/6-31++G**, G3, and
QCISD(T)/cc-pVDZ levels, respectively. Even if the €igerp
structure is bound, the binding energy is so small that the

obtaining at the QCISD(T)/cc-pVQZ level dissociation energies
of 78.6 and 105.0 kJ mot to form OH + NO; and HQ +
NO, respectively. Dixon et &P followed this by examining
various decomposition pathways for HOONO. They also
reported a transition state for the isomerization of HOONO to
HONGO; having an energy at the CCSD(T)/CBS//MP2/cc-pVDZ
level (CBS denotes extrapolation of aug-cc-pVXZ resultss X

D, T, Q, to the complete basis set limit) of 89.5 kJ maibove
that for HOONO and with a structure corresponding to a weakly
bound adduct of OH and NO(The distance from N to the O

structure will not have significant population at the temperatures of OH is 2.784 A.) At this same level the energy of GHNO,

of interest here. Thus we shall treat HOONO as having only
the planar cis-cis and nonplanar trargerp minima, which

are connected by pathways involving rotation about both the
N—O and G-0O bonds. We have located a pair of closely related

is 82.8 kJ mot! above that of HOONO so the isomerization
transition state energy is about 6.7 kJ mahbove that of OH
+ NO..

Related studies of the corresponding alkyl systems include

transition states on these pathways with energies (Table 1) ofthose of Zhang et al? Lohr et al.15 and Ellison et af3 The

61.0 and 63.3 kJ mol, respectively, at the QCISD(T)/cc-pVDZ
level. As the structures and vibrational frequencies of the pair
are quite similar (Tables2 and 3), essentially differing only in

transition state reported by Ellison et al. for the methyl system
is quite different from that reported by Dixon et“dlfor the
hydrogen system. On the basis of their coupled-cluster electronic
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TABLE 4: Energies? of HOONO and OH + NO; Relative to corrections are made using the pseudodiatomic approxiniétion

HONO, and by assuming the energy in the “K-rotor” (conserved
level HOONO OH+ NO; rotational degree of freedom) is limited only by the total active
B3LYP/6-31H+G** 1292 174.6 energy and mixes freely with energy that resides in the other
G2 119.9 204.7 active degrees of freedom. These approximations are both
G3 121.7 194.6 accurate and commonplag®The Multiwell software pack-
QCISD(T)/cc-pVDZ 104.0 165.5 agél-53 was used for all of the calculations.
QCISD(T)/cc-pvVT2 111.2 188.4 ) ) )
CCSD(T)/CBS 121.2 204.1 Unimolecular reaction rates were calculated using the RRKM
EXp. 114.14+ 19 197.3 theory#9:5054 which requires calculation of the sums and
a AU° (0 K) in kJ mof L including zero-point energie$ Values using densi_ti_es of internal states f_or the two potentiz_;ll wells and
the QCISD(T)/cc-pVDZ zero-point energieDixon et al. (ref 39). transition states. The electronic structure calculations provided
dHippler et al. (ref 4). normal mode vibrational frequencies and moments of inertia
for the wells. In many cases, inspection of the normal mode
structure calculations Ellison et al. report a barrier o820 motions enabled us to distinguish vibrational modes from the
kJ mol~1 for the isomerization of CEDONO to CHONO,, an torsional modes, which were treated as hindered internal

energy not much below that for fragmentation to O and rotations. In the present work, all of the sums and densities of
NO. Zhang et at* and Lohr et al® did not compute a transition  states are calculated (program DenS¥nby “exact counts”
state but analyzed the available experimental data considering(energy grain of 10 cm'), using the BeyerSwinehart algo-
a range of transition state parameters. rithm®® as adapted by Stein and Rabinovitéh.

Isomerization of HONO to HOONO and Dissociation to According to RRKM theory9554 the energy-dependent
OH and NO.. We present in Table 4 computed values of the gpecific unimolecular rate constak(€) is given by
energy difference between HOONO and HONWIth all values
including zero-point energy contributions. Compared to the
recent experimental estimate of 1341 kJ mol* by Hippler K(E) =
et al* and the revised value of 116 1 kJ mol shown in the
present work (Appendix), the B3LYP/6-3t#G** value is
about 15 kJ mot! too high, while the G2 and G3 values are
only about 5 kJ mot® too high, as is the CCSD(T)/CBS value

: 0 . i
of Dixon et aI.. Som(.awh.at too small is our Q(.:ISD(T)/ ce-pViZ are the electronic state degeneracies of the transition state and
value of the isomerization energy. To obtain a good value of

the dissociation energy of HONOto OH and NG, we reactant, respectivelyyis Planck’s constanG*E — Ep) is the
combined our QCISD(T)/cc-pVDZ value of 104.0 kJ milor sum of states of the transition stakg,is the reaction threshold
AU® (0 K) for the isomerization of HON©to HbONO with energy, angh(E) is the Qensity of states of _the reactant molecyle.
Li and Francisco’s value of 61.5 kJ mélat the same level for The internal energyE is measured relative to the zero-point
AU® (0 K) for the dissociation of HOONO to OH and NO energy of the reactant molecule and the reaction threshold energy
obtaining an energy of dissociation of HON@ OH and NQ (critical energy) is the difference between the zero-point energies
of 165.5 kJ motL. To obtain a better value we reoptimized a ©f réactant and transition state. Equation 2 was written by
QCISD/cc-pVTZ structure for HONE provided to us by assuming that the _rotatlonaéxternal symme_try _numbers,
Francisco (private communication), obtaining at the QCISD(T)/ €lectronic degeneracies, and numbers of optical isomers were
cc-pVTZ level a dissociation energy without zero-point cor- not used in calculating the sums and densities of states. It is,
rections of 214.2 kJ mol for HONO,, which, combined with ~ however, assumed thatternal rotor symmetry numbers are
the QCISD(T)/cc-pVDZAZPE value of-25.8 kJ mot?, yields used explicitly in the sum and density calculations and hence
a value of 188.4 kJ mot for AU® (0 K), closer to the 197.3kJ ~ do not appear in eq 2. Note that the quantity set off in square
mol~! value from experimental enthalpies of formation for brackets is the reaction path degeneracy.

mT' Oext gei 1 Gi(E - EO)
moden om0 @

wherem* andm are the number of optical isomerss,+ and
Oext @re the external rotation symmetry numbers, gsichndge

HONO,, NO, and NQ,** for OH radical*>4¢ and for HQ Centrifugal corrections to the unimolecular rate constants were

radicaf’ (also see ref 48). made according to the pseudodiatomic model, where the reaction
threshold energy at a given temperature is corrected ap-

Master Equation Methods proximately for angular momentum effects by using a threshold

Since the reaction rates are energy dependent and collisionaf"ergyEo’ given by the following expressidh
energy transfer involves weak collisions, the system is best
treated using master equation techniques. To implement the T_E _kTl1-2® 3
master equation model, parameters must be assigned for three = o~ ke | ¥ )
dissociation reactions and for energy transfer. In addition, rate 2D
constants for the reversible isomerization betwesnandtrans " N
HOONO were also assigned. The numerous parameters were/N€rélzo andlzp™ are the moments of inertia for the external
assigned by using conventional unimolecular reaction rate Wo-dimensional (2D) inactive (adiabatic) rotations of the
theory, the electronic structure calculations, and ancillary féactant and of the transition state, respectively, kads
chemical kinetics data from the literature. Boltzmann'’s constant. The resulting expressionki@) corre-
Rate Constant Expressionsin principle, each of the rate  SPonds to that given by eq 4.31 in Robinson and Holbtbok
constants for dissociation and isomerization depends on vibra-3-31 in Holbrook et af
tional energy and angular momentum, as does energy transfer. For a thermal distribution, recombination reaction rate
In the present work, a one-dimensional (vibrational energy) constants Keo) are related to the corresponding unimolecular
master equation treatment is employed with centrifugal correc- rate constantsk(y,) according to the equilibrium constark)(
tions for angular momentum conservation. The centrifugal Thus at the high-pressure limit we have the relationship
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In the present work, equilibrium constants were calculated
using the computer code Therrffayhich employs conventional

K 4)

statistical mechanics formulas for separable degrees of freedom

that include harmonic and anharmonic oscillators, free and
hindered internal rotors, and external rotational degrees of
freedom.

In recombination reactions, the two reactants come together

to form a highly excited adduct, which can redissociate, be
collisionally deactivated, and react via other reaction channels.
The chemical activation energy distribut®ndescribes the
nascent energy distribution of the complex formed in the
recombination reaction

K(E)p(E)e " dE
Je, KE)p(E)e =T

Yo E) dE = dE, forE= E, (5)

whereyo©@)E) is the energy distribution of molecules formed
via reaction channel i, which has energy threshgldand
specific rate constark(E), p(E) is the density of states in the
new molecule, and the zero of energy for this equation is at the
zero-point energy of the newly formed species.

Loose Transition States.For “loose” transition states, the

Golden et al.

Figure 1. Schematic potential energy surface. Energies (kJ Hrol
HONG, vs OH + NO, from experiments (see text for detail€)js-
HOONO vstransHOONO from ab initio results (this work)gis-
HOONO vs OH+ NO; from a reanalysis (this work, see Appendix)
of experimental daté.

In general, the potential function describing the breaking bond
is not known, but the Lennard-Jones potential is often chosen
for its simplicity and because it has the long range dependence
on r~8 expected for many long-range potentials. It does not
describe a chemical bonding interaction very well at short range
(near the potential minimum energy), however. For the Lennard-
Jones potential, the moment of inertia for the two-dimensional
adiabatic external rotation is given byt = urc2(6DJ/RT)Y3,
wherer, is the equilibrium bond distancg,is the reduced mass,

properties of the transition state depend sensitively on angularandDe = Do — AE;, whereDy is the bond dissociation enthalpy

momentum and the detailed shape of the interaction potential.

In the absence of other information, it is possible to predict (to
moderate accuracy) the rate constant by using variational

at 0 K, AE; is the zero point energy difference between products
and reactants, anid is the gas law constant.
Energy Transfer Model. For present purposes, the conven-

transition-state theory or the statistical adiabatic channel modeltional exponential-down model for the collision step size

with a calculated high-accuracy potential energy surfdég.
When the rate constant is known, however, it is convenient to
use a “restricted” Gorin model with a “hindrance parameter”

selected to reproduce the known rate constant for the corre-

sponding reverse (recombination) reactt®f?.60
According to the Gorin modél the two molecular fragments

rotate independently of one another while separated at the

distance corresponding to the centrifugal maximumyj of
the effective potential of the bond being broken. In the present
work, the rotation of the OH radical was treated as a linear
molecule, while those for NOand the overall transition state
were approximated as symmetric tops. The overall transition
state has a 2D external adiabatic rotation with moment of inertia
given bylop* = ur?ma, whereu is the reduced mass of the two
fragments and a 1D external rotation (the “K-rotor”) with
moment of inertial,. The K-rotor is not adiabatic and is
assumed, according to the usual approximatidn,mix energy
freely with the active vibrations. The internal rotations of
fragments A and B are characterized by 2D rotations with
moments of inertid, andly,, respectively, and an internal rotation
with reduced moment of inertik.

In the restricted Gorin modé&?$>%.€0it is assumed that the
two fragments interfere sterically with each another and thus

distribution is assumed

1 exp[
N(E')
(E-E)=0

—(E-B

PEE) = o)

(6)

whereP(E,E) is the probability density for energy transfer from
vibrational energ\E' to energyE in a deactivation step\(E')
is a normalization factor, and the energy transfer parangEy
is approximately a linear function of internal energy and is
almost identical to the average energy transferred in deactivating
collisions (i.e.[AEdown). For single-channel reactions, it makes
little quantitative difference in reaction simulations whether
o(E) is treated as a constant, or as a function of energy.
Although the present system involves several wells and multiple
channels, little is known about energy transfer in this system
and thus we minimized the number of adjustable parameters
by assuming that(E') is independent of energy and is the same
for all wells. Collision frequencies were calculated by assuming
Lennard-Jones intermolecular potentials (see Table 5 for
parameters).

Models and Fitting to Experiments. According to the

cannot rotate freely. The effect is to reduce the available phasequantum chemical results described above, the combination of
space and hence reduce the sum of states. Thus, the “transitiondHO with NO, can lead to HON@ and at least two stable
modes” have the characteristics of rotational degrees of freedomconformers of HOONO, as illustrated in Figure 1. The two

with heat capacity oR/2. Operationally, a “hindrance” param-
etery is defined®® which can vary from zero (free rotation) to
unity (completely hindered rotation). The 2D moments of inertia
la and |, are multiplied by the factor (+ #)Y2 to obtain the
effective 2D moments of inertia used for calculating the sum

HOONO conformers can interconvert via internal rotation about
the interior O-N bond. Isomerization is possible between
HOONO and HONQ, presumably via the trans conformer of
HOONO, but we have neglected this process for the following
reasons. First, the lowest-energy transition state identfffed

of states. These parameters are listed in Table 5 for all of the this process is~4 kJ mol! above the energy of OH NO,

restricted Gorin transition states used in the present work.

the products of the ©0 bond fission in HOONO. Second, the
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TABLE 5: HONO ,, HOONO, and Transition State Properties
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HONG;

critical energy at 0 K/kJ mof
product of adiabatic moments of inertia/amé A
moment of inertia: active external rotor/améd A
collisions: E/AZ?; e/K; [AEYcm™) HONO,

He

N2

197.3

56.7

42.1

4.3;431
2.6;10.2; 200
3.6; 91.5; 500

HO:---NO; (Transition State)

moment of inertia: active external rotor/amé A
product of adiabatic moments of inertia/

amu A 430K; 300K; 250K; 220K
hindrance: (1= 54)*?

39.1
371.2;418.9; 446.1; 465.2

0.50

HOONO

critical energy at 0 K/kJ motl (cis; trans)

product of adiabatic moments of inertia/ama (&is; trans)
moment of inertia: active external rotor/amé @&is; trans)

collisions: @/AZ; e/K; [AELJcm™t) HONO,
He
N2

81.4; 65.7
73.9;107.6
23.7,9.75
4.3;431;—
2.6;10.2; 200
3.6; 91.5; 500

HO:---ONO (Transition State)

moment of inertia: active external rotor/amé A
product of adiabatic moments of inertia/
amu A, 430K; 300K; 250K; 220K

hindrance: (1= ny)*?

transition state for the isomerization is expected to be “tighter”
than that for the ©O bond fission, resulting in a smaller rate
constant for HOONO molecules with the same internal en&rgy.
Third, the precisely analogous RN®ystems have very small

16.5 (ci9; 17.2 (trans)
378.5; 421.8; 446.6; 465.0 (cis)

456.6; 516.7; 549.2; 574.6 (trans)
0.35

kJ mol1) predicts an anharmonicity 6f48 cnt?l, which is in

fair agreement with the value-@88 cnt!) in Table 6. Since the
actual bond potential energy is not exactly described by a Morse
function, this level of agreement is satisfactory. Moreover, this

isomerization rates as the alkyl group (R) becomes smaller. In procedure results in sums and densities of states that are similar

the limit of R = H, the measured isomerization rate is orders
of magnitude smaller than the rate of-O bond fissior}213.6264
This is true in modeling studies, even when the isomerization
barrier is assumed to be lower than that forQ bond
dissociation'® These considerations lead to the conclusion that
isomerization between HOONO and HOMEan be neglected
in the present system.

Even the limited system considered here requires multiwell,
multichannel methods for calculation. Written as a reaction
scheme, the system is comprised of the following reactions

OH + NO, < HONO, (A,—A)

OH + NO, <> cisHOONO (B~B)
OH + NO, < transHOONO (C-O)
transHOONO < cisHOONO (D-D)

The quantum chemical results give structural and vibrational
frequencies of HON@that are in good agreement with literature
experimental value®. The ab initio vibrational frequencies
correspond to the curvature at the bottom of the local minimum

in the potential energy surface and do not include anharmonicity.

to those obtained when using the measured transition frequen-
cies. The values fox. from HONO, were applied to the
corresponding bonds in the HOONO species in order to obtain
the correspondingex. anharmonicity constants for the HOONO
species (Table 6). The potential energy for hindered rotation
around the &N bond in HONQ was assumed to be 2-fold
with reduced moment of inertia for rotation around the bond
calculated using computer program Momlrért3

The HOONO species are connected to each other via internal
rotations?® As discussed above, the €isis structure is the
global minimum. Starting from the ciscis structure, the
hindered rotation around the-@ bond has a barrier that can
be described as a sum of 1-fold and 3-fold components. The
1-fold component appears to be dominant, but the 3-fold
component results in a rather narrow-ets potential well with
a correspondingly high vibrational frequency. For present
purposes, we neglected the 3-fold contribution and assumed a
1-fold NO—OH hindered internal rotation with a barrier of 1000
cm! and reduced mass for rotation around the bond. This
assumption results in a lowered torsion frequency but a better
representation of the internal rotation at high internal energies.
In transHOONO (i.e., trans with respect to the ONOO moiety)
the NO-OH internal rotation was assumed to have a symmetry

Therefore, we assumed that the differences between thenumber of two and was included explicitly in the density of

experimental vibrational frequencies= 1 to v = 0 transitions)
are due solely to anharmonicity. The resulting<. anharmo-
nicity constants, which are presented in Table 6, are in fair
agreement with those calculated for a Morse oscillator with the

states calculation. To avoid double counting of this effect in
transHOONO, the number of optical isomerms (n Table 6)
was set to unity. This is a somewhat confusing point, and the
reader is referred to Gilbert and Sniftfor a relevant discussion

known bond dissociation energy. For example, a Morse potential of optical isomers and symmetry numbers. The internal rotation

corresponding to the ©H vibration frequency (3738 cm) and
bond dissociation energy~@450 kJ mot?) predicts an anhar-
monicity (wexe) of —93 cnm?, which is in excellent agreement
with the corresponding value-@4 cnm?) in Table 6. A Morse
oscillator model for the HGNO, bond (1786 cm! and 197.3

around the OG-NO bond was treated as a 2-fold symmetric
internal rotation with reduced moment of inertia for rotation
about the bond. Thus the transition state for-¢rans isomer-
ization via the OG-NO internal rotation corresponds to a
perpendicular structure and hence two optical isomers.
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TABLE 6: Molecular Constants2

Golden et al.

HO NG, HONG; cisHOONO transHOONO
AUf(0 K) 36.9 35.9 —-124.5 —8.6 7.1
Oe 1 2 1 1 1
Oe 4 2 1 1 1
m 1 1 1 1 1
HO NG, HONG; cisHOONO transHOONO
type a b c type a b c type a b type a b c type a b C
2-D 2-D 2-D 2-D 2-D 2-D
rot 0.8914 rot rot 39.748 rot 56.7 rot 73.9 rot 107.6
K-rot K-rot K-rot 2.0861 K-rot 42.11 K-rot 23.7 K-rot 9.75
vib 3737.76- 1 vib 1318 0 1 hra 477 0.882 hrc 0.915 1000 1 \vib 2055 O 1
84.88
vib 74966 0 1 vib 576 0 1 vib 397 0 1 hra 2934 0913 2
vib 16178 0 1 vib 644 0 1 vib 515 0 1 vib 3532 O 1
vib 762 0 1 vib 618 0 1 vib 442.4 0 1
vib 892 -6 1 vib 796 -8 1 vib 7737 =77 1
vib 1337 —-16 1 vib 939 94 1 vib 9508 —-05 1
vib 1360 —-17 1 vib 1461 —-146 1 vib 1392.2 —-139 1
vib 1786 —-38 1 \vib 1649 —-21.4 1 vib 17585 —-229 1
vib 3738 —94 1 vib 3496 —83.9 1 Vvib 3753.2 —90.1 1

a AU¢(0 K), internal energy of formationt® K (kJ/mol); ge, external symmetry numbeg;, electronic degeneracy, number of optical isomers.
Type: 2-D rot, 2-D external (adiabatic) rotation; K-rot, 1-D external (active) rotation; vib, vibration; hra, hindered rotor, given vibragpunehfy
and moment of inertia; hrc, hindered rotor, given moment of inertia and hindrance barrier height. Columns: moment of inertia (rot, hifa, amu A
or frequency (vib, cmb); moment of inertia (hrc, amu % or anharmonicity (vib, cmt); degeneracy (vibs) or symmetry (rots and hindered rotors).

TABLE 7: Calculation of Moments of Inertia

T LJ max r+ra° r# 4 1,° r# de la I le K-rot (Ip*1)*2
cisHOONO, D, = 19.6,r = 1.422

58.91 83.64 24.73 24.73 70.20
300 2.41 2.38 5.74 4.78 16.53 430.15 413.62 16.53 421.80
250 2.49 2.38 591 4.96 16.74 455.05 438.31 16.74 446.60
220 2.54 2.38 6.04 5.09 16.88 473.53 456.65 16.88 465.01
430 2.27 2.38 5.40 4.45 16.11 370.57 386.68 16.11 378.54

transHOONO, D, = 17.7,r = 1.422

9.38 102.70 110.39 9.38 106.47
300 2.37 2.93 6.95 5.44 17.24 525.38 508.14 17.24 516.69
250 2.45 2.93 7.16 5.66 17.44 557.95 540.51 17.44 549.16
220 2.50 2.93 7.32 5.81 17.58 583.50 565.92 17.58 574.64
430 2.23 2.93 6.54 5.04 16.82 448.25 465.01 16.82 456.55

HONO,, D =47.16,r =1.422

38.45 80.62 42.17 38.45 58.31
300 2.79 2.17 6.05 5.29 39.05 438.92 399.87 39.05 418.94
250 2.88 2.17 6.24 5.48 39.05 466.05 427.00 39.05 446.10
220 2.94 2.17 6.37 5.61 39.05 485.14 446.09 39.05 465.20
430 2.63 2.17 5.70 4.94 39.05 391.27 352.23 39.05 371.24

alJ Max = (6DJ/RT)Y6 = (r* + rp)/(r + ra). Pr + ra = (I(molecule)/(reduced mas¥¥) ¢r# + ry = (r + ra)*X. 9r¥ = (r* +ra) — (r +ra)
+ r. ¢The values of# are used in computing moments of inertia in the transition states.

Equilibrium constants based on these considerations are pre-
sented in Table 8.

The properties of the transition state for reaction D are given
in Table 3. Because the two reaction paths are almost identical,
values forAU to three significant digits, the actual values are e adopted the vibrational frequencies and structure of one
certainly known to no better thah4 kJ mol®, which canlead  transition state and assumed the second path is identical. The
to errors in the equilibrium and rate constants as large as a factorcalculatedA factors of 1.3x 1013 s1 and 8.5x 102 s71 for
of x10 at 220 K. Even small differences in the literature for reactions D and-D, respectively, appear to be reasonable in
values of structure and frequencies give rise to errors in the comparison with other reactiofi$.
equilibrium constant for HON@formation from HO and N@ The loose transition states were treated as hindered Gorin
that are at least20%! species in the manner of Golden and Sriiffhe centrifugal

The assumption of a 1-fold internal rotation around the@ correction is made in the usual wé3£05457by correcting the
bond in cisHOONO (discussed above) produces a slightly energy variable in the RRKM calculation to take into account
higher entropy than if a 3-fold hindered rotor is assumed. It is the conservation of angular momentum. This in turn requires a
difficult to make a quantitative estimate of the effect on the value for the moment of inertia of the psuedodiatomic molecules
enthalpies deduced from a third-law analysis of measurementsrepresenting the reactant and the transition state. This quantity
(see Appendix), but we estimate the effectd® kJ mol™. is determined by computing the moments of inertia of the

Energies of formation of OH, N§ and HONQ leads to
AU/kJ molt = 197.3. The analysis in the Appendix leads to
AU/kJ mol! = 81.4 and 65.7 for ciscis and transperp,
respectively It is important to note that although we employ
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TABLE 8: Equilibrium Constants and Recombination Rate Constants (High-Pressure Limit)

OH + NO, <> HONO, OH + NO, < cisHOONO OH+ NO, < transHOONO
T (K) Keqa krec;xzb Keqa kre(:pob Keqa klecmb
220 5.58 (20) 2.74 3.057) 1.57 1.01 £10) 3.82
250 1.02 (15) 2.73 1.2449) 1.57 1.19 £12) 3.79
300 9.72 (7) 2.72 1.5012) 1.57 5.28 £15) 3.77
430 2.31€3) 2.75 6.21€17) 1.62 1.64{18) 3.80

a Notation: 5.58 (20)= 5.58 x 10%° Units: cn? molecule. ® Units: 1071 cm? s71.

reactant and the transition state, assuming that the smallest Because the use of the hindered Gorin model is arbitrary and
moment is the active “K-rotor” and using the root-mean-square 7, andzy are simply used as fitting functions, we do not assign
of the other two moments as the 2D moment of the pseudodi- any physical significance to their differences. For convenience,
atomic molecule. The calculation of the moments of inertia of the values fory, and 5, were assumed to be independent of
the transition state recquires geometric parameters. All the temperature. The resulting high-pressure limiting rate constants
parameters of either HONOor the appropriate HOONO  for OH + NO, to form either HONQ or HOONO are nearly
molecule are used, except that the H®O, or HO—ONO independent of temperature, in agreement with conclusions
distances are determined from an assumption about the potentiateached by Tro€ and by Maergoiz et 8768 Thus it is assumed
energy of interaction between the HO and N@olden and  for convenience that both the energy-transfer paramete)s (
SmithY used a Lennard-Jones potential. In this work we use a and the hindrance parameterg) (are independent of temper-
modification of the model used by Golden and Smith. The ature. Other assumptions could be made, but they would require
modification is to compute the maximum value of the interaction additional parameters. In particular, if the hindrance parameters
along a coordinate defined by the bond distance between the Oare assumed to be larger at higher temperatures, due to shifts
in the OH moiety and the N in the NGor HONG; or the O in in the centrifugal barriers, then the energy transfer parameters
NO; for the HOONO cases plus a quantify This last quantity  would have to be made temperature-dependent as well. Alter-
is defined by taking the pseudodiatomic moment of the natively, one could also assume that the formationcist
molecule, as defined above, and setting it equal to the reduced4ooNO and transHOONO proceed through a common

mass multiplied by a distance squared. That distance is definedyansition state and the result would likely still be consistent
asr, added tae (the value of the bond distance at equilibrium).  yith the experimental data.

Table 7 contains the calculations of moments of inertia. This
arbitrary definition simply affects the magnitudescoheeded
to fit the data. Thusjuantitatie knowledge of these parameters
is too vague to permit precise calculation of the rate constant
at the low-pressure limit from known molecular propertiés
Morse or Varshni potentials are used, the 2D moments of inertia
are different, resulting in different values @efneeded to fit the
experimental dat&f

The amount of hindrancey) was used as a fitted parameter

The recombination rate constant is obtained from the equi-
librium constant and the decomposition rate constant, which is
calculated according to RRKM Theory. For reaction A, for
example ka = k-aKa, where the rate constants are written in
lower case and the equilibrium constant is written in upper case.
Equilibrium constants and the corresponding recombination rate
constants (high-pressure limit) for the models described here
are presented in Table 8. The results are in good accord with

to match the experimental HONGormation rate constants at other isfj"};"“es of the high-pressure limit for this reaction
430 K and 130 bar from Hippler et &.which are near the system: o ) )
high-pressure limit. According to the hindered Gorin model, Three sets of 10stochastic trials were carried out using

moments of inertia of the 2D rotors of OH and of N@ere Multiwell for each temperature and pressure. The first set was
each multiplied by the quantity (& #;)¥2 for the ith spe- for simulating formation of excited HON£Yia reaction A. The
cies?5960A very good fit was obtained for HONQwith (1 — excited species can either dissociate via reactigh or be

7212 = 0.50 (i.e.,na= 0.75), as shown in Figure 2. Under the collisionally stabilized. Depending on temperature and the
same conditions, the rate constants for HOONO formation are identity of the value of the energy transfer parametéretween
not as close to the high-pressure limit and are hence not veryl5 and 100 collisions were needed to stabilize the excited
sensitive to the value of the hindrance; they are much more Species. The results of the calculation are in the form of the
sensitive to the assumed energy transfer parameters. fractional yield of thermalized HON© When multiplied by

A satisfactory fit to the HOONO formation rate constants at the high-pressure limit recombination rate constant, the fractional

430 K (Figure 2) and the OH radical loss rate constants at 300 Yield gives the falloff value for the recombination rate constant
K (Figure 3) in helium were obtained by using {1742 = to produce HON@ The second and third sets of stochastic trials

0.50 for HONQ, (1 — 7,)Y2 = 0.35 for HOONO, and energy ~ Were for simulating formation of excitegs- andtransHOONO
transfer parametene = 200 cn® for both HONG and the via reactions B and C, respectively. The excited HOONO species
HOONO species (all values ofare assumed to be independent can undergo isomerization via reactions D arid, decomposi-

of temperatur® and internal energy). An even better fit of both  tion via reactions-B and—C, or collisional stabilization. Each
data sets could be obtained by usinge = 175 cnr! for of these sets of stochastic trials predicted that both HOONO
HONG, andaye = 250 cnt? for the HOONO species, but when — conformers are formed in yields that vary as functions of
just one value of the parameter was usggl, = 200 cnT! was temperature and pressure. By multiplying the fractional yields
found to be a good compromise. It was only possible to by the high-pressure limit recombination rate constant, one can
distinguish the apparent differencesibecause data in helium  calculate the falloff rate constant for producing a specific product
collider gas are available for pressuresl00 bar at both via a recombination reaction. The rate constants calculated in
temperatures. Such high-pressure data are not availablefor N this way for the two HOONO recombination reactions were
collider gas, and thus we decided to use the single value of summed appropriately to obtain the rate constants discussed
for all of the HNG; isomers. below.
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Figure 2. Data for the rate constant for HON@nd HOONO formation at 430 K in helium buffer gas from Hippler et @he lines are the
interpolated results of master equation calculations for H@fé@nation and for formation of the indicated HOONO species, calculated using the

parameters in Table 5.
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Figure 3. Data for the rate constant for the reaction between HO and &@00 K in helium buffer gas, from various souré@%232426a3s
indicated in the figure legend. The lines are the interpolated results of master equation calculations forfei@é@on and for formation of the
indicated HOONO species, calculated using the parameters in Table 5.

Results and Discussion with . = 200 cnt!. As mentioned above, even better agreement

with the data can be obtained by loweringto 175 cnt? for
Experimental data and computed rate constants are comparegONO; and raising it to 250 cm for HOONO. This difference
in Figures 2-6. Figure 2 shows the data of Hippler et*dbr is qualitatively in agreement with the notion that internal

formation of what they ascribe to HOONO and HON®

helium bath gas. The HONGlata are well described by the
model with (1 — 72)¥2 = 0.50 and with energy transfer
parametero. = 200 cntl. The HOONO data are reasonably

rotations and lower vibrational frequencies result in energy
transfer that is more efficient; the lowest frequencies in HOONO
are lower than those in HONQand HOONO contains two

internal rotations, in contrast to the single internal rotation found

well described by summing the separately calculated rate in HONO,. Although reasonable, the magnitudescoflepend

constants for the two isomers, both with-{1z,)2= 0.35 and

on the specific transition-state models and do not necessarily
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indicated in the figure legend. The lines are the interpolated results of master equation calculations for fel@M@on and for formation of the
indicated HOONO species, calculated using the parameters in Table 5.
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Figure 5. Data for the rate constant for the reaction between HO angdt@50 K in N, buffer gas, from various sourcés? as indicated in the
figure legend. The lines are the interpolated results of master equation calculations for iR &tion and for formation of the indicated HOONO
species, calculated using the parameters in Table 5.

equal the values that would be obtained in direct energy transferare not available. Figures 5 and 6 show data #alN250 and
measurement®. 220 K, respectively, together with rate constants from the master
Figures 3 and 4 present data at 300 K in He ang N equation calculations. All in all, the comparisons are consistent
respectively, along with calculated values of the rate constantswith the assumption that the high-pressure limit recombination
as a function of number density. It is only in the very high- rate constant and the energy-transfer parameter are essentially
pressure He data that the effect of the HOONO pathway independent of temperature.
becomes apparent at 300 K. In contrast to He collider gas, itis This comprehensive master equation model for the HNO
not possible to determine separate energy parameters for HONOHOONO system can be used to estimate detailed information
and HOONO in N collider gas, since super-high-pressure data that has not yet been measured. For example, the yields of
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Figure 7. Relative rates of formation of theis- andtransHOONO conformers in helium buffer gas, calculated using the parameters in Table 5.
(The dotted lines are merely to guide the eye.)

HONO, and HOONO are indicated in Figures-8. Also, the expressions are obtained with the following form
ratio of the rate constants for production @s-HOONO vs

transHOONO conformers is predicted to reach a maximum at ko(T)[M]
intermediate pressures, which vary as a function of temperature, k(M,T) = e il F (7)
as shown in Figure 7. Such ratios will be important if the (ko(NIMI/k,(T))

physical and chemical properties of the two conformers differ

sufficiently to be significant in chemical systems such as the The term in braces is derived from the Lindemaitinshel-

atmosphere. wood mechanisf and the factoF takes into account the fact
Fitting the Results to Semiempirical Functions.It has been that the energy dependence of the specific rate constant is more

the practice in both the atmospheric and combustion communi- complicated than that assumed by Lindemahinshelwood,

ties to represent unimolecular reactions (and their reverse) usingleading to a “broadening” of the curve. Troe further suggested

the methods put forth by Trd&@.’0 Convenient analytical that the “broadening factorf, could be written a§*, where
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TABLE 9: Fitted Parameters

J. Phys. Chem. A, Vol. 107, No. 50, 200BL067

(T) = ke(T) = Fe(T) = (M) =
ko*0YT/300)™" k29T/300)™ F3%T/300) @ JOT/300)
kOSOO n kmSOO m F0300 q ‘POO r

NASA2
HONO, 1.8 (—30) 3.0 2.8 ¢11) 0 0.6
HOONO (sum) 9.1¢{32) 3.9 4.2¢11) 0.5 0.6

IUPACP
HONO, 1.9 (—30) 2.0 2.8 ¢11) 0 0.60 0.5
HOONO (sum) 1.1431) 4.1 6.1¢11) 0.1 0.34 0.3

Jequation

HONO, 2.3(=30) 3.0 2.7 ¢11) 0 6.8 0
HOONO (sum) 1.1431) 3.1 6.9 ¢11) -0.8 24.8 -35
cisHOONO 4.9 32) 3.6 1.6 €11) 0 5.0 0.1
transHOONO 3.1(32) 4.4 3.8 ¢11) 0 5.6 -0.4

a Equation 8.° Equation 9.° Equation 10.

TABLE 10: Third Law Heat of Formation for cis—cisHOONO

T Keq Kgis—cis AG(expt) AS(rxn) AH = AG + TAS A(H(T) — H(0)) AH(0 K)
(K) (bar®) factor (bar) (kJ mol?) (I molrtK™Y) (kJ mol?) (kJ mol) (kJ mol?)
430 670 1.03 653 —23.17 —142.5 —84.45 —4.75 —79.70
435 650 1.03 632 —23.33 —142.5 —85.31 —4.73 —80.58
440 520 1.03 505 —22.77 —142.5 —85.47 —4.71 —80.76
443 510 1.03 495 —22.85 —142.4 —85.94 —4.70 —81.24
445 450 1.03 437 —22.49 —142.4 —85.86 —4.70 —81.16
448 510 1.03 494 —23.10 —142.4 —86.90 —4.69 —82.21
450 340 1.03 329 —21.69 —142.4 —85.77 —4.68 —81.09
455 280 1.03 271 —21.19 —142.3 —85.94 —4.66 —81.28
460 240 1.04 232 —20.83 —142.3 —86.28 —4.64 —81.64
465 220 1.04 212 —20.71 —142.2 —86.83 —4.62 —82.21
470 190 1.04 183 —20.35 —142.2 —87.19 —4.60 —82.59
475 140 1.04 134 —19.36 —142.2 —86.90 —4.57 —82.33

average= —81.40
AH{(HOONO) —8.60

the factor ‘F¢” is the broadening correction at the center of the expected in the falloff curve, although the term (6-2527 log

falloff curve (i.e., wherko(T)[M] = k«(T)) and the quantityx is
some function of the rate parameters and the pressure.

Fc) is very close to unity wherr. = 0.6, as assumed in the
NASA formulation and often suggested in the IUPAC recom-

In the atmospheric chemistry community, two compilations mendations.

of rate data are widely used, one due to NAS#Ad the other

A third representation of falloff data is Oref equation’?

to IUPAC? These groups have used somewhat different versions,hich is based on RRKM theory

of the Troe expression. According to the NASA format, the

rate constant has been written

ko(T)IM]
1+ ((MIMJko(T))

KM.T) = { ]0.6(1+[Iog(kom[M1/kmm)12}1

(8)

In contrast, the IUPAC format is written

k(M) = { = (K, + ko) + [(k,, + ko) +
40 - Dkkd " 23 — 1)1 (10)

Like the IUPAC representation, theequation requires three
temperature-dependent parameters. Hessler and Ogren com-
mented? that theJ equation gives less correlation among fitted
parameters than do the Troe formulas when used for fitting data

kM, T) = o :
on the CH + CHs recombination reaction.
ko(MIM] FC{ 1+{log(ko(M[M]/ke(T))/(0.75-1.27l0gFc))]% If accurate and exceptionally precise data exists for any given
1+ ((MIM/kL(T)) process, the above formulations could be compared and the best

9)

representation identified, as has been attempted recently by
several author&~"° Furthermore, various possible protocols for

There are two obvious differences between these formula- fitting the results could be evaluated. The data for reaction 1,

tions. First, the NASA formulation assumes tiat= 0.6 is a
constant under atmospheric conditions (typically 200/K <

however, are not precise enough for such a determination, which
is one reason we carried out the master equation calculations.

300 and 1< P/Torr < 760), while the IUPAC formulation Nonetheless, the above formulations are useful and even
adopts different values fé¥; for each reaction. (This introduces necessary for practical interpolation of the master equation
an additional parameter into the formulations as written, but results. Thus we have fitted the master equation results to each
the IUPAC group often suggests thiat is not temperature  of the three formulations described above by making no prior
dependent, thus reducing the number of parameters.) Secondassumptions about the magnitudes of the low- and high-pressure
the IUPAC formulation takes into account the asymmetry limiting rate constants. In each case, we have assumed that the
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Figure 8. Nonlinear least-squares fits of master equation results by three semiempirical functions: the NASA two-parameter function (eq 8), the

IUPAC function (eq 9), and the J Equation (eq 10).
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parametersky, ko, Fc, andJ may be temperature dependent
according to the following empirical expression

X(T) = xm[ﬁ_a (11)

whereX(T) and Xszqo are the values oo, k., Fc, orJatT and
at 300 K, respectively, and is a parameter.

The results of the fits are presented in Table 9 and representa-

tive fits are presented in Figure 8. The fitting was carried out
using the LevenburgMarquardt algorithr#f81 for nonlinear
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Figure 10. Predicted rate constants for thermal decompositiocisf
andtransHOONO as a function of altitude, based on the U.S. Standard
Atmosphere, 1978389
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Figure 11. Third-law fit to K/cm?® molecule for HOONO formation.

least-squares analysis as implemented by KaleidaGraph soft-

ware®? Fits included pressures from 0.3 tof1lorr, inclusive,
and were weighted for HONfOaccording to the stochastic
uncertainties calculated by Multiwell>® and for HOONO

behavior. Tests showed that this deviation did not significantly
affect the fits to the three semiempirical functions.
The results presented in Figure 8 show that although the Oref

according to the sum of the rate constants for the two species.J equation tends to fit the results slightly better than the other

The weighting for HOONO amounts to assuming a log-normal
error distribution with constant relative error. Note that in the
version of Multiwell employed in these calculations, a minor
artifact caused the master equation result&/lt less than

~0.001 to deviate slightly from the expected linear asymptotic

functions over the entire pressure range, all of the fits are of
comparable accuracy. Note that the HOONO master equation
results are the sum of the results obtained separately for the cis
and trans forms. The semiempirical fits are not as good for the
HOONO sum, but they are still generally adequate. Note that
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other fitting protocols will lead to slightly different sets of Even better understanding of these reactions can be achieved
parameters and one or another of the three semiempiricalthrough experimental measurements of the HOONO isomer
representations might emerge as slightly better than the otherbranching ratios over a wide range of pressures and tempera-
two, but considering the differences among the experimental tures. Measurements of the rate constants undesrissures
data reported by various laboratories (e.g., Figure 4), any of greater than 10 bar at low temperatures will also be very helpful
the three choices will give satisfactory results. The only in refining the model.
significant differences that emerge are in atmospheric chemistry
models that explicitly include HOONO at altitudes above the  Acknowledgment. D.M.G. has been supported by the NASA
stratopause, where the yields of HON@hd HOONO are, Upper Atmosphere Research Program through Grant NAG-2-
however, very small (see below). 1397-1 to Stanford University. J.R.B. thanks NSF, Atmospheric
Atmospheric Implications. Reaction la is a key chain  Chemistry Division, for partial support. This work was stimu-
termination step throughout the lower atmosphere. The forma- lated by a month in Horst Hippler's Laboratory at the University
tion of HOONO via reaction 1b is likely to have an effect of Karlsruhe supported by Sonderforschungsbereich 551. As
because it is highly unlikely that HOONO is as stable as always, discussions with Gregory P. Smith are helpful and
HONGO;, which is long-lived. In the troposphere, if HOONO stimulating. Thanks also go to Barney Ellison and Joe Francisco
dissolves in cloudwater or aerosol particles, the subsequentfor sharing results prior to publication and for discussions.
aqueous photochemistry is likely to be similar tgQ4(aq) 8384 Thanks go to Sheo Prasad for suggesting the view offered in
rather than to HONgaq), which is more stable photochem- Figure 9. (This material is based upon work supported by the
ically.85-87 In the stratosphere, HOONO may photolyze or react National Science Foundation under Grant No. 9812680. Any
with free radicals relatively rapidly, but the rate constants and opinions, findings, and conclusions or recommendations ex-
mechanisms are not known. pressed in this material are those of the authors and do not
The fractional yield of HOONO is presented in Figure 9 as necessarily reflect the views of the National Science Founda-
a function of altitude, according to the three semiempirical fitting tion.)
functions discussed above and the 1976 US Standard Atmo-
sphere®®89 The results show that the yield of HOONO is a Appendix: Thermochemistry of HO + NO, = HOONO
maximum near the tropopause, where the temperature is lowest

and the pressure is still relatively high. At altitudes below about constants for the formation of each of the conformers of

50 km (the top of the stratosphere), the three functions are in . . . -
reasonable agreement, but at higher altitudes, the three fits.HOONO' As discussed in the text, recent high level calculations,

diverge from each other. At the low pressure limit, the fractional !nCIUd'ngt.thI? one Tel;?m’ cc&nclﬁdeléhat theb e rpl s(;rudctyre
yield of HOONO is expected to become essentially constant, IS essentially unstable and should not be included in any
more like the fit to Oref's] equation, which produces fits that equilibrium calculatm_ms. Frequencies and structures _for all
are slightly better than the other t\,/vo functions. as discussed conformers and transition states between them are given in Table

o : : 5. Relative values foAU/kJ molt employed herein, from
above. This divergence at altitudes above 50 km is not very . ’ ,
significant, however, because the reactions are near the Iow-QCISD(-I—)/CC'F’VDZ calculations, were 0.0 and 15.7 for-¢is

pressure limit and the rates of production of both HON«d cis ano_l transperp, rgspectively. Using these values, ratios pf
HOONO are relatively small the individual equilibrium constants can be computed, assuming

Rate constants for decompositionaié- andtrans HOONO thecis- andtrangHOONO ispmers are in t.hermal equilibrium.
are presented in Figure 10 as a function of altitude, based on 'V'aSteF equation ca_lculatlons were camed_out to evalua’ge the
fits to Oref'sJ equation (see Table 9). These rate constants can assumption _t_ha_t theis- and t_ransHOONO ISomers are in
be used to estimate the lifetime of HOONO with respect to therma_l equ|I|br|um.0CaI§311Iat|ons at 430 K and helium con-
thermal decomposition. The actual atmospheric fate of HOONO centration .[He.]: 102 cm* gave thecis — trarlsl andrans—
at altitudes near and above the tropopause may, however, depenaIS isomerization rate constarks = 8 x 10° s~ andke = 6

—1 : — 1 —3
more on the currently unknown rates of photolysis and reaction 1074, resp_?ctwely. At [He]—71(121 cm™, the values are
with ambient free radicals ke =2 x 1P s'Tandke = 1 x 107 s™L. These rate constants

can be compared to those for unimolecular decomposition of
the two isomers under the same physical conditions: at fHe]
10%° cm3, the respective rate constants kgg(cis) = 6 x 10°
The multiwell, multichannel master equation model is in s and kyi(trans) = 2 x 10° s at [He] = 107 cm 3,
very good agreement with all of the experimental kinetics kyni(Cis)= 4 x 10* s~ andkyni(trans)= 2 x 1° s™%. Thus, the
data. The data at 300 K with He pressures of the order of 10 isomerization rate is a factor of-8L0 times as fast as the
bar or greater clearly shows some effect of a second §{INO decomposition rate for these conditions, supporting the assump-
isomer as do the data of Hippler et‘alear 430 K, which exhibit tion that cis- andransHOONO are in thermal equilibrium.
a double exponential decay of OH and clearly suggest the If equilibrium is measured by monitoring reactar€Ssective
formation of more than one isomer. At least one HOONO isomer the sum of both channels is obtain&gsecive has been measured
product of the reaction has been identified spectroscopically by by Hippler et at* for 430 < T/K < 475. Hippler et al. interpreted
Nizkorodov et aP their data as if there were only one form of HOONO. Using
Although there is little doubt that the species HOONO is frequencies and moments of inertia estimated for this species,
formed along with HON@in the interaction of HO with NQ they report a third law value for HOONO ef10 & 1 kJ molL.
the model suggests that a maximum-~e20% of HOONO is We have interpreted their data by extracting the valu€.@f s
formed near the tropopause. It is difficult to confirm this within  the equilibrium constant for the formation of the-eiss isomer
the combined uncertainty of the data and the model. Fits of the assuming that the ratio of isomers would be as computed from
master equation results to semiempirical models produce the above energies and other thermochemistry from molecular
practical representations that are useful of atmospheric chemistryproperties in Table 5 This leads to a temperature dependent
models. “factor” by which to divide the experimental value in order to

Theoretical studies allow the calculation of equilibrium

Conclusion
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obtain the value for just ciscis isomer formation. From this,
we compute, as shown in Table 10, a third law value of the
heat of formation of the ciscis isomer to be-8.60 kJ moi™.
Using this value we compute the value of the equilibrium
constant for cis-cis formation and then for trargperp forma-

tion using the same ratios as above. (Calculations of the

individual equilibrium constant for the tranperp isomer, with
heats of formation adjusted from the QCISD(T)/cc-pVDZ value
relative to the value for the cicis isomer yield the same result,

as they should.) These values are shown in Table 10. Figure 11

shows a van't Hoff plot of the Hippler et 4ldata and the third

law function deduced above. The equilibrium constants used
in obtaining the recombination rate constants from the dissocia-
tion rate constants for the individual isomers are presented in

Table 8.
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