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Reaction of Hydroxyl Radical with Nitric Acid: Insights into Its Mechanism T
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The rate constant for the reaction of hydroxyl radicals with nitric acid has an unusual pressure and temperature
dependence. To explore the mechanism for this reaction, we have measured rate constants for reactions of
isotopically substituted species OB DNOs, OH + DNO3, OD + HNO3, and®0H + HNO; and the yield

of NOj product. Deuterium substitution on nitric acid results in more than a 10-fold reduction in the rate
constant, removes the pressure dependence (over the observed range00 Awrr in He and S§j, and

leads to a strongly curved Arrhenius temperature dependence. Deuterium substitution on hydroxyl increases
the rate constant slightly but does not change the pressure dependence. There is no evidence for exchange
reactions in the isotopically mixed reactions. Absorption measurements of th@md@uct yield show that

the title reaction produces nitrate radical with unit efficiency over all temperatures and pressures studied. We
discuss the implications of the measured rate constants, product yields, and lack of isotopic exchange in
terms of a mechanism that involves formation of a hydroxyl radioétic acid complex and its subsequent
reaction to give N@and HO.

I. Introduction for the reaction of OD with DN@show a very large kinetic
isotope effect at 298 Kk{y/kp ~ 14)16 Furthermore, a significant
pressure dependence iOD + DNOs3) was noted at 298 K
but not at other temperatures. A complete understanding of the
mechanism that gives rise to the unusual behaviok;ofs
interesting from a chemical kinetics point of view and is also
an important step in verification of the temperature and pressure
dependence under atmospheric conditions.

There have been a few attempts to elucidate the mechanism
. of reaction 1. Margitan and Watséhand later Smith et git
We recently reported the value kf, the rate constant for this  snowed that the observed pressure dependence requires the
reaction, between 200 and 375 K in-1800 Torr of four  formation of an OMHNO; adduct that can undergo either
different buffer gases (He,NO,, and SF).* Our values were gissociation back to OH and HNQor react further to give
significantly larger at low temperature than the previous products. Lamb et &7 and Marinelli and co-worket8 8worked
recommendation for atmospheric modeli@ur larger values o gbtaining a mechanism consistent with the observations
of ki have a significant impact on calculated atmospheric gyajlable to them. Marinelli and Johnst8nexplained the
partitioning between N@and NQ, ° (defined as all oxidized  pegative temperature dependencekofby postulating a six
nitrogen species other than®), as well as on modeled ozone  mempered ring transition state. Lamb etasuggested that a

Nitric acid is the most abundant reactive nitrogen species in
the atmosphere, and it is a reservoir for N@efined as the
sum of NO and N@), which plays many critical roles in the
troposphere and stratosphere. The reaction of EiNith OH
is a significant pathway for regenerating Nigom this reservoir.

OH + HNO, — H,0 + NO, 1)

destruction rates by different chemical families (i.e.,4CIO, transition state in which OH attacks the N atom in HN@st
etc.)*5 One of the reasons for the difference between our values explained the observed temperature dependence.

and previous recommendations was tkaincreases strongly This paper is a more detailed mechanistic study of reaction
with pressure at lower temperatures. Even though the negative] \we present measurements of rate coefficients for reactions
temperature dependericé and pressure dependeffc®were between several different isotopomers.

known, the strong pressure dependence at low temperature was

unmeasured, and extrapolation of the pressure dependence from OD + DNO, — D,0 + NO, (2)
higher temperatures underestimaledit low temperatures.

Reaction 1 shows some unusual behavior. Above 308K, OD + HNO; —~ HDO + NO, (3a)
exhibits only a weak temperature dependence and no measurable — OH+ DNO (3b)
pressure dependence. At lower temperatures, the dependence 3
on pressure increases markedly. Furthermore, the valkgi®f OH + DNO;— HDO + NO, (4a)
quite small for a reaction that has a negative temperature
dependence. The limited data available on the rate coefficient — OD + HNO; (4b)
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both the primary and secondary kinetic isotope effects arising
from deuterium substitution on either HN©r OH as well as
the possibility for exchange reactions that might indicate the
structure of any reactive complex and the barriers to reaction.

This paper also examines the question of the product yields
from reaction 1. The reaction as written above is the most
exothermic pathway, with\H°(298) = —17.3 kcal mot1.1°
Production of hydrogen peroxide and MN@ also slightly
exothermict? although there is no direct experimental evidence
for this pathway.

OH + HONO, — H,0, + NO,
AH°(298)= —1.8 kcal mol* (1b)

Wine et al.® who first demonstrated the negative temperature
dependence df;, suggested that the temperature dependence
might in fact be due to reaction 1b. There have been several
product yield studies of reaction®®:18202lHusain and Norrist
were the first to deduce4® and NQ as the products of reaction

1 on the basis of N@absorption measurements. More recently,
Ravishankara et al.Nelson et al® and Jourdain et &lreported

NO; as the only product, with a yield close to unity. Therefore,

atmospheric modeling studies have assumed that reaction 1 lead

only to H,O + NOj3 products.

Further examination of the product yield is warranted for
several reasons. First, it is important to atmospheric modeling
since a significant yield for reaction 1b would impact calcula-
tions of HQ, abundance. Reaction 1 is a sink for i@action
1b may or may not be a HGsink depending on the fate of
H.0; (i.e., further reaction with OH or photolysis). Second, there
have been recent revisions and temperature dependence me

NO; radical$? that were the basis for several of the previous
yield studies. For example, Ravishankara étraported an N©@
yield of unity at both 298 and 251 K at fixed pressures of He
and Sk bath gases; however, the upward revision of thesNO
absorption cross-section suggests that the iéld from that
study was in fact somewhat smaller than unity. Finally, there

has been no explicit consideration of the pressure dependence

of the product yield since the pressure dependendq ofas
not widely appreciated at the time of the previous studies.

Il. Experimental Section
Our previous study of reactiort tlescribes the apparatus and

%

surements of the recommended absorption cross-sections for

Brown et al.

initial OH (OD) concentrations, [OH] ([OD]o), from the
measured photolysis laser fluence and the known cross-sections
of photolytic precursors (HN&?2 032%). We maintained [OH]
([OD]o) < 4 x 10 cm2 and checked that factor of 4 variation

in photolysis laser fluence did not affect the measured rate
constants. We measured the concentration of the HRBXOs)
reactant via absorption (213.68 nm Zn lindHNO3) = (4.52

+ 0.19) x 10719 cn?)Z in either a 100 or 25 cm cell located
either just downstream or upstream of the reactor. Comparison
of ultraviolet spectra of HN@and DNQ from this laboratory
shows the DN@cross-section at this wavelength to be within
10% of the HNQ cross-section. As described previously, we
checked that there was no interference in the measured rate
constants from the pressure dependent OH (GDP)NO;
reactior?® by measuring the N©content of the HN@(DNOs)
samples via LIF at 532 nm in an external cell. Our previous
paper also described the synthesis and handling of anhydrous
HNO:s in detail.

Measurement ofk OD 4+ DNOs. Reaction 2 was the most
straightforward of the isotopically labeled variants since the OD
source was the 248 nm photolysis of the DN@actant. As
discussed further below, reaction 2 is considerably slower than
reaction 1, necessitating large concentrations of B{80x 10
To 5 x 1016 cm~3) to observe significant pseudo-first-order OD
loss rate constants. We measured the RN@ncentration in a
25 cm external absorption cell, taking the 213.86 nm absorption
cross-section for DN@to be the same as that for HNO

Measurement ofsk OD + HNOs;. Measurement oks was
somewhat more difficult because the photolytic precursors for
OD tend to undergo H/D exchange (most likely on surfaces)
with the HNG; reactant, converting it partially into DNrior
generation of OD. We therefore used the reaction 6D{(
produced from 248 nm photolysis ofsOwith D, as the OD
source since P(unlike, for example, BO) does not exchange
with HNOgs. This source avoided H/D exchange but could also
regenerate OD via the following reaction sequence.

O(*D) + HNO, — OH + NO, (6)
OH+ D,—HDO+ D 7)
oD+ D,—D,0+D (7b)

D+ 0,— 0D+ 0, (8)

the procedures that are important for accurate, low-temperatureReaction 7 is rather slow, having a valuekpf~ 1.6 x 10715

measurement d€,. The first part of this section focuses on the
additional details for measurement of rate constants for isoto-

cm® molecule’! s71 at 298 K26 and the contribution to the
observed OD temporal profile can be minimized if the initial

pically labeled species. The second part describes the apparatu®H concentration is small. We measured thecbncentration

and methods for measuring N@ields. in the reactor using calibrated mass flow meters, and then we
A. Measurement ofk,—ks. The experimental apparatus was simulated OD decays to include the effects of reactions (6

a pulsed-photolysis, laser induced fluorescence (LIF) system. 8).227-29 For all reported measurements,sJ@as in the range

We produced OH (OD) radicals from a variety of photolytic (1—2) x 10* molecules cm® and [D,] was in the range (15

precursors (described below) using a 248 nm KrF excimer laser, 3.0) x 10 molecules cm3, although increasing [Ep by a factor

and we measured the temporal profile of OH (OD) after their of 5 did not affect measured rate constants. The corrections,

photolytic production via pulsed LIF. The LIF light source estimated by numerical simulation of the reaction sequence,

(280—310 nm) was the frequency doubled output of a Nd:YAG changed thds values by 5% or less relative to those obtained

laser pumped dye laser. All reactions took place under pseudo-without the correction.

first-order conditions, with [OH] ([OD]g) < 10°[HNOg]
(IDNOg]). The LIF/reaction cell was a jacketed Pyrex vessel
with a volume of 150 c# The linear gas flow velocity varied
between 5 and 10 cnt&at all pressures, fast enough to refresh
the gas mixture in the reaction zone every2llaser shots in
this 10 Hz experiment. Variation of the linear flow velocity

Measurement ofk OH + DNOs. The source chemistry for
reaction 4 was the most difficult. The reaction of!D) with
H, was not an optimal OH source in this case because the OH
regeneration sequence that is analogous to reactions 7 and 8
contributed significantly to the OH temporal profile. The rate
constant for OH+ DNO;s (ks) is more than an order of

had no effect on the measured rate constants. We calculatednagnitude smaller thaks(OD + HNO3), and the rate constant
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for OH + H; is approximately four times faster than that for Temperature (K)

OD + D2.26 Thus, reaction 4 required an OH source that would 024 3P 30 3B % s 20

neither exchange prior to reaction nor produce H atoms as

byproducts. Therefore, we used the reaction dDpith CR:H onr k; = A, exp(-E, /RT) + A, exp(-E, /RT) ]

as the OH source. Although the main reaction between these 020} i

species is quenching of @),3%-31we found that @ photolysis ) E,/R=2131£88K E,/R=-987x41K

in the presence of GH did produce a sufficient amount of 2 ousl i

OH and that OH did not significantly react with the £+ e

precursor. The lack of a dependence of measured pseudo-first- & 4L i

order rate constants on the photolysis laser fluence showed that %=

the O@P) produced from quenching of @) by CRH did not =

significantly participate in the reaction. Furthermore, as de- ot 7

scribed further below, this source produces some OD from the

reaction of OfD) with DNOs and from DNQ photolysis, and ot | | | | | | | |

we were able to simultaneously measkirandk, by monitoring T26 28 30 32 34 36 38 40 42

either OD or OH. The source accurately reprodukg®D + 1000

DNOg), further indicating that secondary chemistry was unim- Figure 1. Variation of k, (OD + DNO;3) on a logarithmic scale vs
rtant. 1/T. The points are the values & measured in this work, and the

pol\/tIZatsurement ofk 180H + HNOs. The reaction of GP) solid line g the sum of two Arrhenius expressions using the E/R values

indicated in the figure, and A= (5.52+ 0.09) x 1072 and A =

. A . )
with H,80 was a convenient and straightforward source for (3.22+ 0.04) x 101 om® molecule™ s 1,

180H. Since the @that served as the @) photolytic precursor
was not isotopically labeled, the source produced approximately
50% each of®0OH and®0H. We took advantage of the similar
magnitude of LIF signals from botHOH and!80H, whose
LIF transitions are adjacent to one another, to meakyend

ks directly in the same gas mixture. For each concentration o
HNO; we measured the pseudo-first-order loss rate constant for
160H, then tuned the LIF probe laser wavelength to'%DH
transition and measured the pseudo-first-order loss rate constal

for that species. . . . to measure N@transient absorption signals. The diode laser
B. NO3 Product Yield. The NG; yield from reactions 1 and wavelength was locked at the peak of the N&bsorption
2 was measured by producing OH (OD) radicals via pulsed laser ¢o 4t re. 661.9 nm by regulating the laser currer8@ mA)
photolysis in the presence 9f HNQDNO3) and monitoring and ter’nperature«{,275 K). The signal from the diode laser
the temporal profile of N@via absorption at 661.9 nm. The  yatactor was sent to a multichannel scalar for digitization and
NOs yield for reaction 1 was measyred between 20 and 770 signal averaging. Data acquisition was initiated approximately
Torr and at a few temperatures in the range 2480 K. 1 ms before the excimer laser fired to provide a baseline from
Reaction 2 was studied at room temperature over the pressurg, i changes in absorbance could be calculated. Thg NO
range 74-360 Torr. The apparatus, data acquisition, and getection limit was~5 x 1(° molecule cm? per laser shot.

procedures used to make such measurements have been apqorii .

. - ; ; ption by the photolytes were measured using BBp
described in recent work from this laboratéAA3 only a brief (30 W) light source, a 0.5 m spectrograph, and a diode array
outline is given below. ) ) o detector. The spectrograph was equipped with a 300 grooves/

Determination of the Neproduct yield requires a quantitative  mm grating and a 1024 element cooled diode array detector.
measurement of the initial OH radical concentration, [g)ldhd The wavelength range of 26@65 nm was monitored. Con-
the NQ; concentration produced by its reaction. Hydroxyl centrations of BOs and HNQ were determined using absorption
radicals were produced by the photolysis of HN 248 nm  ¢o55.sections from the literatu#®3s Wavelength calibration

The apparatus consisted of a long-path absorption cell (path
length of 91 cm), an excimer laser photolysis source (248 nm,
KrF), and absorption light sources and detectors for measuring
¢ photolyte concentrations and monitoring the temporal evolution

of NOs. The jacketed absorption cell (30 mm i.d.) was made of
Pyrex and was temperature regulated by circulating methanol
from a controlled temperature bath through the jacket. A 662
Mim diode laser, single mode with 68:2 mW output, was used

(KrF excimer laser). was made using emission lines from a Hg lamp and arh0
entrance slit.
HNO; + hv — OH + NO, 9) All gases were mixed with the NUHP, 99.9995%) carrier

gas prior to entering the absorption cell. Pressure was measured
The OH yield in reaction 9 has been measured to be dhity. with a 1000 Torr capacitance manometer. The linear flow
Initial hydroxyl concentration, [OH] was calculated from the  velocity of the gases in the absorption cell was normally 10 cm
excimer laser fluence and the measured HNOncentration. s, leading to a transit time through the absorption cet-a0
The laser fluence was determined in separate calibrations. The photolysis laser was operated either in single shot mode
measurements using.8s photolysis at 248 nm or below 0.1 Hz to ensure that a fresh gas mixture was available

for each laser shot.

N,O; + hv — NO, + NO, (10)

Ill. Results
and NQ transient absorption. The N@ield in reaction 10 was A. Isotopically Substituted ReactionsFigure 1 presents our
taken as 0.8 in the present analy.i8.The calibration was measurements oky, the rate constant for fully deuterated
carried out using PDs because N@could be measured in both  reactants, OB+ DNOs. Since both reactants are deuterated in
the calibration and product yield studies. This reduced systematicthis case, direct comparison &f with k, includes both the
error in the product yield determination associated with uncer- primary (arising from D substitution on HNpand secondary
tainties in the wavelength used for monitoring N@iode laser) (D substitution on OH) kinetic isotope effects, but, as discussed
and the absorption cross-section of N& that wavelength. further below, the primary kinetic isotope effect is by far the
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TABLE 1. Measured OD + DNO3 Rate Constants k2)? T T T
OD + HNO; Dat:
T (K) buffer gas P (Torr) ko s 2 oD : HNoz Fiztlsa_
Pressure Dependence | 7 OHT NG, Greviow) 7] 250
296 He 20.1 1.34- 0.08 o ¥ 1 T
50.5 1.38+0.10 :C
100.2 1.38+ 0.07 CE s S
199.5 1.39+ 0.08 3
Sk 50.0 1.22+ 0.08 =
100.3 1.22+ 0.07 3
201.1 1.4+ 0.07 2
251 He 20.0 1.750.09 <
50.1 1.75+ 0.08
100.1 1.76+ 0.08
199.7 1.814+0.10
Sk 50.0 1.644+ 0.08
100.1 1.62+ 0.08
199.7 1.75+ 0.09 pressure (tom)
Temperature Dependence Fi
gure 2. Pressure dependence fég (OD + HNO;) at three
ggg% He 10G: 1 22%7; 838 temperatures in He buffer gas. The solid points arekthalues from
350'1 1.8&& 0.08 this work. The solid lines are fits to the pressure dependenc&sfor
340'0 1'6& 0'07 (OH + HNO:y) to the expressioky + ka(1 + ka/k M]) 71, wherek, is
330'1 1'4& 0‘07 the bimolecular low-pressure limiky + ka is the high-pressure limit,
319'9 1'3& 0.06 andk. is a termolecular collisional relaxation rate constant. The dashed
311'1 1'3& 0.06 lines are the pressure dependenceskidOH + HNOs) in He, fit to
296.5 1'3& 0.08 the same form, from our previous study (ref 1).
ggg'g iiﬁ 8'82 TABLE 2: Measured Rate Constants for Reactions 3 and 4
2699 1.46% 0.06 in He Buffer Gas (Units of 10713 cm® molecule™® s71)2
260.0 1.514+ 0.07 10'5[H(D)NO3]
251.0 1.76+ 0.08 T (K) (molecules cmd) P (Torr) k
239.7 2.07+ 0.09 ks (OD + HNO)
aThe [HNQs] range is 3x 10% to 5 x 10 molecules cm?. All 250 0.4-6 20.0 2.23+0.15
rate constants in units of 1® cm? molecule® s™%, and the quoted 50.2 2.67+0.21
uncertainties are-2o. 100.2 3.09+0.23
_ o 200.5 3.10+ 0.29
larger of the two. There are three salient features in Figure 1. 498.8 3.40+ 0.25
The first is the vertical scale that ranges betweenxl. 2014 296 0.9-10 20.0 1.46+ 0.08
and 2.4x 1014 cm? molecule’l s'1, anywhere between a factor 49.9 1.58+0.10
of 5 and 50 times smaller than the rate constant forfoHNO3 %882 1;& 8'88
over the same temperature range. The second is that Figure 1 500.0 1.79¢ 0.08
is a plot of temperature dependence only; to within the 7% 350 1-14 20.5 1.05+ 0.11
uncertainty of the measuremekiacks an observable pressure 49.6 1.10+ 0.08
dependence over the range that we measured. Table 1 lists 100.0 1.14£0.14
representative pressures over whighwas measured in both 200.0 1.21£0.08
He and Sk buffer gases. Our result is in contrast to the study ks (OH + DNO3)
of Singleton and co-workef$;3¢ who found a somewhat 297 2-50 100.3 0.108 0.011
unrealistic pressure dependence Kgrof as much as 40% at 2Quoted uncertainties are20.

room temperature but no pressure dependence at other temper-
atures. Thus, while we find a temperature dependence that is30% larger thark, over the temperature and pressure ranges
similar to the work of Singleton et alSwe find no temperature ~ €xamined here. , _

between 240 and 370 K for whidh depends on pressure over To.asc.ertaln if the increase k3 relatl\{e tok; was due to the

the range 26200 Torr of He and SE This result is in marked contribution fr_om the exchange, reaction 3b, we measured the
contrast to reaction 1; at 250 K, increases by more than 509 témporal profile of OH during the course of the GBHNOs

over the same pressure and buffer gas range (see, for exampld€action. As noted above, the photolytlp oD source produces a
Figure 2). Finally, the most obvious feature of Figure 1 is the Small amount of OH from both the reaction of'DJ with HNO;
curvature in the temperature dependence, with a positive @1d from the 248 nm photolysis of HN@self. In the case of
dependence at high temperature, a negative dependence at lo?D reacting with HN@ according to reactions 3a and 3b, and
temperature, and a minimum near 300 K. A fit to the sum of OH reacting according to reaction 1, the OH temporal profile
two separate Arrhenius expressions (solid line) describes theiS given by the following integrated rate expression.

data in Figure 1, suggesting the presence of two competing

k
reaction paths. [OH], = [OH], exp(—k,'t) + [OD] % [exp(—k't) —
Reaction 3, OD+ HNOsg, is a test of two different aspects ‘ 0 ! Oks — ky t
of the reaction mechanism: the secondary kinetic isotope effect exp(—k;')] (11)

and the possibility for exchange, i.e., reaction 3b. Figure 2 is a

plot of the pressure dependencekgin He buffer gas compared  Here,k;' = ki[HNO3] + kg, ks' = ks[HNO3] + kg, andky is the

to that for k; at 250, 296, and 350 K. (Also see Table 2.) first-order rate coefficient for the loss of OH and OD out of the
Reaction 3 exhibits an essentially identical temperature and reaction zone due to diffusion and flow. Aldg, is the sum of
pressure dependence to reaction 1, laus consistently 16 ksa andksp, [OH]o and [OD} are initial concentrations. In 100
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e OH LIF Signal
— Fits to Eq. 11

ky,=5%x 10" cm® molecule™ s

[OHY/[OH],

o oo
T

20
time (107 s)

Figure 3. Temporal profile of OH (points) when OD is also produced
in the presence of HNOThe solid and dashed lines are fits to eq 11
with ksp Set to zero and to a limiting value of’6 1075 cm?® molecule®
s1, respectively. The calculated ratio of [QfjDH]o was 3.5 for the
data shown in this figure.

800

OH + DNO,
296 K, 100 torr He

e OHLoss

O OD Loss

=Y
3

B
8

Pseudo first-order loss rate, k' (s‘l)

200 €.+

[DNG;] (10" molecules cm™)

Figure 4. Plots of measured pseudo-first-order rate constants for loss
of both OH (solid circles) and OD (open squares) as a function of PNO
concentration at 296 K and 100 Torr He. The slopes of linear least-
squares fits (lines) to the data give the bimolecular rate constant for
the two reactions.

Torr of He at 298 K, the measured difference betwkgand

k, is approximately 0.3« 10713 cn® molecule! s™1. Measure-
ment of pseudo-first-order OH loss rate constants as a function
of [HNOg] in the presence of OD radicals reproduced (to within
5%) the previously measured valuer k; (100 Torr He, 296

K) of 1.40 x 10713 cm?® molecule! s~1. Figure 3 demonstrates
that a fit of the resulting OH temporal profiles to eq 11 sets an
upper limit, ksp < 5 x 10715 cm® molecule’? s The
approximately 20% difference betwe&gn andk; is therefore

not due to a contribution from the exchange reaction. The

J. Phys. Chem. A, Vol. 105, No. 9, 2001609

2000

T T T

o 'fOH + HNO,
o 'YOH + HNO,

1500

1000

Pseudo-first order loss rate, k' (s'l)

500

0.6
[HNO,] (10" molecules cm™)

Figure 5. Pseudo-first-order rate constants for loss'®H (solid
circles) and*®OH (open squares) vs HNOconcentration at two
temperatures in 100 Torr He. The slopes of both data sets give the
same rate constant to within the uncertainties of the linear least-squares
fits at both temperatures. Solid lines are fits fH losses and dashed
lines for %0OH losses.

TABLE 3: Measured Rate Constants for Reaction 5 in He
Buffer Gas (Units of 10712 cm?® molecule™® s71)

T 10' [HNO3] P ks ke

(K) (molecules cm®) (Torr) (**OH+ HNOs) (**OH + HNO3)
295 0.13-1.3 99.6 1.33t 0.06 1.29+ 0.08
273 0.171.0 100.4 1.78: 0.13 1.83+0.12

the fit to the OH data is approximately 20% smaller. The
observation that OH reacts more slowly with Dplthan does

OD and the lack of observable OD production at long reaction
times strongly suggest that the exchange, reaction 4b, is not
significant. Rather, the decreaseyrelative tok, is consistent

with the secondary kinetic isotope effect described above; OH
reacts slightly more slowly than does OD with either HND
DNOs. One may surmise, in the absence of such measurements,
thatk, will have a pressure and temperature dependence similar
to ko but have slightly smaller values.

We examined another exchange reaction, ¥@H/%0OH
exchange shown in reaction 5b. This experiment tests the
suggestion, noted in the Introduction, that reaction 1 proceeds
via a complex structure in which the hydroxyl O atom attacks
the nitric acid N ator¥¥ (see Figure 10). One would expect a
facile exchange between OH moieties in such a complex and
thus facile®OH/*%0H exchange. Figure 5 displays plots of the
measured pseudo-first-order rate constants for lo$% and
160H in the presence of HNgn 100 Torr of He at 296 and
273 K. Clearly, the bimolecular rate constant f60H and
180H reaction with HNQ are the same to within experimental
uncertainty (see Table 3). Note that the derived valuek; of

increase in the rate constant upon deuteration of OH is due solelyagree with our previous data to within 9% at 296 K and 2% at

to the secondary kinetic isotope effect. (The term “secondary”
means that the ©H(D) bond does not break in the reaction.)
Reaction 4 is similar to reaction 3 in that it is also a test for
H/D exchange, i.e., reaction 4b. In this case, however, it is also
a test of the primary, rather than secondary, kinetic isotope effect
since the deuteration is on HN(Because of the experimental
difficulties noted above, we measurég only at 296 K and
100 Torr He (see Table 2). Figure 4 shows the plot of the

273 K. Thus, assuming that reaction 5a has the same rate
constant as reaction 1, the rate constant for the exchange reaction
in 5b is smaller than the experimental uncertaintykini.e.,

<1 x 107 cm® molecule® s71,

B. NO3 Product Yields. To measure the NQyield for
reactions 1 and 2, it was necessary to first evaluate the excimer
laser fluence by photolyzing #0s and measuring N& The
laser fluence is given by the following expression.

pseudo-first-order loss rate constants for both OH and OD as a

function of DNG; concentration under identical pressure and

temperature. We were able to measure both rate constants in

the same reaction mixture as noted earlier. The slope of the fit
to the OD data (dashed line) in Figure 4 giveskaavalue
consistent with that in Table 1 and Figure 1, while the slope of

laser fluence= [NO4],—/(IN,Os] 40245 nn{N-Os) P(NO3))
(12)

Here [NQj]i—o is the NQ concentration produced by reaction
10 shortly after the photolysis pulse, {8]o is the measured
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SOk = 06f OH +HNO; -
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2 F m 296K
Z 04l 4 260K |
’ e 240K
1
OD + DNO,
02~ B(N,0,) = 0.8 at 248 nm O 296K
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Time (107 5) 0 200 400 600 800
Figure 6. Measured temporal profiles (points) at 260 K and 300 Torr Pressure (Torr)

(N2) of the NG; concentration arising from reaction 1 at five different
HNO; concentrations. The solid lines are simulated profiles in which
the NG yield is the only variable (see text).

Figure 7. Measured N@ yield from reactions 1 and 2 for several
temperatures (legend) as a function of pressure. To within experimental
uncertainty, the yield does not vary with pressure and is unity at all
o . . temperatures.

initial N2Os concentrationozag n{N20s) is the NOs cross-

section at the photolysis wavelength, a®@NOs) is the NG TABLE 4. Measured Yields of NOs in the Reactions of OH

yield in reaction 10. The precision of the laser fluence With HNO3and OD with DNOs at Various Temperatures

measurements was typicalys5% as determined from the slope and Pressures (M= No)*

of a plot of [NOz]o vs [N2Os]. Calibration and product yield _ 10'HNO]
measurements were made in back to back measurements _ T P NGsyield no.of  (molecules
whenever possible. The laser fluence measured before and after reaction (K) (Torm) (+l0) meaurements _cm

the product yield experiments agreed to within the precision of OH+ HNO; 330 370 0.88£0.05 4 1.36-2.20
; ; 141 0.90+ 0.05 3 1.94-2.01
the measurements. The NQuantum yield from reaction 10
. . . . 296 770 1.02t0.05 4 0.74-2.04
was observed to decrease slightly, but systematically, in going 600 1.03% 0.05 3 148197
from 298 to 240 K £3%) after accounting for the temperature 415 1.03+0.03 3 1.40-1.74
dependences of the N@nd NOs absorption cross-sections. 190 0.94+ 0.06 4 0.69-2.18
Although this effect was small, we calibrated the laser fluence 50 0.99+0.05 4 0.77-1.60
at room temperature (i.e., photolyzed®4 at 298 K and then igg é-ggi 8-82 i i-ig;-gg
change_d the temperature of the re_actor) to minimize systematic 225 1.03L 0.05 5 0.69-2.45
errors in the measured product yields. 370 0.88+ 0.08 5 0.781.97
Figure 6 shows a representative set offN€mporal profiles 23 0.95+0.05 2 0.87,1.52
measured at 260 K and 300 TorrjjNupon generation of OH 260 120 0.98t 0.05 5 0.88-2.40
in the presence of HN® The NG profiles were typically 55 0.95+0.025 4 1.08-1.77
: ; P ; 300 0.98+0.02 5 1.08-2.05
measured at five different initial HN§Zoncentrations for each
o R 510 0.95+0.02 3 1.441.59
combination of temperature and pressure. Each trace in Figure 680 0.89+ 0.01 3 184257
6 was obtained from a single excimer laser pulse. The temporal 300 0.964+ 0.03 6 1.09-2.47
profiles of NG gave the rate coefficients for OH loss. If the 240 334 0.92:0.15 2 0.86, 1.02
initial concentration of OH is known, then a comparison of3NO 562 0.91+0.2 2 0.82,0.87
produced (after accounting for its slow loss) with [@QH8ads 162 0.94£0.1 2 0.97,1.03
! . 65 0.95+0.1 2 0.99, 1.06
to the yield of NQ from reaction 1. However, there are small 50 095+ 0.1 > 1.00 1.01
contrib_utions to OH a_nd N©losses due to the following  op+DNO; 296 74 0.98+ 0.03 3 279-3.33
unavoidable side reactions. 140 0.95+0.03 3 2.63-3.26
360 0.97+0.03 3 2.33-3.88
OH + NO, + M — HNO; + M (13) 2 The rate coefficients for the loss of the hydroxyl radical used in
computing the yield were those determined in this study by following
NO, + NO; + M — N,O; + M (14) OH loss or from our previous study.
OH + NO, — HO, + NO, (15) the NG; profiles very well using our recently reported rate
coefficient data for reactionland NG product yields near

Nitrogen dioxide is produced as a photolysis product in reaction UN't-

9 and is also present in small amounts1p0 ppmv) as an The measured N@yields as a function of pressure are
impurity in the HNQ. The NG profiles were numerically summarized in Figure 7 and Table 4. Under the temperature
simulated for this set of reactions and fit to the observed profiles and pressure conditions examined in this study, the )eld

by varying only the yield of N@in reaction 1. These calculated is near unity for both reactions 1 and 2. The largest uncertainty
profiles are shown as solid lines in Figure 6. The rate coefficients in this value originates from the uncertainty in the Nfdantum

for the simulations were taken from recent studies in this yield in reaction 10 which we estimate to be accuraté19%.
laboratory or DeMore et &l.Under the conditions of our  We have taken a value of 0.8 for the above analysis. It should
measurements the secondary chemistry affects thedNfDal be noted that our absolute product yields are directly propor-
by less than 2%. As shown in Figure 6 the simulations reproduce tional to this value, but that our product measurements relative
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Figure 9. Proposed mechanism for reaction 1 showing adduct
T ., OH + BNO, formation and subsequent reaction to formN@d HO. Equation 16
in the text gives the overall rate constant that arises from the individual
w0t 3 ) ; s steps in the mechanism.
1000/T(K)
Figure 8. Overall variation of rate constants for reactions4lwith following discussion examines the implications of each of these

temperature and pressure. Reactions 1 (upper solid lines) and 3 (uppepbservations in this order.

dashed lines) are both pressure depenqlent and have the same temper- Previous studies df; have established its negative temper-
ature dependence, except thats approximately 20% larger thda. ~— ature dependence and pressure dependence. Several studies have
A high-temperature value df from Troe” also appears as the solid 55 g ggested the general features of a reaction mechanism
point. Reaction 2 (lower solid line) is pressure independent and has ath t includ lex-f . ¢ foll d either b
curved Arrhenius plot. We assume the same form for reaction 4 (lower 11&0 INCIUCGES ‘@ compiex-forming step tollowed either by
dashed line), but with a 30% decreasekimrelative tokp. dissociation of the complex back to reactants or reaction from

the complex to give products (see introduction). Figure 9
to each other (i.e., temperature and pressure dependence) ar@utlines such a mechanism. The kinetic scheme in the figure,
independent of the N©yield from N,Os photolysis. combined with a steady-state approximation for the concentra-

Figure 7 demonstrates clearly that the Ngelds from tions of the unrelaxed and relaxed intermediates; KINDs*
reactions 1 and 2 do not vary with pressure or temperature, and@nd OHHNOs, yields the following expression for the overall
that they are unity to within the uncertainty of this measurement. "até constant.

-1
(16)

This result is not only important for atmospheric modeling, but K [M]
it also shows that reactions-b always give the same set of —
ys g k—ka=1—Kaka+kb+
This function gives a sigmoidal dependence on pressure. At both
IV. Discussion low and high pressures, eq 16 reaches bimolecular, pressure

k_[M] + k4

products irrespective of the various temperature and pressure
dependences of their rate constants.

Figure 8 summarizes the temperature dependence of the raténdependent limits.
constant data for reactions-4 in Arrhenius form. Fits from K K,
our previous study of reaction! Jtop solid lines) appear for Kiop = ka(l — —a ) = Ka( ) (17)
both the high pressure and low-pressure behavior of the rate katk, Kotk
constant, and include a high-temperature measurement (solid

point) from Troe3” The fit from the curved Arrhenius plot in ko= k|1 — K_a _— Ky + Kedks
Figure 1 appears as the lower solid line. The dashed lines P Koo+ Ky + Keky Koo+ Ky Keky
represent the smaller magnitude of the secondary kinetic isotope (18)

effect, i.e.,ks (upper) andks (lower). Although we have not

directly measured its temperature dependence, in Figure 8 weTo arrive at eq 17, we have assuniegM] < kg andk[M] <

assume that, (OH + DNOs) has the same behavior les(OD k—a + ko, while in eq 18 we have assum&d[M] > ky. In eq

+ DNO3). 18, Keq is the equilibrium constant between the energized and
A consistent picture of the mechanism for the reaction of stabilized adduct, i.e.k/k-c. We note that the pressure

OH with HNO; must explain the series of observations described dependence in eq 16 has a behavior similar to that of the three-

in the results section and in Figure 8. First, below 300kK, parameter function given by Lamb et'dlthat we used in the

displays a negative temperature dependence and a pressuranalysis of our previous studlysee Figure 2). In reality, an

dependence that increases with decreasing temperature. Secon@H-HNO3; adduct with energies anywhere between the fully

any OH/OD orl®0OH/*80H exchange reactions must be a factor thermalized state (O#iNOs in Figure 9) and the fully energized

of 10 (or more) slower than the reactions to form products. state (OHHNOs* in Figure 9) will lead to products. Here, for

Third, the primary kinetic isotope effect (D substitution in the sake of simplicity, we have assumed a two state model. A

HNO3) decreases the rate constant by an order of magnitude,full RRKM —master equation model is unlikely to give a

makes the rate constant pressure independent (over the 20 different qualitative answer.

200 Torr range that we measured), and yields a markedly curved The observation that, at low temperatleghas a finite value

Arrhenius plot. Fourth, the secondary kinetic isotope effect (D at low pressures but is pressure dependent over some intermedi-

substitution on OH) modestly increases the rate constant butate range has two important implications in the context of the

does not significantly change the overall pressure and temper-above model. First, the reaction barrier must be sufficiently large

ature dependence. Finally, reaction 1 yields only;M@d HO that redissociation of OHHNO3z* competes with reaction to

as products, irrespective of pressure and temperature. Theproducts; i.e.k—, cannot be negligible compared kg in eq
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A. H-bonded B. O-N bonded acid to hydroxyl radical should have an asymmetric geometry,
6 membered ring —@ just as in complex A. By contrast, the transition state for the
¥ OH/OD exchange reaction should involve a symmetric Ce,,

@\ ! for the case of two H atoms) six membered ring that does not

@— / AN , resemble the geometry of complex A. Thus, both the calculated
e @ == © geometry of the adduct and the experimental observations
\ \ ! / AN ° suggest that the barrier to the exchange reaction is larger than

v ’_,,——ﬁ @ @ that for reaction to form N@and HO.
a——@ The observation that deuteration of nitric acid dramatically

Figure 10. Two different proposed geometries for the adduct formed reduces the rate constant, removes its pressure dependence, and
in the reaction of OH with HN@ Complex A is the doubly hydrogen-  egyits in the strongly curved Arrhenius plot of Figure 1 is
bonded, six membered ring. Complex B is the ®bonded complex consistent with the mechanism of Figure 9. The lack of pressure
suggested by Lamb et &l. .
dependence comes from the balance betwgemdk_[M] in
eq 16. The first-order rate constaritsandkg, are likely to be
significantly slower for DNQ than for HNGQ if tunneling is
involved. Furthermore, the effective barrier height is slightly
larger for the DNQthan for HNG because of zero point energy
stabilization of the reactants relative to the transition state, where
one of the D atom motions has an imaginary frequeticy.
tDeuterium substitution also increases the density of states in
the adduct near the threshold for dissociation to reactants,
leading to larger collisional rate constaritsandk_.. Thus, it
is plausible that for DN@ k_[M] > kq over the pressure range
examined here, and that eq 18, which is independent of [M], is
fa good description df; andks. Since bothk, andky are smaller
for DNOj3 than for HNQ, both will be quite small compared to
k—a. Thereforek; andk, should have pressure independent rate
constants that are much smaller than the high-pressure limits
for k; or ks, in accord with observations. Finally, the rate
expression of eq 18 is consistent with the curved Arrhenius plot
in Figure 1. Bothk, and Kekg will be much less thark-5 so

16. If ky, were much greater than ,, the overall rate constant
would be equal to the forward association rate conskanand
would be independent of pressure. Second, formation of products
from the stabilized adduct, OHNO;, must compete with
collisional re-excitation that gives back reactants; ilg.~
k_[M]. If kqis much less thak_[M], the overall rate constant
goes to the form of eq 18 and becomes pressure independen
Since formation of products from the adduct, either stabilized
or unstabilized, clearly must proceed over at least a modest
barrier, k, and (particularly)kq probably have a significant
contribution from tunneling.

Figure 10 shows two plausible proposals for the structure o
the OHHNO; adduct: complex A is a doubly hydrogen bonded,
six membered ring%1415and complex B is the one resulting
from OH attachment to the N atom in HN® (The energy of
the adduct shown in Figure 9 comes from ab initio calculations,
as discussed further below.) Experimental observation of any

of the exchange reaction 3b, 4b, or 5b, would have provided h " f 18 will b ional to thei
definitive evidence for the existence of one or both of the the overall rate constant from eq 18 will be proportional to their

adducts in the figure. There is, however, no measurable sum,kb_ N Ke‘]kd' The positi\_/e temperatl_Jre dependen_ce above
exchange in either OH/OD oFOH/80H reaction. Thus, 300 K in Figure 1 is most likely determined Iy and gives a

whatever the form of the complex, the barrier to the exchange IA(f)wekr Iirlnit (tﬁcc’#se of tun_neling) to the bar(;ier heoilghEafz
reaction, either energetic or entropic, must be larger than that#-3 kcal mol™ The negative temperature dependence comes

for reaction to form N@and HO. If, as we argue, the adduct 10M Keq with the second term above dominant at lower
does form, the transition state leading to \© H,0O must be temperature. Itis noteworthy thgt the high-temperature measure-
smoothly connected to the complex. The path connecting MeNt ofki (OH + HNO3)*”in Figure 8 shows that reaction 1
complex A to this transition state would involve elongation of /S0 has a positive temperature dependence at high enough
the H-ONO; bond. Starting from complex B, the transition temperatures, and should thus exhibit a curvature in its Arrhenius

state would require transfer of the nitric acid H to the hydroxyl Plot similar to that fork,; this is a testable hypothesis. To our
O via a four-centered, tight transition state. kngwledge, there is no published value of a calculated barrier
The O-N bonded complex structure (B in Figure 10) was eight for reaction 1.
favored by Lamb et &7 based on calculations showing that The observation that deuteration of hydroxyl radical increases
the Arrhenius behavior ok, for a tight transition state the rate constant only modestly is consistent with secondary
better matched the available data. Our results showing thatkinetic isotope effects observed in other OH reactions, i.e., OH
180H/1%0H exchange does not measurably occur suggests that{OD) + Hz,2° CHy,*t HCI,*2 etc. In these systems, the secondary
reaction does not proceed through complex B, although this kinetic isotope effect comes from the influence of zero point
observation alone does not disprove this complex. Since theenergy on the effective barrier height, particularly if the
two OH groups are nearly identical in complex B, elimination transition state has a bent geometry.
of either to regenerate reactants should be facile, and one expects Finally, the fact that N@is the only product of reaction 1
to observe both OH/OD anOH/*80OH exchange. means that all of the observed dependences of the rate constant
Formation of the doubly hydrogen-bonded, six membered ring on temperature and pressure must be due to reactions producing
complex (A in Figure 10) appears to be a more plausible a single set of products and not due to competition between
pathway. Indeed, recent ab initio calculations have predicted it pathways that give different products. Clearly, the above model
to be bound by 6.0 kcal mot with respect to OH and HN§$8 qualitatively accounts for all observations without invoking any
This result is similar to the recent calculations of the nitric acid  additional product channels. Furthermore, as Figure 11 dem-
water complexX?® and agrees with other recent, unpublished, ab onstrates, eq 16 can reproduce the observed rate constants using
initio calculations?® Complex A is asymmetric, with a strong  reasonable values fde, kg, ko, ke, ke, andky. For example,
hydrogen bond between the H atom of nitric acid and the O one may estimate the forward association rate condtamased
atom of the hydroxyl, and a longer, somewhat weaker bond on the work of Smith and William& who measured the
between the hydroxyl H atom and one of the nitric acid O atoms. quenching rate constant for O##1) by HNG; to be 2.5x
The transition state for transfer of a single H atom from nitric 10~ cm® molecule! s1. This quenching rate constant may
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10—y — S . kg, by a factor of 200 relative to the simulation fkr at the

220 K same temperature. We estimated this factor by calculating the
] tunneling transmission probabilities for an asymmetric Eckart
potentiat®>4®with a barrier height relative to the bottom of the

'Mzso 7 well of 11 kcal mol? (5 kcal mol? from separated reactants)
T 206 K] and an exothermicity of-17 kcal mot? relative to reactants
N S e (—11 kcal mot from the bottom of the adduct well). We used

o B a characteristic length for the Eckart potential of 0.7 A based
T 1 on the calculated adduct geometry. We then adjustesimatch

9)
4
I e Data(M=He)
sk —— Simulation

4

3]

k (cm3 molecule” s
S

the observed rate constants (see Table 5). Clearly, reduction in
the tunneling rate constant from the bottom of the well has the
anticipated effect of removing the pressure dependence and

OD + DNO, o ] dramatically reducing the overall rate constant. The lack of a

O P pressure dependence is not sensitive to the valle s long
e R Y as it is at least a factor of 100 smaller than in the simulation of
[M] (molecules em™) ki at the same temperature. Although it is too small to appear

. - . ) on the scale of Figure 11, there is a weak pressure dependence
Figure 11. Variation ofk, andk, with bath gas (He) number density . . : ;
(solid and open points, respectively). The solid and dashed lines are'” the simulation ofkz, but it occurs only at pressures below
simulations ok; andks, respectively, using eq 16 and the rate constants the range of our measurement.

in Table 4. The model presented here is empirical and is not intended as
a rigorous comparison of experiment to theory. It should,
TABLE 5: Rate Constants Used To Simulate Experimental however, provide a framework for further experimental and
Data in Figure 11% theoretical study of reaction 1, and it does qualitatively account
T(K) ke ko ka for all observations. As Figure 11 shows, our data, which lie
ki (OH + HNOs) mainly in the falloff region, may not accurately characterize
296 0.6 280 10 either the high- or low-pressure limits of reaction 1, both of
250 10 450 5.1 which would aid in a comparison between experiment and
220 25 500 4.0 theory. Also, at low enough temperatures, there may be an
ko (OD + DNOy) observable pressure dependence for ®MNO; that would
250 1.0 33 0.025 be very sensitive to the value of the tunneling rate conskant,
aThe values ok, andk_s are 1x 10~ cm® molecule! st and 2.5 Finally, this system should provide an excellent test of chemical
x 10"s7%, respectively, at all temperaturdgis in units of 10%° cm? kinetics theories in which tunneling plays an important role,
molecule™ s™; k, andkg are in units of 19s™*. particularly if a reliable potential energy surface connecting both

o reactants and products to the adduct can be calculated. Such a
have a contribution from resonant energy transer between OH-theoretical effort is currently underwdy.

(v=1) and HNQ, and we may thus assunkg~ 1 x 10~
cm® molecule™ s™t. One may also estimate the value of the  Acknowledgment. We thank Roberto Bianco and James T.
equilibrium constantKeq = ki/k—, from the calculated OH  (Casey) Hynes for many highly valuable discussions. Discus-
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