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Several recent experimental studies have provided substantial new constraints for the mechanisms on the
HNO; potential energy surface. These include observations of biexponential OH decay over short time scales
from OH + NO,, which constrain key properties of the short-lived HOONO intermediate, observations of
both conformers of the HOONO intermediate itself, isotopic scrambling datédét+ NO,, and observations

of HONGO, production from the H@+ NO reaction. We combine all of these recent data in a master-equation
simulation of the system. This simulation is initialized with computational values for both stable species

(wells) and transition states, but parameters

are then adjusted to fit the observations. All parameters are kept

within limits defined by experimental and theoretical uncertainty, and all converge away from their bounds.
The primary fitting is carried out on the OH kinetic datae first fit the biexponential kinetics, then address

the isotopic scrambling. Isotopic scrambling is shown to be rapid but not complete at low pressure, while at
least two parameter sets are shown to be consistent with the biexponential data. Of these two parameter sets,
one is far more consistent with recent observatiortsasfsHOONO decay, isotopic scrambling, and HONO
production from H@ + NO. This we regard as the most probable potential energy surface for the reaction.
On this PES, cistrans isomerization for HOONO is slow but isomerizatiortrahsHOONO to HONQ is

rapid. This has significant implications for observed HOONO behavior and also H@\@ation in the
atmosphere from both HOt NO and OH+ NO..

1. Introduction

The OH+ NO, reaction, forming nitric acid (HONg), is
critically important to radical chain termination in tropospheric
chemistry and radical sequestration in stratospheric chenfistry.
However, it has now been confirmed that a minor channel
leading to peroxynitrous acid (HOONO) formation has a
branching ratio approaching 15% at STP This minor channel
reveals itself in several ways: through biexponential OH
kinetic$8 (HOONO can decompose on the time scale of some
kinetics experiments), througfOH isotopic scrambling ex-
periment&8 (H atom migration is possible in HONGbut not
in HOONO), and through direct observation of HOONO
products?—12

In addition, the reaction of HO+ NO proceeds over the
same potential energy surface (PES) as-©NO,, though with
much higher initial energy. It is almost certain that HOONO is
a vital intermediate in this reactidd.The HO, + NO reaction
and the analogous RG- NO reactions involving organoperoxy
radicals play a vital role in the formation of ozone in the
tropospheré,and the production of nitric acid and nitrates via
both the OH+ NO, and RQ + NO reactions is the major loss
or sequestration pathway for NOIn sum, the PES for this
system is arguably the most important in atmospheric chemistry.

Despite an extensive experimental data®%&t20 and
considerable theoretical stutf?*25 for the reaction OH+
NO,, many properties still remain uncertain for this reaction. It
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is widely accepted that there are some stable conformers of
HOONO formed from the reaction OHt NO,.6.7:13.2431 The

two most stable conformers ateans—perp- and cis—cis-
HOONO, with the key conformation being the orientation of
the O—-O—N—0O moiety (trans or cis). Many of the critical
unsolved problems in this family of reactions relate to the
behavior of these conformers; these include the extent to which
either conformer can be formed directly from the OH (or RO)
+ NO, precursors, the extent of interconversion of the two
conformers under typical conditions, and the extent to which
either conformer can isomerize directly to the nitrate (HGNO
or RONQ,). Nitrate formation in particular is of enormous
importance; only once the system reaches this very stable
minimum can we assume that true radical chain termination
has occurred.

We have previously considered the formation of organic
nitrates in the R@+ NO reaction, focusing on larger secondary
peroxy radicals where we could reasonably assume that the PES
remained effectively constant with changing carbon nurkb&r.

In that work, we showed that organic nitrate yield data covering
a wide range of pressures, temperatures, and carbon numbers
were consistent with two key assumptions about the nature of
the full PES: first, interconversion of theés- andtranssROONO
conformers was taken to be relatively slow; and second, only
one of the conformers was taken to isomerize readily to RONO
(with a transition-state energy clearly lower than the separated
RO + NO, products). Master-equation simulations based on
this assumption showed good agreement with experimental
nitrate yields. Furthermore, it was difficult to reproduce key
aspects of the experimental data without these assumptions.
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Specifically, by separating the two conformers and allowing
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simulations®® Golden et al. published., as 2.7x 107! cm?

only one to lead to nitrate formation, we were able to understand molecule* s=1 for HONG;, 1.6 x 10~ cm® molecule! s71
low-temperature asymptotic nitrate yields of much less than for cisHOONO, and 3.8< 10711 cm® molecule® s~ for trans

unity (single-well ROONO simulations tend to shut down radical
production entirely at low temperature and high pressure).

A key question is whether these conclusions extend to FINO

HOONO (a total of 7.1x 10711).7 Although all of the values
are consistently in the same range &7m1) x 10711 cm?
molecule® s71, the residual uncertainty is 50%. Furthermore,

Several recent experimental results bear on this question. Firstthe high-pressure limits for the specific product formation
the isotopic scrambling and multiexponential kinetic data already channels are not well-known.

mentioned exist for OH+ NO, only. Second, nitric acid
production at very low yields has been observed for the HO
NO reactior?2 Third, direct observations in a low-temperature
flow reactor of cis- and transHOONO kinetics show rapid
transHOONO decay? These last data have been interpreted
to show rapid isomerization between tis- andtrans-HOONO
conformers but in fact show only thabmerapid loss pathway
exists fortransHOONO. The same data also appear to show
that bothcis- andtransHOONO are formed readily from the
OH and NQ reactants.

A challenge for theoretical treatment of this system is that
the transition states are difficult to constrain computationally.

Itis especially hard to locate a satisfactory transition state from

ROONO to RONQ using ab initio calculations. Our approach

Additional information on the reaction dynamics has come
from isotopic scrambling data usid§OH + NO,.5837.38The
simple notion motivating these experiments is that the H-atom
may be free to migrate from oxygen to oxygen in HONgDit
certainly will not be free to do so in HOONO. Migration of the
H atom leads to scrambling of th&0 in HONGQ,, and
subsequent decomposition of the HON@ould lead to OH+
180ONO 67% of the time for complete scrambling. In this event,
a low-pressure measurement of the effecti@H disappearance
kinetics would reveal a value equal to 23 for the HONGQ
formation channel. However, there is doubt in the literature as
to whether scrambling is indeed rapid in the nascent HONO
and thus whether the extrapolation kg is valid—recently,
D’Ottone et al. suggested that scrambling was in fact incomplete.

has been to treat this as a free parameter, using the data td-urthermore, no study of isotopic scrambling has considered

constrain the transition-state energy and frequencies (throug

the observed activation energy and A factor of the nitrate yields).

hthe possibility that some nascent HOONO might isomerize into

HONO,, thus leading to “secondary” scrambling.

The data speak clearly for organic nitrates; the critical energy Our objective is to simulate both biexponential and isotopic

for this transition state is substantially below the RONO;
energy. However, the extent to which this conclusion holds for
OH + NO, is an open question. It appears that most of the
energies on the OH (and R@) NO, PES are similar for all H
and R except the OH (or RCG} NO; energy itsel* and it
seems plausible that, if indeed the ROON® RONOG,

scrambling kinetics data with a multiple-well master-equation
simulation. In so doing, we shall test the applicability of the
basic PES developed in our earlier work for RON© the
HONO, system; specifically, we shall focus on the questions
of how rapid cis-trans isomerization is for HOONO, the most
probable energy of the HOONEHONGO, isomerization transi-

isomerization transition state is defined by an almost broken tion state, and the competition between H atom scrambling and
RO—ONO bond, then this energy would be tied to but somewhat dissociation in isotopically labeled HONOIn so doing, we

lower than the RCG+ NO; energy in general.

Aside from this difficult, loose transition state, the other
energies in the potential energy surface for the @HNO,
reaction system are reported at different levels of theory with
good agreement among thém?!2.132431.33The second least-
well constrained energy is the next-most important, dre-
transHOONO isomerization barrier, with density-functional
calculations showing a higher rotational barrier than higher-
level calculations. Finally, the formation of FONO isomers from

F + NO, has been discussed from the perspective of a two-

state avoided curve crossing by Ellison and co-worRttsese
authors suggest that the formationa$-XONO is essentially
barrierless from X+ NO, but that the formation dfansXONO

aim to test the general consistency of literature kinetic data with
the key details of this PES.

2. Potential Energy Surface

We assume the OH NO; reaction system reacts in the same
manner as we described in early pagersSpecifically, we
assume that the reaction proceeds over a single, adiabatic,
ground-state PES shown in Figure 1. HONi€otopic scram-
bling is only considered when we simuldf®©H reacting with
NO.. When the reaction starts, HONCQransHOONO, and
cisHOONO are formed immediately from OH NO; with
Keo, HONO2, Koo trans—HooNo, @Nd Ke cis-Hoono, respectively trans:
HOONO has four reaction pathways: it dissociates to, HO

may have a significant formation barrier. The consequence NO or OH+ NO,, and it isomerizes toisHOONO or HONG.

would be that direct formation dfansHOONO from OH+

cisHOONO has three reaction pathways: it dissociates tg HO

NO, would be negligible compared with the barrierless processes+ NO or OH + NO,, and it isomerizes taransHOONO (it

on the PES.
Another uncertainty for the OH NO, reaction is the high-

cannot isomerize to HON). HONO, has three reaction
pathways: it dissociates to OH NO,, it isomerizes tdrans

pressure limit for the rate constant. Smith et al. obtained a value HOONO, and it undergoes H scrambling (when we consider

of (4.8 £ 0.4) x 101 cm® molecule?® s for k., from
measurements of Okl(= 1) deactivatior?®> absolute kinetics
in extreme pressures of He from Fulle and Hippler et al.
extrapolate tok. = (5.2 & 2.2) x 107! cm® molecule®
s1;,617.36 Donahue et al. obtainekl, = (4.8 & 1.0) x 107!
cm® molecule’® s71 from a combined fit of available kinetic
data, including multiple bath gas typ&sand most recently,
D'Ottone et aP reportedk, = (6.4 = 0.2) x 10! cm?
molecule’? sL. Also, Troe obtained a value of 3.6 10711
cm® molecule? s™1 for HONO; and 1.9x 10~ cm® molecule™
s1 for HOONO (thus a total of 5.5x 10°1) from his

180H reacting with N@, H(*®O)NO, isomerizes to HONEO)O).

In total, there are five stable species, five dissociation reactions,
and three isomerization transition states in the entire EINO
reaction system, with the details shown in Figure 1.

Some features of this PES originated as phenomenological
assumptions in our earlier work. Specifically, we assumed that
both HOONO conformers coupled easily to GHNO, but that
only one could easily isomerize to HONONe chosetrans
HOONO for this second role based entirely on appearance;
visual inspection suggests that it is easiertfansHOONO to
execute a modest in-plane rotation to HONBan it is forcis-
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HOx+NO HOONO OH+NO, Nitric Acid OH+ONO energies of most of the minima appear to be relatively consistent
with the notable exception of the (OHNO,) “well”, meaning

that the OH or RO energy varies from surface to surféce.
Consequently, the reactant energy for this specific reaction is
not the best reference for considering the broader sequence of
reactions, and we instead usissHOONO. Energies (shown in
cm™Y) were calculated using B3LYP/6-315(d,p). Literature
results for different levels of theory are also listed in the table
for comparisor?:”1324310ur results are generally consistent with
the literature.

A critical feature on this PES is the transition-state energy
for HONO; isotopic scrambling (TS3 in Table 1). Our result is
consistent with our early vallfihut there are no computational
results at a higher level of theory against which to compare the
Figure 1. Potential energy surface and key species involved in the density-functional value. Another important issue on this PES
OH + NO; reaction system. The energies used in this study are shown is the isomerization transition state betwégams-HOONO and

in Table 1. There are five stable species, five dissociation reactions, i
and three other transition states in the whole @HNO, reaction HONO,. We could not locate a stable geometry for the transition

system: (H@+ NO), cis HOONO, trans HOONO, (OH+ NO,), and state between these two species in our computational work. The
HONO;; the transition state betweéranssHOONO andcisHOONO results from Zhao et &t and Lohr et aP* differ by about 9500
(TS1), the transition state betwettansHOONO and HONQ (TS2), cm L. As described in an early pap€nwe obtained this critical
the transition state between ¥iD)NO, and HON{*O)O in the'*OH energy Ersy) by analyzing nitrate yield data from the RG
:)r L\LOZ. snmucljanon (;ggi\l'\(‘)"g? thalt OH NO;and HQ + NO lead to NO reaction (R is the alkyl group) for a series of R. That analysis

othcis andtrans irectly. showed that the isomerization transition state lies approximately
1530 cn1?! lower than the radical products (OH NOy). This
value is close to the result by Zhao et*aln the simulations
presented, we use recently published OH biexponential decay
dat#8 to help constrain this value.

2.1. Subsystems for the Master EquationOur objective is

to simulate both multiexponential kinetics data and isotopic
scrambling data. At first blush, these are separate issues, so we
shall address them with a succession of multiple-well models,
each with increased complexity. In all cases, bimolecular species

of both conformers from OH- NO,, suggesting that indeed will _b_e treated_ as a “well”, that is, assumed to be_ thermally
both formation channels are facile (even a small barrier for either €auilibrated with a large excess of one reagent (typicallgNO
channel would dramatically reduce the production rate for that (1) Three-well system: (OH NO), HOONO, and HON@
pathway). At the same time, Fry et%&lobserved rapid loss of ~ The starting point for the analysis of biexponential kinetic data
transHOONO at 230 K, which they interpreted as the isomer- has been a three-well system with no conversion between
ization oftransHOONO tocisHOONO; however, itis equally ~HOONO and HON®.°8 This system can be solved analytically
possible that this loss is due to isomerization to HQN€ere, (for a single experiment), but the full time, pressure, and
we shall argue that the weight of the evidence from both the temperature dependence still requires a simulation. Least-squares
HNO; and RNQ systems supports the hypothesis that both this fitting to the analytical functions from this simple system fits

o indicates 180

HOONO to execute something of a barrel-roll to HONOur
firm conclusion was and is that there is no reason to expect
these two isomerization energies to be similar, and for the sake
of clarity, we took one pathway to be open and one to be closed.
It should also be noted that this purely adiabatic, ground-state
picture certainly neglects any important role for low-lying
excited states or weakly avoided curve crossings.

Recent evidence for the OH NO, system appears to support
most of our assumptions. Fry etldlobserved large initial yields

specific feature (isomerization afansHOONO to HONQ) the data Wellland leads to sensible-seeming parameters; con-
and the general features of the PES shown in Figure 1 aresequently, this serves as the natural starting point for our
substantially correct. simulations. In this part, we use the geometry and energy of

The energies for the OH NO; reaction system, including ~ cissHOONO for HOONO, we do not consider HON@otopic
the five stable species and the three transition states, are showgcrambling, but we do consider the conversion between HOONO
in Table 1. We use the energy cs-HOONO as the reference  and HONQ.
energy. While this may seem to be an unusual choice, when (2) Four-well system: (OHt NO,), transHOONO, cis-
one considers the homologous PESs for HN@d RNQ, the HOONO, and HON@ We separate thieans- andcisHOONO

TABLE 1: Energies for the OH + NO, Reaction Systerff

HO.+NO  cis—cisHOONCO TSI trans—perpHOONO OH+ NO; TS HONO, TS® ref

7867 0 4680 745 5199 —10097 Zhan®?

0 —130 this work

0 4440 770 4060 4160  —10910 Zhaé'

[0] [4510] [1120] [6850] [7380]  [10420] Zhad!

0 4700 680 3790 —10790 Goldeh

(0) (4970) (1130) (6090) +10160) Goldeh
7020 0 3790 13620 —10790 Loh#*
(9090) (0) (6080) £10160) Loh#
9090 0 5600 1050 6640 —10140 350 Donahde

a2 Energies (shown in cm) were calculated using B3LYP/6-315(d,p) (this work and Zhang et &), B3LYP/6-311-+G** (by Zhao et al 3!
Golden et al’,and Lohr et af%), B3LYP/6-31G** (by Donahue et &), CBS-QB3 (in square parentheses by Zhao &t)abr G3 (in parentheses
by Golden et al.and Lohr et af%. ® All the energies are relative to the energyots—cissHOONO intermediate® Transition state betwednans
HOONO andcissHOONO. 9 Transition state betweemansHOONO and HONGQ. € Transition state for HON@scrambling.
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TABLE 2: Optimal Parameter Sets Obtained by the Three- and Four-well Master Equations and the Range and Step of the

Parameters Used in the Simulatioa

wells Ecis-Hoono Ers1 Etrans-Hoono Eoh+no2 Ers2 Koo, HONO2 Koo c—HOONO Ko t—HOONO
(cm™) (cm® molecule ' s™1)

three 0 6400 6600 23101 43x 1071t

min 6000 4400 2.6« 101 3.0x 10"

max 6900 7000 2.5 101 5.0x 101

step 25 50 0.x 107! 0.1x 10

four 0 4800 750 6500 5900 23101 35x 101 1.5x 101
0 5500 950 6500 4700 2210711 4.2x 10711 1.0x 10711

min 4400 650 6000 4400 20101 3.0x 101t 0.8x 101

max 5600 1250 6900 7000 25610712 45x 1071t 20x 10%

step 100 100 50 100 ot 10% 0.1x 101t 0.1x10 %

aThere are two sets of parameters for the four-well case. The overall optimum including consideration of HeINOfrom HQ + NO is

shown in bold.

intermediates in this part, and we consider all transition states 3.2. Master Equation. For statistical reaction dynamics, we

shown above except the isotopic scrambling. The primary
objective in these simulations is to test the implications of
including two distinct conformers of HOONO in the simulation.
Specifically, the eigenvalues for the decomposition of the
intermediates will be quite different, as calculations consistently
reveal thatransHOONO is some 1000 cnt less stable than

employ the time-dependent master equation. The time-dependent
one-well master equation has been described in detail in several
previous references:*041To treat the complex terrain of this
reaction, we shall rely on the time-dependent multiple-well form
of the matrix master equation, including canonical representa-
tions of the bimolecular species important to the reaction

cissHOONO. The conclusions are certain to depend on whether coordinate. We include the important bimolecular species in

cis—trans isomerization is rapid as well as the HOONO
HONO;, isomerization energy. We also simulate the formation
of HONO, from HO, + NO using this PES but with our nitrate
yield model in which the radical species are not included as
specific wells but rather as input or output chanréls.

(3) Nine-well system: (OH+ NOy), transHOONO, cis-
HOONO, HONQ, (%0OH + NO,), transH(*80)ONO, cis-
H(*80)ONO, HEBO)NO,, and HONEEO)O. In the “full” simu-
lation, we consider the isotopic scrambling in particular, as well
as the overall consistency of the PES.

For all of the OH+ NO, simulations, to simplify the multiple-
well master-equation simulations, we do not include ;HO
NO bimolecular products. The reaction begins from ©MO,,
and calculations show that the yields of H&hd NO fromtrans
and cisHOONO are both below 1% under all conditions
discussed here.

3. Theory

In this work, we shall combine computational results for

stable species and transition states with master-equation simula . 8 o ,
goncentrations at normal pressure. The time scale in Hippler's

tions of the reaction dynamics, using the same basic procedure
we have reported earlié?. The essential details follow, with
extensive additional information in the Appendix and Supporting
Information.

3.1. Microcanonical Rate ConstantsWe need to estimate

shown in Figure 1. Structures and frequencies for all stable

species are based on density-functional calculations (B3LYP/

6-31+G(d,p)) as presented in the Table 1 and the Supporting
Information. The microcanonical rate constants out of a given
well are calculated by

G(E - Ey

r(E)

whereG(E — Ey) is the sum of states for the transition state at
energyE with critical energyEy andp(E) is the density of states
for the well at the same enerdy/(in cm™1). To calculate sums

k(E)=c )

the simulation because it allows us to directly simulate a given
set of experimental conditions quite easily. The advantage of
explicit matrix inversion is that we can obtain explicit time-
dependent solutions for all of the important species in the
reaction; the limitation is computational time, but we are able
to treat up to nine wells without excessive computational
burdens. The details of the multiple-well matrix formalism are
treated in Appendix 1; the important result here is that we obtain
a full vectorN(t) containing the energy-dependent population
densities of all species in the simulation.

4. Results

4.1. Results from the Three-well Master-Equation Simula-
tion. Our first objective is to use the three-well master equation
to simulate the OH biexponential kinetics observed for the OH
+ NO; reaction, including results from Hippler et @land
D’Ottone et af The setup and conditions are different for the
two experiments: Hippler et al. conducted experiments at very
high NG, concentration and very high pressure, while D’Ottone
et al. conducted experiments with a series of lower,NO
experiment is thus 100 times smaller than that in D’Ottone’s
experiment. As we discuss in Appendix 1, in the multiple-well
master equation dealing with dissociation and recombination,
the NG, concentration should be much greater than OH
concentration. We therefore place more weight on the data of

%—prler et al. and the high-N{lata of D’Ottone et al. than the

lower-NO, data of D’Ottone et al.

By including the HOONG-HONO, isomerization, our
calculations differ from those presented earfi@gur objective
is to investigate how low the TS2 energy can be and still be
compatible with the observed biexponential kinetics. For this
purpose, the TS2 energy is treated as a free parameter. Later,
when we separatgs- andtransHOONO, we shall see whether
the constraints imposed by the kinetics are loosened.

We conducted an exhaustive search of possible values for
Eon+no2: Ets2, Ke Honoz andks. oono to simulate the biexpo-
nential kinetics; the parameter range is set by the existing
uncertainty in those values, so plausibility is also a constraint.

and densities of states, we used the Densum program develope@he search range and step size of the parameters, as well as the

by Barker3®

optimal parameter values, are shown in Table 2. The reference



6902 J. Phys. Chem. A, Vol. 110, No. 21, 2006 Zhang and Donahue

T T T T T T T T
10 oooo [Hippleretal., 2002] ] 10 oooo [Hippleretal., 2002] _
-~ —— by 3-well master equation - —— by 4—well master equation
3 = ?
] iR
2 = 1}
2 2
- >~
0.1
T L N
0 0.5 25 0 0.5 1 1.5 2 2.5

1 15 .
Time (s) 10 Time (s) x10°
Figure 2. Simulation results by our three-well master equation for Figure 4. Simulation results by our four-well master equation for

Figure 2 in Hippler et af. The collision frequencys is 1 x 101271, Figure 2 in Hippler et af. The collision frequency is 1 x 10?2 s,

T = 430 K, and [NQ] = 1.3 x 10'7 molecule cm?. T =430 K, and [NQ] = 1.3 x 10 molecule cm?.
0 10"
10" Fy ' e s
— e 2915
e — e 5.4el5 -
g5 -1 — e 8.1 2 10
s10F —— = 1.0e16 %
— — 1.5elb
En = L] e .ii’
= i
1] w—lr 10
E -
E F4
10-3_ ~ 10

=
e

Time (s)

x10°

Figure 5. Simulation results by our four-well master equation for
Figure 7 in D'Ottone et &.The collision frequency is 5 x 10° s1,

T = 413 K, and there are 7 sets of [N@anging from 1.2x 10'® to
1.8 x 10'® molecule cm?.

) ) to the energy of HOONO, 200 crh higher than the (OH+
energy isEroono, SOEon+nozis the HO-ONO bond strength.  N©O,) energy. In this case, isomerization is secondary, as the
The collision frequency is calculat& using eqs 1517 in dissociation pathway has higher entropy and thus always
our earlier worki® and Eqoun is fixed at 600 cm* for all the dominates (isomerization to HONGs always less than 10%
simulations. We first compare the simulation result with the ¢ dissociation back to reactants). The presence of the isomer-
data by Hippler et al. by minimizing the sum of the squares of jzation pathway does, however, lead to a better agreement
the difference in the logarithm of the simulation and the data. petween the simulations and the biexponential data, with a 24%
We then use the parameter set at each minimum to simulateyeqyction in the root-mean-square (rms) residuals. Consequently,
the data by D’'Ottone et al. for the three-well simulation, the biexponential data do not

We use a dual grain size for the energy levels in all the sypport extensive isomerization of HOONO to HON@ough
simulations, following the model of Barkekey regions near  they do suggest a modest role for this process.

TS energies are modeled with a 50 Chgrain, and areas far 4.2. Results from the Four-well Master-Equation Simula-
from TS energies are modeled with a 150¢rgrain size. Due  tjon. There is ample experimental and theoretical evidence for
to the richness of the landscape, most of the energy space isexistence of at least two stable conformers of HOONO, so next
modeled with a 50 cm' grain size. There is a modest we shall simulate the kinetic data taking into account these two
improvement in the quality of fits with reduced grain size, but conformers ffans andcissHOONO). The most pressing ques-
the increased computational costs in the larger models (espetions are the effect on the isomerization ener@tsf), the
cially the nine-well model) do not warrant performing all of general influence of a third, very shallow well on the multi-
the computations with a finer grain. A sensitivity analysis is exponential kinetics, and the relative speed of isomerization
presented in Appendix 2. between the two HOONO conformers.

Figure 2 shows our simulation result for Figure 2 in Hippler ~ The reaction mechanism is exactly the same as we specified
etal., and Figure 3 shows our simulation result for Figure 7 in in the PES section. There are now seven uncertain parameters
D’Ottone et al. Our simulation results agree well in each case, that are important for the resulEon+noz Etrans-Hoono ETst
showing that a single set of parameters can indeed reproducgthe transition state energy for interconversion betwigans
both data sets. The energies constrained by the data areandcissHOONO), Ersz, Ko Honoz Ket—Hoono andKe c—Hoono.
consistent with our computational values shown in Table 1 Once agairEgs-Hoono Serves as the reference energy. As the
except the energy for (OH NO, — cisHOONO), which agrees  number of wells in the multiple-well master equation increases,
better with the calculation result by Donahue et al. at BSLYP/ the calculation speed decreases dramatically and the number
6-31G** and Golden et al. at G& The energy of (OH+ NOy) of free parameters increases. We again conduced an exhaustive
relative to the HOONO intermediate (6400 chis slightly search of parameter space under same procedure but with larger
smaller than the experimental result by Hippler et al. (6330  step sizes because of the computational cost.

80 cnT1)f and the simulation result by Golden et al. (6800  The four-well simulation results are shown in Figure 4 and
cm1).7 Figure 5. The fits are slightly less precise than in the three-well

The critical energy for the transition state from HOONO to case (presumably because of the coarser step size), but the
HONGO; (Ersy) in the simulations is about 6600 chrelative quality of the fits is still very high. For consistency with the

Time (s) 3 10_3

Figure 3. Simulation results by our three-well master equation for
Figure 7 in D'Ottone et &.The collision frequency is 5 x 10° s,

T =413 K, and there are 7 sets of [M@anging from 1.2x 10 to

1.8 x 10'® molecule cm®.
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nine-well simulation, we have retained the 50 ¢rfine energy x 10°
grain size, but Figure 14 in Appendix 2 shows that a 10&m
grain-size simulation improves the fit for the data from Hippler

-

et al. o /- = “dissociation |
The optimal parameters for the four-well master equation, T; Lol cnerey of OH4NO, |

the search range, and step size of the parameters are also shown 2

in Table 2. In this case, two fits are of similar quality; in each = a4k i

case, there is one low-energy barrier for the losstrahs

HOONO. In the first case (cistrans coupling) Ers1 < Ersa, 12 H scrambling ]

and in the second casggnsHONO, coupling),Ersz < Ers1. n L 0 — ,

All the figures shown for the four-well simulations use the 10 10 10 10 10

second parameter set. The energies constrained by the data and kE) 67

four-well master equation are generally consistent with the three- Fi&?}éfel_ 6. )Micaog_anoni_catl_l fat((?tcogls_:af’:ltg fOLH ShCFSTFb”;‘Q gt?_'gﬁgooy
H H i H i solid line) an ISsociation (to b, dashed line) O

diference s hat the crical energy for 8Esc) has cropped. AL &l enrgies less han 1200 cirabove e (O NOY the H.

. L 4 scrambling microcanonical rate constant is larger than the micro-
substantially in either case (by 700 or 1900 ¢jnto a level canonical rate constant for dissociation to @HNO,.
well below the radical reactants. The lower TS2 energy is very
close to the energy we obtained by analyzing the nitrate yield ' ' j ' ' j
data from RQ + NO reactions for a series of R Much more
isomerization to HON@can be supported out of the shallow
transHOONO well than out of a single HOONO well,
regardless of thecis—trans HOONO isomerization barrier
height. We thus see immediately that it is necessary to include
both conformers to properly model the reaction dynamics. The
second difference involves the totatig + trans) HOONO
formation rate constankg), which is larger than the three-well
result in either case; this is because in both cases there is at
least some dynamic separation betweisnandtransHOONO.

Overall, the three- and four-well simulations are similar to ) ) ) i
each other and consistent with most computational constraints.”'9ure 7. Simulation results from our nine-well master equation for
conditions shown in Figure 3 in D’Ottone et®rhe collision frequency

It is not surprising that by separatirgs- and transHOONO wis3x 10°s 3, T =298 K, and [NQ] = 5.2 x 10 molecule cm?.
the simulations support a lower transition-state energy for

isomerization to HON as the cis-trans isomerization in effect H(*80)NO; scrambling to HONEO)O, and one transition state
protects the double-exponential kinetics from the nitric acid well ¢, HON(0)O dissociation to OH:I- 18ONO. We use the
(which generates a pure single exponential with no thermal OH second set of four-well parameters in Table 1 for the corre-
regeneration). We shall present a more Qetaileq compqrison Withsponding energies here. For the critical energy of the isotopic
other experimental constraints in the discussion section. scrambling Ers), we use the value from our calculation shown

4.3. Resullts from the Nine-well Master-Equation Simula-  jn Table 1. We will present a sensitivity analysis sz below.
tion. Our next objective is to assess the role of isotopfO) The energy grain size is 30 cth
scrambling in this reaction. Specifically, we wish to assess the Figure 6 shows the microcanonical rate constants for H
extent to which relatively low-pressure data constrain the high- scrambling (to HONOO) and dissociation (to OHNO;) of
pressure HON® formation kinetics, the extent to which HONO,. The microcanonical rate constah(&) for H scram-
scrambling is complete at low pressures, and the potential for pjing of HONO, are consistent with the values we calculated
‘leakage” from HOONO to HON®Io influence the scrambling i our earlier work ort8OH scrambling However, in that paper,
kinetics. We will consider the full literature on the kinetics, \ye did not calculate the microcanonical rate constant for
which are not extensive?"**The recent work of D'Ottone et gissociation-instead we relied on an estimate of the high-
al® includes time-dependent data for béf#oH and'°OH, SO pressure limits to estimate the aver&ge) for that path. Figure
we will focus primarily on thesg results. Those experiments g presentk(E) with a log scale to compare the microcanonical
lemployed an OH source producing around 56&H and 50% rate constants of H scrambling and dissociation more clearly;
SOH, both of which react with N© As a consequence, We 55 with all of our microcanonical rate constant plots, we plot
must model the behavior of bo#iOH and*®OH, which then energy on they axis to permit direct comparison with plots of
couple through scrambling. the PES, where energy is also shown on yhaxis. At all

To simulate coupled®0OH and!80H kinetics, we include energies less than 1200 ciabove the (OH+ NOy), the H
two sets of four-well systems described above, each with scrambling microcanonical rate constant is larger than the
unlabeled N@but one with labeled®OH. The coupling reaction  microcanonical rate constant for dissociation to @HNO.
is H®O)NO, < HON(*®0)O, which adds another well,  This shows that the H scrambling reaction of HON®rapid,
HON(80)O, to the simulation. The labelddONO produced as we have argued in the past; however, the dissociation rate
when this dissociates is always much less abundant thanconstant is within an order of magnitude of the scrambling rate
unlabeled N@, which allows us to simplify the simulation a  constant over a wide range of energies. The question now is
bit, as discussed below. whether we can understand the full kinetics data, including the

In total, there are nine wells when we simul&®H + 1°0H scrambling data, in this environment.
+ NO,, giving 16 transition states: seven transition states in  The simple answer is yes. Figure 7 shows the nine-well
the 18OH + NO, four-well system, seven transition states in master-equation simulation for conditions identical to Figure 3
the 8OH + NO; four-well system, one transition state for in D’'Ottone et af The simulation results are almost perfectly

Relative Lif Signal (a.u.)

Time (s)

x107
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Figure 8. Rate coefficient of®OH loss vs pressure at 298 K, using
parameters from the multiple-exponential kinetics and our computational — FOH+NO,)
scrambling barrier height without modification. The solid line is the L5f
full simulation, withk.; = 2.3, 1.5, and 3.5¢ 10! cm® molecule*

st for the HONQ, transHOONO, andcissHOONO channels from
OH + NO; association. The dashed line is far = 2.3 x 107 cm?
molecule* s7* for the HONGQ channel only (i.e., naqransHOONO

— HONGO; isomerization is allowed). The two lines are parallel at low
pressure but diverge when pressure increases. The dashed line has a

high-pressure limit around 2.3 101, while the solid line has a high- 1 115 2
pressure limit K;.) around 2.9x 10°*%. The difference between the [HON'™*001[H'®0NO ]

two high-pressure limits is caused liypansHOONO conversion to 2
HONO,. The dash-dotted line has no isomerization and very low Figure 9. Ratio of pseudo steady state [HGf@)O] to [H(**0)NOO]
scrambling barrier, and it is parallel to the dotted line, which is the as a function of (a) pressure and (b) energy at 200 Torr. This ratio
estimate of the pressure dependence presented in our earlierspaperkeeps constant at low pressure, with a value of 2, showing that isotopic

I E(TS3)

E (cm_l)

=)

The symbols are the experimental results around 298%38The high- scrambling is complete at low pressure. The ratio decreases rapidly
pressure limits for OH+ NO, — HONGO; and the total OH+ NO, with increasing pressure when pressure is larger than 2000 Torr.
association rate constant are also shown. However, as shown in (b), the scrambling completes below the (OH

+ NOy) dissociation limit, so OH isotopic scrambling is not complete,
consistent with the data in the figure, using the parameter seteven though HON@Is.
we obtained from the four-well simulations above. That
parameter set was used without modification to constrain this On they axis). The ratio remains at 2 from the low-pressure
simulation. This strongly suggests that those parameters areimit until the pressure increases to around 2000 Torr. This ratio
correct. is consistent with the statistical distribution of [HORD)O]
Given the excellent performance of the simulation, we can to [H(*®0)NOO], since there are tw8O atoms but only one
now consider the overall pressure dependence of the scrambling®0 atom in the HFO)NO, molecule. While this indicates that
at 298 K. By varying the collision frequency in the simulation, scrambling is effectively complete, we must remember that most
we obtain a pressure dependence for #@H disappearance of the HONQ molecules are found below the dissociation
shown in Figure 8. This is shown along with the literature data threshold; in Figure 9b, we see that the statistical ratio is
and a sigmoid function published in our earlier wérikqur obtained below the dissociation energy but well above the
complete simulation (shown as a solid black line) is very scrambling barrier. Consequently, from the perspective of
consistent with the data from D’Ottone et®aThe simulaton =~ HONO;, formation, scrambling is complete, but from the
is also reasonably consistent with the data from Dransfeld et perspective of OH, the nascent!fQ)NO, remains in excess
al. 3 Greenblatt et a8 and Donahue et af.the current value  and scrambling is thus not entirely complete.
is slightly higher than those data but within experimental Because the extent of scrambling is a major question here,
uncertainty. we have also examined the sensitivity of these results to the
The sigmoid function published in our earlier work for the transition-state energ¥E{ss). For our base-case model, we are
rate constant offOH los$ is slower than the current simulation  using a computational result based on density-functional theory
results for three reasons. The first reason is simply a difference (B3LYP/6-314+G(d,p)), which is suspect for H atom transfers.
in our assumed values fég andk., for the HONQ formation The microcanonical rate constant for this reaction is also based
channel. The second two reasons are more interesting. One ion the geometries and frequencies from the simulation results.
scrambling viatransHOONO, and the other is incomplete Figure 10a shows the simulation result in Figure 7, together
scrambling. Previously, we neglected isomerization of HOONO with simulation results at different isotopic scrambling critical
to HONG,. To show the effect of this pathway, we turned off energies Ers3). Note that the base-case ener@yd; = —130
the isomerization in a second simulation, shown in Figure 8 cm™) is slightly below thecisHOONO energy, which serves
with a thick dashed line (simulation 2a). In this case, the high- as the reference energy for these simulations. The simulation
pressure limit for HON®@formation is the high-pressure limit  is dramatically sensitive t&rs; once the energy is raised by
for the direct pathway (2. 101! cm® molecule® s73). In around 3000 cm! from the base-case simulation. However,
addition, lowering the scrambling barrier (TS3)+&000 cnt? there is some sensitivity to lowering the barrier height from
(simulation 2b) permits total scrambling at all relevant energies the computational value, and conversely, the computational
(see below) and reproduces the earlier sigmoid, shifted to reflectvalue is optimal. The lower energies, in blue and red, slightly
the higherks. overpredict the early slope i##OH, and the higher energy, in
To directly assess the extent of scrambling in this reaction, green, underpredicts that slope. Figure 10b shows the time
we show in Figure 9 the ratio of pseudo steady state [H&NQ] dependence of the [HORKD)O] to [H(BO)NOOQ] ratio for this
to [H(*80)NOQ] as a function of pressure and also the ratio at same set of TS3 energies at a collision frequency 8fHD,
200 Torr pressure as a function of energy (as usual, with energyand we see that indeed the pseudo steady state has not been
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Figure 10. Sensitivity analysis showing the effect on the simulation
results of varying the H atom scrambling barrier in HONErs3) using

a nine-well master equation. All the energies (in¢éjrare relative to
cisHOONO;E(OH + NO;) is 6500 cn* above this reference energy.
The upper panel shows OH decay for both isotopomers over 0.006 s.
Here, the solid lines are fdfOH and the dashed lines are fOH.
The red lines are almost completely obscured by the blue lifexH]

is minimally sensitive toErsg [*®OH] is very sensitive tcErss only
when Ersz is more than 2000 cnt above E(cisHOONO), but the
computational value oErss is clearly near the optimum. The lower
panel shows the same sensitivity in the HON&btopomer ratio at

= 10° Hz, which is 2:1 for complete scrambling. Ftss below 3000
cm 1, complete scrambling is eventually achieved, but well after the
collision frequency untiErss is below —4000 cnt?.

reached at 1® s unlessErsz is below —4000 cnTl, meaning
that scrambling is not completed with a single collision, as
suggested in D’Ottone et &While the sensitivity of thé%OH
kinetics to this value is slight, the outstanding agreement of
our simulation and the D’Ottone et al. data without any
modifications to our parameter set is encouraging.

Finally, D’Ottone et aPf also show the temperature depen-
dence of thé®0OH disappearance rate as a function of pressure.
The rate increases as the temperature decreases at high pressu
A significant portion of this temperature dependence is due to
the increase of HONg&formation from HOONO isomerization
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Figure 11. Pressure dependence of nitric acid production from the
HO, + NO reaction for the HN@PES presented in this paper using
three parameter sets (see text). Set 1 trassHOONO largely
isomerizing tocisHOONO, while sets 2a and 2b hatransHOONO
largely isomerizing to HON@ Set 2b has a lower HO+ NO energy
than set 2b, though both are within current uncertainty limits. The
diamond markers represent experimental data from Butkovskay&Zt al.
The best fit (solid lines, set 2b) includes a relatively fwansHOONO
to HONG, isomerization barrier and a relatively low (H@ NO) —

(OH + NOy) reaction enthalpy. These results quantitatively match the
HONGO; observations at 300 K and qualitatively reproduce the tem-
perature dependence, though with less of a slope than the data. They
are also consistent with observaednsHOONO decay kinetic&

nl.

10
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choice between the 2 four-well parameter sets consistent with
the OH+ NO, data. To simulate HON®production, we use
the modeling framework from our earlier work on nitrate yields
from RO, + NO?3 and the two parameter sets obtained from
the four-well simulations. There is some uncertainty in the,HO
reaction enthalpy for Ho+ NO — OH + NO,, which we shall
address below.

In Figure 11, we show simulation results for the HON@Id
under three conditions. Using the first four-well parameter set
from Table 2, we underpredict the observed HON@Ids by
a factor of 10 (dasheedotted lines, labeled “parameter 1”).
With the second four-well parameter set, which has a low barrier
to HONG,, we are able to model HONGields similar to those
observed (dashed lines, labeled “parameter 2a”). If we lower
the (HQ, + NO) energy from 7900 to 7400 crhrelative to
cisHOONO, then we obtain an excellent fit for nitrate yield at
300 K (solid lines, labeled “parameter 2b”). This (K® NO)
energy is consistent with the computational value of Lohr et al.
at B3LYP/6-31H1-+G**.24 Our simulations do show an increas-
ing yield with decreasing temperature, but we show an increase
of approximately a factor of 2 between 298 and 223 K whereas
the data show an increase of approximately a factor of 4. We
also attempted to simulate HONG@ormation by eliminating
direct dissociation oftransHOONO to OH + NO, and
maintaining a very low cistrans isomerization barrier, con-
sistent with the Ellison hypothesi$We could not reproduce
the data with those assumptions.
re.The falloff behavior for nitrate production shows a dual
pressure dependence because of stabilization in both the
HOONO and HONQwells, with HONG stabilization evident

at low temperature, which can cause a strong negative temper-at low pressure<10* Torr) and HOONO stabilization evident

ature dependence in th#®H removal rate even with individual
values ofk., that are independent of temperature.

4.4. Nitrate Production from HO, + NO. Our final
objective is to simulate HONOproduction from the HQ +

at intermediate pressure (18 p < 10° Torr).13 The data are
clearly in the low-pressure regime where highly vibrationally
excited HONQ is formed at the HQ+ NO energy and then a
small fraction is collisionally stabilized to generate the observed

NO reaction using the same PES and parameters alreadyHONO:;.

presented. Experimental constraints are provided by the recent

observations of HON® formation from the HQ@ + NO
reaction32 Those data reveal a significant HON@eld at 200
Torr pressure of approximately 0.0015 at 308%Kyith a linear

In summary, two parameter sets based on a four-well model
of the HNG; system are consistent with essentially all of the
OH + NO; kinetic data, but added consideration of the yield
of HONG, from HO, + NO breaks this symmetry in favor of

pressure dependence at lower pressure. This will constrain thea parameter set enabling rapid isomerizatiotrafisHOONO
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to HONG;, but inhibiting conversion ofransHOONO to cis-
HOONO. Furthermore, this model including HOMNf@rmation
from transHOONO reproduces the isotopic scrambling data
in all its facets without any modification.

5. Discussion

5.1. Kinetics-based ResultsThe multiple-well model pre-

sented here (Table 2) is constrained by data, with computational
results (Table 1) used primarily to set the parameter ranges.

There are certain theoretical and/or computational findings, such
as a barrier taransHOONO formation from OH+ NO,, a

low isomerization barrier frontrans- to cisHOONO, and any
formal transition state from a HOONO conformer to HONO
which we regard as insufficiently certain from a theoretical
perspective to provide a firm constraint. Consequently, we have
adopted a “data first” perspective to our modeling, seeking to
find a model that is consistent with all of the available data.

Zhang and Donahue

with two distinct minima. This is the reason that two optimal
parameter sets are nearly identical exdegy; andErsy. In the
overall optimum, the rate constant for interconversion between
trans andcisHOONO is small at all pressures, while the rate
constant fottransHOONO isomerization to HON@increases
with increasing pressure. If the interconversion rate between
trans andcissHOONO intermediates increases, the isomeriza-
tion barrier to HONQ must be increased to compensate.

(4) There are two limits to the four-well simulation that
effectively collapse to the three-well simulation numerically.
(a) A very low barrier forcis—transHOONO isomerization.

In this case, the critical energy faansHOONO isomerization

to HONG, must be large and the rate constant for this reaction
must be small. The effective high-pressure limit to HOONO
formation is the sum of theis- andtransHOONO formation
rates, and the overall equilibrium constant (and the biexponential
kinetics) are dominated bgisHOONO. This limit cannot

We have found one parameter set that comes very close to thaf€Produce the HONgyield data. o -
objective. It successfully reproduces the biexponential OH decay (b) A high barrier for cis-trans isomerization, witfcis-

reported by Hippler et al. and D’Ottone et @it simultaneously
reproduces the'fOH + NO,) isotopic scrambling datag37.38
and it reproduces the HONG@ields from HQ + NO at 298

HOONO parameters equal to the three-well parameters in Table
2. In this caseErs, can be quite low and it i'TansHOONO
and HONQ that are closely coupled; however, the coupling is

K.32 Consistency is one thing, completeness is another; the PES0t complete and the full dynamics must be considered. This is

is sufficiently complex that there may be other consistent
solutions. However, within the parameter range we subjected

the case we have previously found to hold for RGONO
formation, where it has several appealing characteristics. Most

to an exhaustive search, the current solution is the unequivocalimportantly, it provides a ready explanation for the low-

winner.

temperature, high-pressure limit for nitrate yields~a50%?13

The base-case model represented by the four-well parameterd? the current case of the HNGPES, the total isomerization

in Table 2 plus the scrambling barrier addressed in the nine-
well results is quite highly coupled. Th&ansHOONO
intermediate is the key player in this coupling. There are three
exit channels from this intermediate (four if one counts;HO
NO), and they are well correlated in terms of entropy and
energy. The lowest barrier (TS2, frormansHOONO to
HONG,) is relatively loose (high entropy), while the next lowest
barrier (TS1, fromtrans to cisHOONO) is the tightest, with
the lowest entropy. The highest barrier (dissociation to OH and
NO,) is very loose indeed. Consequently, the branching among

rate constant fronranssHOONO is in part constrained by the
180H isotopic scrambling data and in part constrained by
HONO; yield data. The optimal parameter set is consistent with
both, with the exception that the modeled temperature depen-
dence for the HON®@yield is shallower than the observed
temperature dependence. This means that our conclusions about
the RNQ and HNG; PESs are essentially identical and that a
single basic PES with only subtle variations (specifically the
RO or HO energy) can explain the vast majority of the
experimental data for all classes of nitrates.

these pathways is very sensitive to pressure and temperature. (5) The critical energy for HON@isotopic scramblingErs3)

Because the HONgEbarrier (TS1) is lower energy and higher
entropy than the cistrans barrier (TS2), isomerization to
HONO, always exceeds isomerization ¢is-HOONO. How-

ever, at high-temperature, dissociation to radicals dominates.

If the cis—trans barrier were the lowest (which is commonly
assumed), the reaction dynamics would be even more intricate
with each pathway dominating under specific pressure and
temperature conditions.

is only loosely constrained by the data, but the density-functional
barrier height for scrambling, which yields a mild inhibition of
scrambling, is clearly preferred to either higher or lower barriers.
A sensitivity analysis shows thd&irss is certainly lower than
3000 cnr? relative tocisHOONO.

(6) The simulation results are not very sensitive to the high-
pressure limits for OH+ NO; association tdrans and cis-
HOONO, while the high-pressure limit for OH+ NO,

We can make some general statements about the relationshipgssociation to HON@ is critical to the simulation result.
among parameters and the degree of constraint on thoselncreasing. Honozhas the same effect as decreadiige. This

parameters:

(1) The energies of (HO+ NO) and HONQ (relative to
cisHOONO) are not sensitive to the OH kinetics, while the
energies of (OHt+ NO,), transHOONO, TS1 (interconversion
betweertrans andcissHOONO), and TS2 (isomerization from
transHOONO to HONQ) are very sensitive to the OH kinetics.
The (HQ, + NO) energy is sensitive to the nitrate yield data.

(2) The energy of (OH+ NO,) relative to the energy dfis-
HOONO is the most critical property in the simulation of the
biexponential kinetics. This is because the biexponential OH
decay is caused by the dissociation @6-HOONO in the
experimental time scale, and the well depthcid-HOONO
determines its lifetime.

(3) Increasingers: yields nearly the same results as decreas-
ing Ers2. The covariance is not smooth, but rather it is a “W”

is quite easy to understand: whé&hs, decreases, the rate
constant of conversion frotnansHOONO to HONQ increases
and the HONQ@ formation rate increases as well.
(7) The parameters we allowed to vary are very sensitive to
the collision frequencyy and Egown Used in master equation;
we specified values for both rather than exploring this sensitivity
because the overall conclusions about branching are not sensitive
to these parameters and the selected parameters yield good fits
to the data without modification. However, direct comparison
with experimental or theoretical parameters must account for
uncertainty due to these additional degrees of freedom. Increas-
ing w, increasindEqown, and decreasing the (OH NO,) energy
relative tocisHOONO have a similar effect on the simulation.
Nitric acid production from H@ + NO plays an important,
confirmatory role in our simulations, but the data fav@ns
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TABLE 3: Equilibrium Constants (cm 2 Molecule™) of HOONO at Different Temperatures

T (K) 475 430 413 350 300 250 220 ref
6.43x 1018  6.48x 1017 184x 106 239x 104 4.86x 102 145x10°% 6.86x 10° this work
OH + NO, < 6.21x 1077 1.50x 10712 1.24x 10° 3.05x 107  Golder
CiSHOONO  9.1x 108  4.0x 107 Hippler®
45x 107V D'Ottone®
OH+NO,<  1.05x 1019 527x 10 107x 108 259x 107 7.99x 10 873x 10 3.73x 1012  this work
transHOONO 1.64x 10718 528x 1075  1.19x 102 1.01x 10° Golder

HOONO isomerization to HONgeven without this final input. TABLE 4: Fitted Parameters for the Rate Constant of
The observed sensitivity of HONGyields to water vapor is ~ HONO; and cis- and trans HOONO Formation

also consistent with a chaperone mechanism in whig® i ko(T) = ke(T) = Fo(T) =

the HO—water complex is ejected from the nascent HOONO, ko*0T/300) " ko3T/300) ™  F39(T/300)

taking wi:hthit som_f[e gd:(i;iﬁén;ll ene(;gyhandt:]hus :educi(;]_gtthe k200 n k300 m R g

energy of the excite ormed when this intermediate

isomerizes. Clearly, very high-pressure HON/@Id data would Egm%goﬁg") i:gi 1&22 2(5) ggi igﬁ 8 8:;‘ 8

be incredibly useful, with and without water vapor, as they HOONO (sum) 2.0 10% 3.0 55x 10 0 05 0

would constrain the asymptotic behavior of this system. Our transHOONO 6.5x 103 3.0 1.1x 10 0 0.45 0

modeling results, summarized in Figure 11, suggest that the cisHOONO 16x10% 30 44x10™ 0 045 O

high-pressure yield could be quite large (up to 50%), so at least

the signal would not be small in these difficult experiments. Our results for equilibrium constants of HOONO are reason-
5.2. HOONO Observations.Recent observations of botis- ably consistent with the results by Golden et al., but our

9.10123ndtrans-1122HOONO provide additional constraints on temperature dependence of equilibrium constant forfONO,

this system. The kinetic observations of Fry et%h particular < cissHOONO is larger, and the temperature dependence for

appear to show that both conformers of HOONO are formed OH + NO, <> transHOONO is smaller. For OH- NO; <

easily from OH+ NOy; the least stable conformetrans cissHOONO, our result is greater than the results by Hipper et

HOONO, is seen to significantly decay over the time scale of al, but these are the conditions and data modeled by Golden et
the observations, which will only come to pass if the source of al. as well, and so the difference can be attributed to the different
this conformer is an even higher free-energy reservoir ©H  mathematics of the assumed mechanisms and correspondingly
NO,). While it is possible for high-energgissHOONO to different parameter sensitivities. For instance, Hippler et al. did
generate transieritansHOONO, this process would be very —not separatérans andcissHOONO in their analytical model,
inefficient compared witltissHOONO decomposition to radi- ~ while both master-equation simulations do. The difference
cals. At the same time, the Fry et al. data do show that between our results and those of D'Ottone et al. at 413 K is
thermalizedransHOONO is quite short-lived, even at 230 K. more difficult to understand; however, as we have seen, our

What they do not reveal directly is the sink ttAnsHOONO. modeling results do reproduce other data and modeling results
This could be isomerization to eitheisHOONO or HONQ. where the comparison can be made, and we also do reproduce
The observed nitric acid yields require a relatively low isomer- the data from D’Ottone et al. using the same parameter set.
ization barrier fromtransHOONO to HONQ of 3750 cnt?, We also show thermal kinetics parameters in Table 4 using
which is consistent with the activation energy observed by Fry the standard “Troe” falloff parametrization. These parameters
et al. of 2760+ 1000 cnt?. were obtained by fitting the output from the master-equation
When thetransHOONO observations are considered in simulations to the parametrized falloff functiéhThe results

conjunction with the HON@yield data from HQ + NO, a are also summarized in a figure in the Supporting Information.

self-consistent conclusion emerges. Rapid isomerizati@isof  The practical consequences of this work can be seen in the first

HOONO (or tightly coupled HOONO) to HON£s excluded two lines of the table, which show the effective rate constants

by the observed biexponential kinetics, and yet some facile for all channels leading to HONCand the rate constants for

isomerization pathway is required by the data. As a consequenceonly the direct channel to HONOThe low-pressure limiting

we conclude that the PES most consistent with the broad arrayrate constant is approximately 10% higher when all channels

of experimental data is characterized by relatively separate are considered, while the high-pressure limiting rate constant

conformers of HOONO and a facile isomerization tedins is 50% higher. Because the combined HON@®@rmation

HOONO to HONQ. comprises two very different falloff curves, the overall falloff
In addition to being a key to understanding the unified data curve also is very broad, with a broadening fadégr= 0.4.

set, this secondary HONMathway is atmospherically impor-

tant. At low pressure, it adds around 10% to HON@mation, 6. Conclusions

but this fraction increases with pressure as the mean energy of

the decomposing HOONO decreases (this favors nitrate forma- We have modified the generic PES for RMBNO; presented

tion over dissociation to radicals), reaching around 26% at very in an earlier papé? and a multiple-well master equation to

high pressure. This factor is an important contributor to HQNO  simulate biexponential and isotopic scrambling kinetics data for

production at atmospherically relevant pressures and thus musthe OH+ NO, reaction as well as HONGield data from HQ

be considered in the overall analysis of the reaction for + NO. Given the complexity of the PES, there are multiple

atmospheric modeling purposes. parameter sets that give good fitting results to portions of the
5.3. Thermal Kinetics. Table 3 shows the equilibrium  data set, several of which have been explored in the literature
constants for OHt+ NO, <> cisHOONO and OH+ NO, < previously, but we have found a single parameter set that is

transHOONO at different temperatures extracted from our four- consistent with almost all of the features of the complete data
well master equation using our optimal parameter set. Severalset. On this basis, we can reach some general conclusions about
literature values are also shown in the figure for comparison. the nature of this PES. These are listed in order of confidence.
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First, isotopic scrambling in HON£'s rapid but not 100%

complete at 300 K. Specifically, scrambling is complete with

respect to HON@ but it occurs after one collision and at an
intermediate energy below the OH NO, dissociation limit.

Zhang and Donahue

dN

G =MN (4)

whereM' is the transfer matrix describing energy transfer in

Consequently, the kinetic data do show sensitivity to the HONO;, its dissociation to OH NO,, and its formation from

scrambling barrier height.

OH + NOs. In this form, we assume that compounds in all

Second, it is certain that there are two distinct conformers of bimolecular “wells” are in thermal equilibrium, with a canonical
the HOONO intermediates; they have been isolated spectro-energy distribution; for this reason, the bimolecular “well” is
scopically. It is also clear that both are formed relatively easily treated with a single row and column in the matrix. The top

from OH + NO,, and that the more stable conformeis{
HOONO) is lost almost entirely back to OH NO, (the
biexponential kinetics require this).

Third, there is strong experimental evidence tha@ns

left block (m x m) of matrix M' is identical to the matri in

eq 2. The topm elements of the right columr®) of M’ are
the source terms calculated by eq 5. The firselements of
the bottom row oM’ are the microcanonical rate constants for

HOONO has a loss transition state much lower in energy than dissociation of HON@ which provide the rate of HONO

(OH + NOy). Coupled with the evidence for HON@rmation

dissociation to OH. Finally, the bottom right elememt{1,m+1)

from HO, + NO and also the scrambling data, the most probable IS ~k=[NO2], which gives the rate of OH loss to form HONO

identity for this sink is tharansHOONO — HONO; isomer-

ization. This conclusion is also consistent with the mechanism
we have proposed for organic nitrate formation from the;RO
+ NO reactiont? The presence of this facile isomerization to

HONG:; influences HONGQ production from both HQ+ NO
and from OH+ NO,, as in general the formation afans
HOONQO is a “back door” pathway to HONO

The case presented here is strong but not ironclad. The
available computational results are not completely consistent

with our analysis, and it is very difficult to claim that this is

D, =k, [Clg, ®)

whereg; is defined by eq 6, ankl, is the limiting high-pressure
association rate constant of OH NO,.

K[NO,]; exp(-E/KT)

S KINO,], exp(—E/KT)

g = (6)

the only solution consistent with the data, given the sheer \yherek; is the microcanonical rate constant, [NOs the NG
complexity of the PES. However, the experimental constraints .gncentration at enerds;, k is the Boltzmann constant, aid

on the system are growing, and the bulk of the agreement;g he temperature. NOmaintains a Boltzmann distribution.
between the model presented here and the experimental data is The fyl form of M’ is shown below in eq 7, with the same

quantitatively very strong. We are thus gaining confidence that so|ytion shown in eq 3.

the overall conclusions are substantially correct.
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7. Appendix 1. Master-Equation Theory

Building a multiple-well master equation within the matrix

formalism requires extensive attention to detail and very large

matrixes. What follows is an outline of the essential details.
7.1. Master-Equation Formalism. The matrix form of the
time-dependent populatidN(t) is

dN

= [oP—1) =Y KIN=MN )

in whichM = (P — 1) — 5 K, P is the normalized energy
transfer matrix) is the unit matrixw is the collision frequency,
and K; is a matrix of unimolecular rate constants for fitle
channel. The time-dependent solution of eq 2 is

N(t) = U exp(At) U 1 N(0) (3)
whereN(0) is the initial population vector dfl, U is the right
eigenvector matrix ofM, and A is the diagonal matrix of
eigenvalues oM.

7.2. Two-well Master Equation. We can treat radical
association and dissociation reactions, such asiONO; =
HONO,, as two-well systems: an HONQvell and an (OH+
NOy) “well”. 40 If [NO,] > [OH], then the two-well master
equation takes the same form as eq 2

IMll Myp =« - My, @,
Moy Mgy = -« My @,
M"= . . <. . (7)
My Mo« -« M D,
I kp  Koeee Ky K [NOY

7.3. Three-well Master Equation. The three-well system
under consideration here consists of HONBOONO, and (OH
+ NOy). This is the simplest form in our calculation. If [ND
> [OH], then the three-well master equation has the same form
as eq 4, withM' calculated by eq 8. The solution of the three-

well master equation is the same as that shown in eci 3.
Mlla . e Mlma 0O <+« 0 q)la
Mmla Mmma 0 kyb q)ma
M'=| 0 0 M- M, @F
0 -+ k? My,xb cen My,yb cpy_mb
k* o K™ klb T kyfmb —ks[NO,]
I I8)

The superscripts a and b represent HQN&ahd HOONO
separately in the matridl’ shown above. There are nine blocks
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AN

trans-
HOONO

AN

Figure 12. Simplified form of matrixM' in the four-well master-
equation system. The diagonal blocks are for the four wells, which are
the same a# in eq 2. In this figure, || means column vector,~)
means row vector, and (\) means diagonal matrix.

HONO,

N
0

0
N

cis-
HOONO

M’

OH +
NO,

in the matrixM'. We define the blocIB;; as theith row block
and thejth column block B;; represents thigh well, which has
the same form as matri¥ in eq 2 except the right bottom
elementB;; (i = ) is a diagonal transfer array formed by the
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@:180

Figure 13. Simplified form of matrixM' in the nine-well master-

microcanonical rate constants in the diagonaL representing equation system. The diagonal blocks are for the nine wells, which are

transformation from thgh well to theith well. The number of
rows in arrayB;;j equals the size of matri®;;; the number of
columns in arrays;j equals the size of matrig;;. Consequently,
the transfer matrixB;; is usually not square; however, the
microcanonical rate constants sit in the diagonal starting from
the lower-right corner cell of arra;; because all wells share
a common highest energy.

The specific blocks iM' are as follows: The top-left block
(B11 (elements (1,1) tonj,m))), representing the HONQwell,
is the same as the matrM in eq 2. The middle blockBz»
(elementsir+1,m+1) to (y,y))), which is also the same as the
matrix M in eq 2, represents the HOONO well. The bottom-
right element Bs3), which is the same as the bottom-right

the same a$/ in eq 2. In this figure, [} means column vector,~)
means row vector, and (\) means diagonal matrix.

7.5. Nine-well Master Equation.The nine-well simulation
of 180H isotopic scrambling consists of 2 four-well systems
with a ninth well serving to couple them. The wells are HQINO
transHOONO, cissHOONO, (OH+ NOy) (the first four-well
system), HBO)NO,, trans-H8OONO, cis-H®¥OONO, (€OH +
NO,) (the second four-well system), and HGR@)O (which
couples the 2 four-well systems). The nine-well master equation
also has the identical form of eq 4 wit' in a similar format
as eq 8. The solution of the nine-well master equation is also
identical by eq 3.

There are 81 blocks now in the matf’' in the nine-well

element in eq 7, represents OH disappearance by reaction withmaster equation. The diagonal blodRs:, B2o, Bas, Bas, Bss,

NO.. All of the other six blocks contain the rate constants for
conversion among the three well8:, ((1,m+1) to (my))
contains the microcanonical rate constants from HOONO to
HONO; (well 2 to well 1) along the diagonal originating in the
lower-right cornerB,; ((m+1,1) to f/,m)) contains the micro-
canonical rate constants from HOMN@ HOONO (well 1 to
well 2); Bz ((1y+1) to (my+1)) is am x 1 vector, which is
the source term from OH- NO, to HONG, calculated by eq

5; Boz ((m+-1y+1) to (y,y+1)) is a f — m) x 1 vector, which

is the source term from OH NO, to HOONO calculated by
eq 5;Bs1 ((y+1,1) to f/+1,m)) is a 1 x mrow vector containing
the microcanonical rate constants for dissociation of HQNO
to OH + NOy; Bsz ((y+1,m+1) to (y+1y))isa lx (y — m)

row vector containing the microcanonical rate constants for
dissociation of HOONO to OH- NO..

7.4. Four-well Master Equation. The four-well system
separates HOONO intoissHOONO andtransHOONO. The
four-well master equation has the same form as eq 4 Mith
in a similar format as eq 8. THd' matrix is depicted in Figure
12. The solution of the four-well master equation is given by
eq 3.

There are 16 blocks in the matit' for the four-well master
equation. The diagonal block3;;, By, Bss, and B4 are for
HONO,, transHOONO, cisHOONO, and OH+ NO; indi-
vidually. All of the other 12 blocks are for conversions among

Bes, B77, Bgg, and Bgg are for HONQ, transHOONO, cis-
HOONO, (OH+ NO,), H(*O)NO;, trans-H(*80)ONO, cis-
H(*®0)ONO, (80OH + NO,), and HON{®O)O separately. All
of the other 72 blocks are for conversion among these nine wells,
which have a similar form as those above in the four-well master
equation.

The simplified form of matrixM' is shown in Figure 13.
There are four large blocks now in mathk': the top-left block
(4 x 4) is for the (OH+ NO,) four-well system, which is the
same as the matrid’ in Figure 12; the bottom-right block (5
x 5) is for the £8OH + NO,) system, which is similar to the
top-left block. The difference is that there are five wells in this
block, since we consider HONGsotopic scrambling here and
HON(80)O adds one more well to the previous four-well
system. The top-right block (4 5) and bottom-left block (5
x 4) are both zero matrixes except for bloéks andBga, which
represent the dissociation of HORD)O to OH + N(*%0)O
and OH+ N(*80)O reassociation to HORO)O. For the sake
of simplicity, we do not include an OH N(*80)O well in the
matrix. Some NEO)O is formed from HONEO)O dissociation;
we constrain this with a mass balance and allow the reaction
back to HON{®O)O but not the very minor HG{O)NO
products.

8. Appendix 2: Energy Grain Size

these four wells, which have the same form as those above in We must make sure that the energy grain size in the

the three-well master equation. BoBy; and B3, are zero
matrixes since we assume tlas-HOONO cannot isomerize
to HONG..

simulation is small enough so that the results do not depend on
the grain size. As we have addressed in the Results section,
our default is a dual grain size (50 and 150éjfor the energy



6910 J. Phys. Chem. A, Vol. 110, No. 21, 2006 Zhang and Donahue

T T T T 10—10

10 oooo [Hippler et al., 2002] ]
- - - - . by 4-well master equation 55 iy
3 —— by 4-well master equation Tm 10
E 1+ with 10 cm ™! grain size 7
S 210"
<) o
=2 % © HONO2 (4well)

0.1 g 10" ——HONO?2 (Golden)

""E —— HONO2
0 05 115 2 25 2 oY —HOONO
Time (s) <10 = —— ¢cis~HOONO
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i ‘z“;j‘l“ Figure 16. Thermal kinetic functions using the Troe falloff parameters
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2 i guencies for all stable species and the transition state between

10T = =3 trans andcis-HOONO intermediates of the H® NO, reaction

0 1 2 - system optimized at the B3LYP/6-31(d,p) level of theory
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Figure 15. Fitting results for data by D'Ottone et al. at both 10¢m  INternet at http://pubs.acs.org.
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