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Constraining the Mechanism of OH + NO, Using Isotopically Labeled Reactants:
Experimental Evidence for HOONO Formation’
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The reaction of OH with N@is central to atmospheric chemistry, and its dynamics can be constrained by
studying the kinetics of isotopically label&®H with NO,. This labeling opens an isotopic scrambling pathway

in the reaction coordinate for nitric acid formation, providing experimental constraints on the high-pressure
behavior of the reaction with data obtained at low pressures. This reaction, however, is complicated by the
presence of a second product isomer, peroxynitrous acid (HOONO), which does not have a scrambling pathway.
We present data for the reaction’®H with NO, at room temperature between 4 and 200 Torr. The reaction

is rapid and independent of pressure. We also locate the H-atom isomerization transition state and show that
the isomerization rate constant is at least an order of magnitude faster than adduct dissociation. These results
allow us to accurately constrain the formation rate constant of HYW®Ich is a factor of 5 slower than the
observed OH removal rate constant at high pressure. We conclude that the difference is due to HOONO
formation. Our conclusion is consistent with recent theoretical predictions of this branching, and also provides
the only self-consistent reconciliation of the high-pressure data with the remainder of the experimental data
set.

Introduction It has been proposed that many of the vexing features of this
Not only does the reaction of NQwith OH play a central syste.m can be explained py the presence ofa modgra}tely stable
role in atmospheric chemistiit also has highly complicated ~ réaction product, peroxynitrous acid (HOON®}S This is an
and confounding reaction dynamics, comprising multiple vi- extension of an earlier sugg_estlon that excited electronic states
brationally excited intermediates prone to collisional stabili- °f HONO; could be responsible for the unusually broad falloff
zation3-5 Consequently, evaluation of the pressure dependentCurve of this rate constaft. The anomalously low isotopic
rate constant for this reaction has proven to be difficult, despite Scrambling rate of®OH + NO; also led to speculation that
a data set nearly without parallel in either scope or quéfity. HOONO could play an important role in the kinetics of the
The high pressure limit has been especially troublesome, both©OH + NO2 reactiom® though this appeared to run counter to a
because the small size of the reactive phase space forces thick of direct experimental evidence for HOONO formation in
limit to exceedingly high pressufésand because it has proven the gas phase.
difficult to reconcile the existing high-pressure data with data ~ Because HOONO should be much less stable than the major
obtained at lower pressurés!! product, nitric acid (HON@), it should have a substantially
These mechanistic complexities have tangible effects. They smaller density of states near the reactant energy than will nitric
are the root cause of substantial disagreements between pubacid, a correspondingly shorter excited state lifetime, and a lower
lished extrapolation functions for this reaction, which in turn third-order rate constant. However, it is entropically favored,
profoundly influence model results throughout the troposphere both because attack on either oxygen atom ot M@l lead to
and stratosphere. The lower stratosphere is a case in point. Théts formation and because there are several stable conformers
uncertainty in this rate constant affects assessments of impacicorresponding to several allowed approach geometries, while
of aircraft effluents on ozon®;13and, conversely, recent in situ  HONO; is confined to a single, planar geometry. Finally, there
field measurements of the coupled KHHNO, system have is nothing about the frontier orbital structure of W@ suggest
pointed to inadequacies in the recommendation for this rate that either reaction path (leading to HOONO or HO#)!€hould
constant* Here we shall address these issues by exploiting have a significant barrier. Thus, the high-pressure limit for
isotopes to separate the elementary steps comprising the complexIOONO formation could well be much higher than that for

reaction mechanism. nitric acid formation, though given its relative instability
— - HOONO could have a very short thermal lifetime.
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out in our lab and is described in a companion paper. Neither TABLE 1. Rate Constants for 2¥OH + NO; vs Pressure

experiment revealed any evidence for HOONO formation at any P Torr k (x10') cm?/sec

temperature. The possibility remains that HOONO is formed 249 135015

but has a very short thermal lifetime, or that the branching ratio 4.49 8812

is relatively small (and distributed among several conformers). 9.53 11.14+1.0

However, our recent experiment, in particular, places severe 9.58 11.5+1.1

constraints on these possibilities; we observe HQpi@duction 21.96 10.2£0.9

40.41 10.9+ 1.1

with a 90% vyield (within error of unity) with a 20 ms 73.11 9.3+ 1.0

experimental time scafe. 73.04 9.3+1.0
Given the complexity and importance of this system, it is 134.40 9.5 09

essential that we obtain additional experimental constraints on 211.90 8.8:0.7

its behavior. Isotopic scrambling is one avenue. When OH addsmrm Peroxynitrous Acid ~ Reactants Nitric Acid

to the nitrogen in N@ forming vibrationally excited HONg N el

the hydrogen atom can be transferred to either of the other two PARN Eokal

oxygen atoms. If this transfer is facile, the vibrationally excited

intermediate can be considered as anNB3;] complex. If

the complex lifetime is sufficiently long, when it decomposes

back to reactants (which it will do at low pressure, lacking a

third body to remove the vibrational energy) the departing

oxygen atom will be randomly selected from among the three 1

candidates. Ordinarily, this is a null process, as the atoms are

indistinguishable. However, if the oxygen atom on the attacking

OH is isotopically labeled, the exchange reaction will be HONO, HONGO

observable. In the perfect case so far described, the disappear

ance rate constant of the labeled radical at low pressure will be

two-thirds of the high-pressure limit for the reaction with or “48keal

without the label (assuming that mass-dependent effects associFigure 1. Theoretical potential energy surface for the title reaction.

ated with the labeling are negligible). The isotopically labeled reactants are shown in the middle.*®és
This isotopic scrambling experiment has twice been applied indicated with an italicized. Formation of HONQ proceeds to the

to the OH+ NO, reaction in low-pressure discharge-flow right, first through HEONO,, then to HONG®O, and finally to OH+

R - NO®0. Formation of HOONO proceeds to the left, where each of
0,18 ,
measurements 6fOH removal kinetic$?1°The results are in several conformers can be formed directly but no isotopic scrambling

good agreement, but like virtually all aspects of this reaction js facile. Note that the critical barrier to H-atom transfer (TS1) sits
they are not easy to reconcile with other characteristics of the well below the reactants (by 18 kcal/mol).

system. In particular, the resulting rate constants are too low

for the simple explanation provided here to hold. Greenblatt State using density functional theory (B3LYP/6-31G**). An
and Howarép offered HOONO formation as a possible explana- €extensive portion of the reaction coordinate for the total system
tion for the discrepancy between their low pressure (2 Torr) is shown in Figure 1. These calculations are discussed in greater
scrambling data and the high-pressure data, but without anydetail in a related papérput we shall summarize the germane
quantitative analysis of the aggregate kinetics and pressurefeatures here, in particular focusing on isotopic scrambling. We
falloffs. Some time ago (in 1994), we measured the rate constantshall then compute some rate constants based on this surface
for the180H 4+ NO; reaction as a function of nitrogen pressure to demonstrate that isotopic scrambling is much more rapid than
from 4 to 200 Torr at 298 K. Here we shall present these data, adduct dissociation and should thus be complete at low pressure.
together with an interpretation that is consistent with allknown ~ This surface agrees well with another recently published
facts about the reaction. The general notion that both isomerssurface’ though ours is the first to describe the isomerization
of HNO;s contribute to the high-pressure kinetics data is strongly transition state under consideration here. Figure 1 is best read

\L OH + ONO

-18 keal

supported by our observations. out from the middle, where one finds the reactants. Formation
) of nitric acid is shown to the right of the reactants. The barrier
Experimental Results to isomerization lies 18 kcal/mol below the reactant energy.

We measured rate constants #60OH disappearance in the Isotopically scrambled reactants, which are a product from the
presence of excess N@ a high-pressure flow system (HPFS). perspective of radical decay, are shown on the right-hand edge
All details of this experiment have been described extensively of the figure. Formation of HOONO is also possible. This will
in the literature?! including application to the unlabeled CH not have any facile isotopic scrambling pathway and will thus
NO; reactiort® and to isotopic scrambling in tHéOH + H,O behave nearly identically foffOH and!®OH. This process is
reaction?2 The measurements described here were carried outshown to the left of the reactants (note that any conformer of
between 4.5 and 212 Torr of nitrogen at 28® K. They are HOONO may be formed directly from OH and NGand only
summarized in Table 1. the two most stable are shown).

As a test of our overall accuracy, we also measured the rate  Our primary objective is to assess whether isotopic scrambling
for the reaction'®OH + ethane— products over the same is indeed fast compared to dissociation of vibrationally excited
pressure range. We found a pressure independent rate constantitric acid. To achieve this, we need to know the unimolecular
of (2.54 0.15) x 10713 cm® molec® sec’!, which agrees well isomerization and dissociation rates at roughly the reactant
with the accepted rate f8FOH + ethane at room temperature. energy. We shall present a simple calculation, using an average
dissociation rate based on the observed rate constant and a
microcanonical isomerization rate constant at approximately the

To better constrain the H-atom transfer associated with reactant energy. This is easy to understand and amply demon-
isotopic scrambling, we have located the pertinent transition strates the facility of isomerization.

Theoretical
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TABLE 2: B3LYP Frequencies for Species (in cnt?) 7 — 1 ]
(energies in kcal/mole) 44.0 - _:<kdissociaﬁ°"> -
mode OH+ NO; HONG; TS1 %4240 [ dissociation threshold 1
v1 3705 3717 2333 £ ool i
V2 1709 1766 1684 § r ]
V3 1396 1354 1349 S0k .
Va 1322 1098 F §
Vs 901 1063 360 - n
Vg 749 766 840 '0'0 5 e 10‘0 L 150'
V7 649 724 ' ' . ’
vs 581 614 Kisom (sec™!) (% 10°)
Vo 479 1918 Figure 2. RRKM isomerization rate vs HONCenergy. Zero energy
la 0.207 0.213 is the zero-point energy of HONOThe dissociation threshold is shown
lo 0.401 0.376 as a horizontal dashed line at 43.1 kcal/mol, while the experimentally
lc 0.429 0.493 constrained mean dissociation rate constant is shown as a vertical dashed
E 0 —48.8 —17.6 line at 8 x 10® sec. Clearly, isomerization is at least an order of
Ezp 10.8 —-32.3 —-38 magnitude faster than dissociation.
First we shall calculate the average dissociation rate constant. 18
In the LindemannHinshelwood model, the excited state OH + NOz
lifetime may be easily inferred from the observed high and low A PR g R ALY R AL S R | ER
pressure rate constants. The low pressure rate constant is sp0 L =
approximately I I
200 |- e
%=ﬁw5 o ° o A e -
kd - E Ty E
9 10.0 s =
where 8 is the collisional efficiency of the bath gas (ap- "‘; - 2 | TRIFES
proximately 0.4 for nitrogen)! is the second-order collision  _.?
rate constant (X 1071°cm® sec?), andkg is the unimolecular 5 This Work @
dissociation rate of the adduct. Solving fqrwe find | O e
g Dransfield et al. [1998] we
| k, i __ IUP;C. |(r}-;o?|—
— — . st Guess =
kd B ﬂk kO (2) F fit [all data)] m=
05— Greenbladt and Howard [ 1989] &
Using the JPL recommendation for the high and low-pressure i Deneied cta) Lol
limits (the reason for this choice will become clear), we fiqd - HH T
~ 8 x 10° sec™. =i . i
We need to compatre this dissociation rate constant with the 1.2 - ' 3 5
unimolecular isomerization rate constant to see which process 1 |.. H °.- "’ ]
will dominate. For this we shall simply calculate the micro- TH ____.!-‘ : g
canonical rate constant near the reactant zero point energy. We 3 10 [~= o T T T i e i
summarize the energies and vibrational frequencies for the —  { _ °*
reactants, nitric acid, and the transition state, TS1, in Table 2. 0 L4 |
Note that the transition state energy-i44.6 kcal/mol relative L 4
to the reactant zero point, while the nitric acid ground-state lies T | et i o
at —43.1 kcal/mol. Calculation of the microcanonical rate > 5.9 PR 5@\@ ¢.§§) @@
B

constant for isomerization as a function of energy is straight-
forward. We calculate a simple sum over density of states,

P (torr) (T =298 +/- 10K )

neglecting anharmonicity and assuming that external rotations 1Fsi(g)jure 3. Experimentally determined rate constants for the reaction

H + NO, — products plotted vs pressure. Literature values are also

are active?

_ OWHE - Ey)
G e

®)

shown, along with several functions. The straight line is a simple

average of all the data, while the sigmoid curve is a combination of

this average at low pressure and the lowest of the three falloff curves.
The falloff curves are recommended curves for the unlabelecdHOH

NO; rate constant. The lower curve is the current JPL recommen8ation
We count rovibrational states explicit§ The result is shown  with a slightly reduced high-pressure limit, the middle curve is from
in Figure 2. Actual loss of the excited'®ONO, will be twice our recent study* and the upper curve is the current IUPAC
as rapid because of the two identical pathways (not treated inrecommendatiofi Residuals are shown relative to the simple average.
the RRKM calculation), and the actual eigenvalue for equilibra- . .
) ) ’ L and several functional curves. Our measurements are in nearly
tion of the isomers will be faster by'e. Isomerization of the perfect agreement with the literature values, but they extend
vibrationally excited adduct is clearly at least an order of 5 yressure range to 200 Torr. Over the full range from 1 to
magnitude faster than dissociation, and we may safely assume,qq Torr, there is nothing in the data to suggest any significant
that isotopic scrambling is rapid. pressure dependence in the rate constant. If anything there is a
slight decrease in the observed rate constant with pressure,
though this is within the () uncertainties of the individual
measurements. The weighted average of all the available data
isk=1.04 0.04 x 10 cm® molec? sec. At first blush

Discussion

Our data for the reactiolfOH + NO, — products are plotted
in Figure 3, along with the other data from the literatds#é
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this is surprising, as the unlabeled reaction is known to be 160H + NO
strongly pressure dependent. Several recommendations for the 2
pressure dependence of that rate constant are shown as well il (B i B T G B i

Figure 3. Clearly, the rate constant for the isotopically labeled ~ 50.0 -
reaction is much faster than that for the unlabeled reaction at
low pressures, but the two rate constants converge with
increasing pressure.

The observed behavior can be understood easily in the contexi™, 10.0

20.0

T
e liaiel

of the simple model presented in the Introduction; at low & =

pressures, isotopic scrambling causes adduct decomposition tc E sof (9 —
remove the reactadtOH radical 2/3 of the time, but as pressure 5 PR

increases a certain fraction of the vibrationally excited inter- = 20 ’

mediate is also collisionally stabilized, until eventually all of = ™ ¢ T

Total HNOZ Formmlion s

the intermediates are stabilized and the labeled reaction behave
identically to the unlabeled one (from the perspective of radical HOONO Formionam
removal). If the unlabeled reaction has a rate condtgm)t we 05 L s
expect the labeled reaction to have a rate constdp) = o
2/3k(0) + 1/3k(p). In this case, we use the average value 1
obtained above to predict a high-pressure limit of £.30711 h, ‘

cm® molec® sec’?, which we use along with the JPL recom- v
mendation for the falloff functiork(p). The resulting sigmoid-

shaped function (labeled “best guess”) is shown in Figure 3, _
and while the data do not show the gentle increase with pressure §1.0
suggested by the function, the scatter is such that this is not
surprising. The rate constant should have increased by only 15% 09~
at 200 Torr from the low pressure limit. The only modification

to the JPL recommendation required in this exercise is a slight Ay '|"'.'—. wdhs 4 s

I]
reduction in the high-pressure limit, from 1.67 to %5101 S AR S O N
cm? molec® sec’. A P S8 \ﬁ"@@éﬁjﬁwﬁ

This would settle the matter if the JPL recommendation P (torr) (T = 298 +/- 10 K , k adjusted to 298 K)
described the data at high pressures, but it does not. The otheigyre 4. Falloff curves for the unlabeled OH NO, reaction.
two functions shown in Figure 3 are more representative of the Literature data are plotted in gray (see Dransfiéldjhe falloff curves
high pressure data. The middle curve, from our earlier Work show are for HON@formation (cyan), HOONO formation (magenta),
is based on all data except the very high pressure data of Forsterand the aggregate rate constant (green). These curves are directly
and Fulle? while the upper curve is the IUPAC recommenda- products of the data. The HON@rmation rate constant is determined

. . . . from the isotopically labeled rate constants, while the HOONO
7 -
tion,” which reasonably fits those high-pressure data but formation rate is left as a difference so that the aggregage rate matches

overestimates the observed rate constants at intermediatgne available high pressure data. These curves are very similar to those
pressures. One possibility is that HOONO formation is respon- recently proposed by Golden and SriitiHowever, the constraints
sible for this evident increase in the high-pressure rate constant.are independent; our branching is constrained by'# kinetics,

If we accept this postulate, we can assume that the differenceWhile theirs is constrained by a hindered-Gorin RRKM calculation.
between the high-pressure limit inferred from our scrambling o ) )
data (1.5x 1011 cm? molec! sec’l) and the high pressure shown in Figure 4, along with the available data. Almost all of
limit of the data is due to HOONO formation. The high pressure {he measured rate constants fall between the curve for HONO
limit for OH removal has been measured in two independent formation and the curve for the total rate constant, which is
ways: by extension of kinetics measurements to extremely high consistent with the suggestion that experimental time scales are
pressure® (k, = 7.5 x 10~ cm? molec! sec’?), and by influencing the kinetics observations.
measurements of the quenching rate constant for vibrationally ~Our measurements and analysis strongly support the results
excited OH, which should preferentially lose its quantum of of both recent theoretical predictiods!¢adding the additional
vibration to NQ during a collisio®® (k., = 4.8+ 0.8 x 10711 constraint of isotopic labeling to the problem. They also confirm
cm?® molec ! sec’)). These results are in reasonable agreement; the suggestion by Greenblatt and Howdrithat the unusually
certainly there is consensus that the high-pressure limit is very low rate constant for the scrambling reaction is due to the
fast. Because the high-pressure kinetics data are more direcHOONO formation channel. We stress that our analysis is based
and because they extend well into the falloff region and can entirely on experimental results; we have used our calculated
thus be compared to a falloff function over some range, we isomerization rate constant to help build the case that isomer-
shall use those data to constrain the high-pressure value, givingization is facile, but it in no other way enters the calculation.
a high-pressure limit for HOONO formation of:6 10~ cm? The critical data are the pressure-dependent rate constants for
molec! sec't. the isotopic scrambling reaction. Because the scrambling rate

This leaves the low pressure limit of this channel as the sole constant is blind to HOONO formation, we can infer the high-
remaining parameter to constrain. The data are reasonablypressure limit for HON@formation from these results, provided
reproduced with a low-pressure rate constant for HOONO that isomerization indeed far outpaces decomposition for the
formation of 4 x 1073 cmf molec® sec’. This may be vibrationally excited intermediate. With a second assumption
compared with our low-pressure rate constant for HQNO that HONQ formation dominates at low pressure, we can
formation of 2.4 x 10730 cnf molec? secl. The separate  completely describe the HONGormation rate constant and
formation rate constants and the sum of both channels are allthen, by subtraction, the HOONO formation rate constant.

. R S|

o i) % ]
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0.8 “
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Our results are quantitatively closer to those of Golden and OH, NO,, and HONQ is in a rough diurnal steady state. The
Smithté than those of Matheu et &.Indeed, the consistency process described here should work to enrich, NOoxygen
of the curves plotted in Figure 4 is striking; they are within isotopes at the expense of OH (and HONGConsequently,
20% of each other over the entire pressure range. While the'®0H should be depleted in the stratosphere, aHdNO
master equation simulations of Matheu et%dlo not produce enriched, unless other feedbacks diminish the effect. Because
simple LindemansHinshelwood type rate expressions, in of the many radical feedback loops in the stratosphere, the
general terms their results suggest a much shorter lifetime for ultimate fractionation can only be predicted by a complete
HOONO and a correspondingly smaller third-order rate constant photochemical model.
for this channel. Thus we conclude that our results substantially  Our results suggest that, while HOONO is probably formed

confirm those of Golden and Smith,with the only interde- in significant quantities in the atmosphere, it is probably lost
pendence being that each result is in part constrained by thejust as quickly through thermal decomposition. These results
data for the unlabeled reaction. strongly support the conclusion of Golden and S#fithat the

One problem remains. The hindered-Gorin RRKM calcula- rate constants appropriate to atmospheric chemistry modeling
tions of Golden and Smith show a long lifetime for HOONO (i.e., for HONGQ formation) are those generally following the
at 230 K. In a companion paper we report a product study of lower bound of the available rate constant data (the current JPL
the unlabeled reaction revealing no sign of HOONO at 230 K recommendation). In fact, the HON@rmation rate constant
and 375 torP It is difficult to reconcile this with the evidence  presented here is 5% lower than the current JPL recommendation
presented here, which suggests that the yield of HOONO shouldat room temperature and pressure. The chain termination rate
be up to 30%, unless the HOONO lifetime is less than the due to OH+ NO; is thus probably overestimated in current
experimental time scale of 0.2 s even at 230 K. We should note photochemical models; this will significantly affect ozone
that any HOONO produced would be dispersed among severalassessments and the interpretation of field data.
conformers, so individual IR absorption bands may be quite
weak. It is also possible that we have overestimated the HOONO Conclusions

formation rate; using vibrational deactivation to constrain the We have presented a consistent explanation for the unusual
high pressure limit for this channel reduces the rate by nearly | atics of the OH+ NO, reaction. Our experimental data on

0, i 1 . .
40%. A combination of these effects could render the HOONO e gorampling rate constant for oxygen isotopes show that the

Ef:gcthme ?g:iiguflrtot%Oubrfifr\’;fzgglmg g:‘:ﬁ;erzce ofthe HONO pressure delpendgnce (none) for this process is quantitqtively
9 om unity ) S . consistent with facile H-atom transfer in the vibrationally excited
A second possibility could explain the isotopic scrambling  complex. This in turn confirms that the high-pressure limit for
data: if H-atom transfer is not facile but is instead in competition {oNO, formation is well below the observed high pressure
with _adduct d_ecomp03|t_|on, the observed low-pressure limit of |imit for OH disappearance, leaving HOONO formation as the
the title reaction would indeed be lower than the expected 2/3 opy |ikely explanation for those observations. These results
of the high-pressure limit. While a model based on incomplete gpnort recent predictions that arrived at the same general
scrambling can explain th@QH kinetics, the general consis- conclusioA®16using master equation and RRKM computations
tency of our current ex_planatlon with th_e other available facts g the theoretical surface constrained by the kinetics of the
strongly favors the simpler explanation we have already ypjapeled reaction. Continued failure to observed HOONO
presented. _ _ under any experimental conditidhsemains a perplexing
Several additional experimental constraints can and should problem, but this result may be due to a difference between the

be brought to bear on this problem. First, temperature-dependenihermal lifetime of HOONO and the experimental time scale
data for the isotopic scrambling would allow us to extend this of the product studies.

analysis away from room temperature and down to temperatures
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