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A high-pressure turbulent flow reactor coupled with a chemical ionization mass-spectrometer was used to

determine the branching ratio of the W& NO reaction: H@ + NO — OH + NO, (1a), HG + NO —
HNO; (1b). The branching ratig = kiykis Wwas derived from the measurements of “chemically amplified”

concentrations of the NCand HNQ products

in the presence ok @nd CO. The pressure and temperature

dependence gf was determined in the pressure range of-820 Torr of N, carrier gas between 323 and

223 K. At each pressure, the branching ratio was found to increase with the decrease of temperature, the

increase becoming less pronounced with the increase of pressure. In theZ2K range, the data could be
fitted by the expressionf(T,P) = (530 + 10)/T(K) + (6.4 &+ 1.3) x 10~“P(Torr) — (1.73+ 0.07), giving

B ~ 0.5% near the Earth’s surface (298 K, 760 Torr) and 0.8% in the tropopause region (220 K, 200 Torr).
The atmospheric implication of these results is briefly discussed.

1. Introduction

We have recently reported the observation of a minor channe
forming HNG; (1b) in the gas-phase reaction of the H@dical
with NO:!

HO, + NO— OH + NO, (1a)

HO, + NO — HNO;, (1b)
The study was carried out in a turbulent flow reactor (TFR)
coupled with a chemical ionization mass-spectrometer (CIMS).
The channel (1b) was quantified by direct detection of HNO
at pressuré®> = 200 Torr in the reactor, and a value of 0.18%
was obtained for the branching ratigyki, at T = 298 K. A
negative temperature dependence was found for this branchin
ratio with a value of 0.9% at 223 K.

Reaction 1 is a very important atmospheric reaction. It plays
a key role in controlling the interconversion between OH and
HO, radicals in the troposphere through the cycle

HO, + NO — OH + NO, (1a)
OH+ CO—H + CO, )
H+0,+M—HO,+M @)

Reaction lais also a major source of tropospheric ozone throug
the conversion of NO to N®followed by NG, photolysis to
NO and O-atoms, these latter combining with © produce

Reaction 1b is another chain termination reaction suggested to
Ibe significant in the upper troposphérBegarding the potential
importance of reaction 1b in the whole atmosphere, it is
necessary to determine the branchiagki, over the whole
ranges of atmospheric pressures and temperatures.

In the present work, measurements of the branching ratio for
reaction 1 was extended to the pressure range 660D Torr
in the temperature range 22323 K to provide a parametriza-
tion equation to be used to assess the role of reaction 1b in
model calculations of the atmospheric composition. To increase
the HNG; signal-to-noise ratio, “chemical amplification” ac-
cording to reactions-13 was utilized in the TFR with the chain
length of the order of ten. A linear pressure dependence for the
branching ratidgy/k;a was found, and a negative temperature
Yependence, previously observed Rt= 200 Torr! was
confirmed for the whole range of the indicated pressures
between 323 and 223 K.

2. Experimental Section

2.1. Chemical Reactor.The experimental setup consisting
of a high-pressure turbulent flow reactor coupled to a chemical
ionization mass spectrometer was similar to that used in our
first study of the HQ + NO reactiont A scheme of the
apparatus is presented in Figure 1. The flow in the TFR was

hcreated by N carrier gas evaporating from a liquid nitrogen
tank. The pressure in the TFR was controlled by regulating the
throttling valve of the reactor pump and varying the main N

ozone. The efficiency of the above cycle is decreased by chainflow. The Reynolds numbers were in the range from 4900 to

termination reactions, one of the most important being

OH + NO, + M — HNO, + M %)

11000 at flow rates from 64 to 145 SLPM corresponding to
pressures from 70 to 600 Torr. Reactor temperature was
controlled by combined effects of cooling via passing the main
flow through the metal coil immersed into a Dewar with liquid
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ment). This controller also allowed heating the reactor up to
50 °C.
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Figure 1. Experimental setup: 1, ion source; 2, ion-molecule reactor;
3, temperature controller; 4<turbulizer>; 5, injector; 6, resistance;

7, cooling bath; 8, discharge tube; 9, microwave discharge; 10, sampling

cones; 11, temperature sensor; 12!(5€y) filter; 13, cool bath; 14,
NO cylinder.

HO, radicals were produced in the TFR by the reaction

H+0,+M—HO,+ M ®)

with H-atoms generated by a microwave discharge #He
gas mixtures flowing through a quartz tube concentrically
connected to the movable injector. The flows of M the
injector and of He in the discharge tube were optimized
for maximum H-atoms production. He (AlphaGaz 2) was
purified by passing through molecular sieves cooled by
liquid N.. Tank grade H (AlphaGaz 2) was used without
further purification. NO was introduced into the TFR upstream
of the tip of the injector. The tank grade NO (AlphaGaz N20)

Butkovskaya et al.

HNO3; was detected using the reaction withgSFgiving the
peak atm/e 822

SF, + HNO; — NO; +(HF) + SK (4i)

The branching ratio of reaction B,= kiykis Was obtained by
measuring the concentration ratio of the HN@nd NG
products from channels 1b and 1a, respectively. To convert the
measured intensity ratio of the products]s)/Alss, to the
concentration ratio, it is necessary to know the ratio of the
apparatus sensitivities to HN@nd NQ, SinodSvoz. TheSynod/

Svoz ratio and the absolute sensitivities themselves are deter-
mined by a number of parameters which vary with changing
the pressure in the TFR. The most important parameters include
pressure and flow velocity in the IMR, sampling conditions at
the interface between the TFR and IMR, optimum potentials
applied to the sampling cone, and the ion optics elements behind
it. To account for the dependence of the sensitivities on the
pressure in the TFR, the following approach was adopted. At
P = 200 Torr, the absolute and relative sensitivities were
determined using a calibration method described in our previous
study? In brief, the three-step procedure consisted of (1,NO
calibration using a standard N@as mixture, (2) OH calibration
using reaction 5 at short reaction times and low,N@Gncentra-
tions, and (3) calibration of nitric acid by measuring the kinetics
of the OH decay and appearance of HN@® reaction 4:

(®)
(4)

H+ NO,— OH+ NO

OH + NO, + M — HNO, + M

passed successively through ethanol/liquid nitrogen cooled The advantages of such “chemical” calibration are (i) in situ

traps and P§SQy) filter to remove NQ and heavier nitrogen
oxides. NO flow rate of about 0.6 SCCM was maintained
using a TYLAN flow controller. @ (AlphaGaz 2) and CO
(AlphaGaz N47) were added into the main Btream using
CELERITY flow controllers. The maximum distance from the
injector tip to the orifice of the inlet cone of the iemolecule
reactor wasL = 50 cm, which corresponded to a reaction
time in the TFR of about = 30 ms atP = 200 Torr andT =
298 K.

2.2. CIMS Detection and Sensitivity.Gas mixtures from
the TFR were sampled through a Teflon cone with orifice
diameter of 0.5 mm into the iermolecule reactor (IMR) located
perpendicular to the TFR. The flow rate of the Ar carrier gas
in the IMR was 3.6 SLPM at the typical pressure of 0.7 Torr.
The primary Arf ions and electrons were generated in the ion
source by a heated filament. The emission current from the
filament was always stabilized during the measurements. SF
was continuously introduced into the IMR downstream of the
ion source. The primary SF negative ions were produced by
attachment of thermalized electrons tosSF

OH radicals and N@were detected as OH(m/e 17) and
NO,~ (m/e 46) ions formed by electron transfer from SE

SF,” + OH—OH + SF, (1i)

SFK, +NO,— NO, + SF; (2i)
HO, radicals were detected at'e 140 using the reactién

SF, +HO,—[SF,;O,]” + other products  (3i)

production of HNQ that eliminates the problems connected with
the introduction of HNQ@ into the reactor and (ii) absence of
the errors connected with the determination ofJNOncentra-
tion, as these errors vanish in the sensitivity r&iQos/Svoz-
This procedure was also used in some experimeriRs=atL00,
300, 400, and 500 Torr. However, to avoid potential problems
related to increasing formation of peroxynitrous acid, HOONO,
with pressure in reaction %and to simplify the calibration
procedure for other pressures in the TFR, $hgod/Svoz ratios
were derived from the changes of W@&nd HNQ sensitivities
relative to those at 200 Torr determined from direct introduction
of HNOsz and NQ into the TFR.

The change o&nos with pressure was determined by flowing
gaseous HN@from the mixture of HNQ (Aldrich, 69%) and
H,SOy (Sigma-Aldrich, 90%) aqueous solutions (10:1 volume
ratio) into the reactor. Gaseous Hil®as transported by a He
flow bubbling through the solution mixture in a glass trap. The
trap was kept below 18C to avoid saturation of the HNO
signal. The helium flow was varied by means of a CELERITY
mass flow controller with 10 SCCM maximum flow rate. A
dilution by larger He flow regulated using a 250 SCCM TYLAN
flow controller took place shortly downstream of the trap. The
trap was connected to the reactor via a PFA tube. At each
pressureSynos was determined from the linear increase of the
signal intensity atmwe 82 with the flow rate of He passing
through the bubbler. The HNQpartial pressure over the
solution,Pynos, was not known, but this was not critical because
only the sensitivities relative to those at 200 T& S00 (HNO3)
= Sino3(P)/Sino3(200), were used. A rough estimation using
the average ratiGinosSvoz & 4 from the chemical calibration
at 200 Torr gavePynos ~ 0.03 Torr at 15°C.
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Figure 2. Chemical amplification in the HONO/CO/Q, (a) and HQY/
NO/CO/Q, (b) systems at 200 Torr and 298 K: (a) [HG= 4.8 x

104, [NO] = 5.9 x 103, [O,] = 1.8 x 10%, and [CO]= 2.2 x 107
molecule cm? (chain length 5.6); (b) [Dg) = 8 x 10'%, [NO] = 3 x

10%, [Oy] = 1.2 x 106, [CO] = 3 x 10 molecule cm? (chain length
4.6).

Calibration of the NQ@ signal was made by flowing a
commercial N@ gas mixture (Alpha Gaz, 5000 ppm inN
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Figure 3. Pressure dependence®t= kiykia at 298 K. Open circles

denote measurements with chemical HNEalibration; star is the
extrapolation to atmospheric pressure (760 Torr).

of produced nitric acid that was a critical factor in reducing
experimental uncertainties, and confirmation of the previously
measured branching ratla k.t Amplification of the signal
was achieved by adding into the TFR high concentrations of
CO and Q, creating a chain mechanism that includes termina-
tion reaction 1b:

HO, + NO— OH + NO, (1a)
HO, + NO — HNO, (1b)
OH+ CO—H + CO, )
H+0O,+M—HO,+M ©)

At the same time, CO in reaction (2) served as a scavenger of

into the TFR. The mixture flow rate was measured by a OH radicals preventing formation of nitric acid in the secondary

TYLAN-2900 mass flow controller. The N&kensitivities Syoz,

reaction (4):

were obtained from the slopes of the linear dependence of the

signal intensity atn/e 46 on the concentration calculated from

OH + NO, +M — HNO; + M (4)

the flow rate. The signal intensities were measured in the range

of [NOz] = 3 x 10" to 2 x 10'® molecule cm? for which a
good linearity was observed at each pressure. Similarly to £INO
the pressure dependence was expressed relative to tRat at
200 TOI’T,S::/SZOO (NOz) = S\]oz(P)/S\]oz(ZOO) The sensitivities

for NO, and HNGQ; exhibited different pressure dependences,

which very likely resulted from different formation mechanisms

Figure 2a illustrates the increase of the N@nd HNQ
concentrations with the increase of the distahdmetween the
injector tip and the interface cone in the HRO/CO/Q; system.
This run was done a = 200 Torr, T = 298 K, and initial
concentrations [HE) = 4.8 x 10'%; [NO] = 5.9 x 10'3; [O4]
= 1.8 x 10%; and [CO]= 2.2 x 10" molecule cm?3. The

of product ions. Both were found to decrease with increasing initial concentration of HQwas determined by measuring the
pressure in the TFR keeping all the other parameters unchangedNO, concentration formed in the reaction in the absence of CO.
as it was the case in these experiments. Finally, having madeThe maximum NQ@ concentration formed in the presence of

calibrations for NQ and HNQ, a pressure factdp = [S¥/Sy00
(HNO3)J/[ S/S00 (NO,)] was determined for the calculation of
the HNG; to NO, concentration ratio.

CO was 2.8x 10" molecule cm?, corresponding to a chain
length of 5.8. The chain length was regulated by NO concentra-
tion, the limiting step being reaction la. It was necessary to

Change of the temperature in the TFR at a constant pressurdimit the chain length in order to make the rate of reaction (4)

has no noticeable influence on the signal intensities of hitl

negligible and thus to control the rate ratio of reactions 4 and

HNO;3; as was shown in test experiments at 200 Torr. In these 2, which is the probability of HN@formation in reaction 4. In

experiments, N@-He and HNQ—He mixtures were continu-

the given example, for maximum distante= 50 this ratio

ously introduced into the reactor where the temperature waswas o. = kq[NO]io/ko[CO] = 1.8 104 [NOg]tot is the mean
lowered from 300 to 239 K while constant pressure was total NO, concentration in the reactor equal to [N@ac{2 +

maintained by regulating the reactor pumping.

3. Results

3.1. Chemical Amplification of HNO3 formation in the
HO,/NO/CO/O, System.Use of the chemical amplification

[NOg]ugr, where [NQJreactis the NG concentration produced
in the reaction at maximurh and [NQ)pg is the background
concentration originating mainly from the NO inlet system. The
rate constantk, and ks were taken from ref 6. A linear
amplification was observed for both N@nd HNQ products

(1a—3) in the TFR allowed an increase of the signal intensities described by the equatiohg = (814 + 11)L + 2282 andlg
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TABLE 1: Determination of f# = kyp/ki4 at Different Pressures and 298 K Using Chemical Calibration of HNG?

P Algd Al sg bsa/bae Pint® Bsiopd o9
Torr NP S\jozc S)Hc S—|No3c 104 104 % % %
108 cps/molecule crm?
200 1 1.23 2.32 3.79 51828 51.5+ 1.8 0.169+ 0.023 0.16A- 0.022 0.018
2 1.74 3.31 7.63 75.% 4.3 72.9+5.3 0.1724+0.024 0.166+ 0.024 0.019
3 1.98 2.90 6.80 61.£55 63.6+ 5.6 0.180+ 0.028 0.185+ 0.030 0.028
4 0.93 1.67 6.67 11354 111+ 4.9 0.169+ 0.023 0.166+ 0.022 0.016
Average: 0.173+ 0.010 0.174 0.016

100 1 1.75 4.49 12.0 742 4.5 73.1+ 4.8 0.108+ 0.015 0.10A-0.016 0.012
300 1 1.49 1.66 4.57 734 3.5 0.238+ 0.037 0.012
400 1 1.97 2.08 2.10 28F 3.9 0.269%+ 0.043 0.013
500 1 1.07 1.32 1.16 3744.0 35.0+ 3.8 0.345+ 0.077 0.345+ 0.074 0.008

2 Calibration using H+ NO, and OH+ NO; reactions? Experiment number S denotes sensitivity to species Xow is the slope of the linear
dependence of signal intensityrate M versus reaction time®. Values from the intensitie$From the slopes? a. = ks[NO_]i'ks[CO] is the upper
limit for the probability of HNQ formation in the side OHt NO, reaction.

TABLE 2: Determination of the Pressure Dependence off
= kin/kia at 298 K Using Sensitivity Pressure Factcr

P [NOJby ANO; [CO] AlglAlsg f ol
NP Torr 10t 102 1017 fpa 104 ﬂ/ﬂgooc % %

= (4.19+ 0.13)L + 14.8. The top panel of Table 1 presents
the branching ratios calculated from this experiment (first line)
and three other similar experiments carried out at 200 Torr with
chemical calibration. In these experiments, the product intensity

; : 100 1.6 2.0 1.9 062 477 057 0.097 0.012
ratios, Algz/Alse, were determined both from the slopes of the 150 24 25 22 073 497 070 0118 0.020
amplification kinetics and by averaging thdg,/Alss values 200 2.7 25 25 1 51.9 1 0169 0.017
for different positions of the_ injector. The average valu_ﬁ is 200 4.0 4.2 25 1 61.7 1 0180 0.028
(0.173+ 0.008)%. Taking into account the systematic errors 250 3.9 3.0 28 124 570 115 0.206 0.020
in calibration, the final result can be expresse@as (0.17 + 80 86 23 31 161 855 145 0261 0016
0.03)% 350 4.2 054 33 212 471 162 0.280 0.008
' . I o 200 20 24 21 1 755 1 0173 0.018
Chemical amplification of the deuterated nitric acid, DNO 400 4.2 16 32 255 474 164 0282 0.012
was obtained in the isotopic DINO/CO/Q; system, when the 500 4.2 1.1 35 3.60 46.1 219 0.378 0.010
discharge in YHe mixture was used to produce D-atoms. 600 4.8 0.43 34 459 421 257 0441 0.008
Figure 2b shows the results of the kinetic measurements for4 200 1.9 2.4 24 1 57.0 1 0173 0.016
NO,, DNOs and HNQ atP = 200 Torr, T = 298 K, and initial 600 47 072 60 459 305 245 0425 0.005
concentrations [Dg + [HOz] = 9.5 x 10 [NO] = 2.9 x 5 ;(7)3 gi gg g; 2-73 342-38 f-95013-316g 0107-018
3 = 6 = 7 3 : . : . : :
10°% [Og] = 1.2 x 10'% [CO] =25x _101 molecule cn : 250 1.8 1.4 23 124 320 116 0201 0.013
Appearance of HN@(m/e = 82) is explained by the formation 300 24 16 28 161 265 125 0216 0.012
of OH and H-atoms from the dissociation of®ltraces in He 350 3.0 1.4 33 216 235 148 0.256 0.012
carrier gas. The initial ratio of [H)/[D} 0.14 was obtained by 400 36 L7 87 261 2L7 165 0285 0012
o2 . . . 500 3.6 1.1 35 371 201 218 0377 0.010
the titration of the discharge products with bi@otopic DNQ 600 43 078 42 459 178 239 0413 0.008
falso exhibits linear k|r]et|<;s proving that the nitric acid obseryed 6 72 13 13 25 051 484 057 0.098 0.005
in the HG, + NO reaction is not a product of the surface reaction 100 1.6 23 25 062 481 0.68 0.118 0.010
of NO, with H,O. Assuming similar sensitivities to HN@nd 150 2.2 3.0 25 0.73 438 0.76 0.132 0.017
DNOs, the observed DN@signal intensity indicates that the 200035 46 37 1 436 1 0173 0220
hi io for the isotopic DO NO reaction would b 250 2.9 4.1 40 124 410 110 0.189 0.019
branching ratio for the isotopic eaction would be 450 2.7 15 72 181 277 195 0337 0.006

a factor of~2 lower than for reaction 1. i ) L )
a See Experimental Section for determination of pressure correction

3.2. Pressure Dependence of the Branching Ratio at Room  factorf, using external source of HNO® Experiment number Branch-
Temperature. At room temperature, the kinetics of the forma- ing ratio with respect to that at 200 TofrUpper limit for the

tion of NO, and HNGQ; products were measured in the presence probability of HNG; formation in the OH+ NO, side reaction.
of CO as described above at different pressures ranging fromConcentrations are in molecule cfn

72 to 600 Torr. The bottom panel of Table 1 contains the results
obtained using chemical calibration at 100, 300, 400, and 500
Torr and Table 2 contains the results from the six experiments
with variable pressure using direct calibration of HN® most
experiments, thalg)/Al e ratio was determined from the slopes
of the amplification kinetics. Some experiments were done at a
fixed L making several measurements of N&hd HNG with

the discharge switched on and off (experiment 5 in Table 2).
The measured intensity ratios were corrected by sensitivity
pressure factoifp determined with respect to 200 Torr as
described in the Experimental Section. Then, division of the
corrected intensity ratios by that for 200 Torr giy®8200, the
reaction branching ratio at a given pressure relative to that at
200 Torr which is a known value:

The obtained pressure dependence is shown in Figure 3. It is a
linear function of pressure expressed by

B(P) =
(6.4 0.3) x 10 “P(Torr) + (4.2+ 0.8) x 10 2 (Eq2)

with 20 uncertainty limits. Extrapolation to atmospheric pressure
gives3(760) = 0.53%, which is indicated by a star symbol in
Figure 3. It is worth noting that the obtained dependence has a
positive zero intercept. Assuming — 0 whenP — 0, the
measurements indicate that there should be a nonlinear depen-
dence at low pressures.

3.3. Temperature Dependence of the Branching Ratio at
Different Pressures.Temperature dependence ®fvas mea-
sured by keeping a constant mass flow rate of the carrier gas

B(P) = [Alg Al 45 (P)/ Al g/ Al 4 (200)feB500 (EQ1) and the reactants at a given pressure. The constant pressure
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pressure. The extrapolation to atmospheric pressure (black dotted
line) was obtained from the power function fit for this decrease.
When the normalized temperature curve for every pressure
is multiplied by the corresponding coefficient given by eq 1,
we obtain a full picture for the branching ratio, as shown in
Figure 5. In the 298223 K range temperature dependences
for different pressures present a set of nearly parallel and
equidistant straight lines. The linear fit fails at temperatures
higher than 298 K, where curvatures were observedPfer
100, 200, and 400 Torr. Below 298 K the whole set of data can
be described by the simple three-parameter expression of the
general form

B/Bsos

pP, T)=aT+bP+c (Eg3)

Coefficienta was found by averaging the slopes of the observed
temperature dependencies, coefficidngsmdc were determined

by standard two-parameter least-square fit of the data. The
numerical expression can be written as

1000/T (K)

Figure 4. Normalized temperature dependence fof= kiykia at
different pressures. Dotted line is the extrapolation to 760 Torr.

during the cooling was maintained by regulating the throttling B(P, T) = (530+ 20)/T(K) +

valve of the reactor pump. As a rule, the measurements were (6.4+ 1.3) x 10 *P(Torr) — (1.73+ 0.07) (Eq4)
done at a fixed position of the injector, correspondind.te . . )

50 cm. Table 3 gives the measured signal intensity ratios and (With 20 uncerta|_nt|e_s). In Figure 6 the pressure dependence
the ratios normalized to the room-temperature value, which is 10" HNOs production is reported at four temperatures: 298, 263,
identical to the normalized branching ratjé/,ss The con- 249, and 228 K V\_/lth the nearest available experlmeqtal points
centrations of NO, @ and CO given in Table 3 correspond to taken in the V|C|n|ty of these temperatures. The straight lines
T = 298 K. Figure 4 presents a summary of the normalized were _calculate_d using eq 4. Extrapolated to zero pressure, they
branching ratios as a function of 1000/T. The observed plots €XNibit larger intercepts for lower temperatures.

could be rather well approximated by a linear fit. These fits are
shown in Figure 4 by solid lines (the data obtained above 298
K were excluded from the linear regression analysis). The slopes Recently, a theoretical examination of the mechanisms on
of the linear fit monotonically decrease with the increase of the HNG; potential energy surface (HG- NO <@ HOONO <

4. Discussion

TABLE 3: Measurement of the Temperature Dependence off = kjy/ki, at Different Pressures

T Alga Al g T Algal Al 46 T Alga/ Al 46
K 104 PBlB2ed K 104 BlBaed K 104 PlB2os
P = 100 Torr; [NO]= 4.1 x 10' [O,] = 1.4 x 10, [CO] = 2.4 x 10" molecule cm?
298 113 1 265 311 2.74 226 695 6.13
293 123 1.08 253 432 3.81 223 678 5.98
288 172 1.52 249 452 4.00 298 97.1 1
285 198 1.75 245 536 4.73 308 71.8 0.74
267 279 2.46 234 618 5.45 323 56.5 0.58
P =200 Torr; [NO]= 3.8 x 10%, [O;] = 1.2 x 10'%; [CO] = 2.5 x 10'" molecule cm®
298 38.7 1 243 132 3.41 298 33.7 1
281 53.0 1.45 233 152 3.93 308 24.9 0.74
272 76.4 1.98 223 164 4.24 323 21.3 0.63
256 105 2.71
P =300 Torr; [NO]= 5.4 x 10%; [O;] = 1.6 x 10%; [CO] = 2.9 x 10*” molecule cm?
298 25.0 1 261 51.0 2.03 241 69.4 2.77
283 30.8 1.23 257 53.5 2.14 233 75.1 2.98
281 35.1 1.40 254 60.1 2.40 229 76.3 3.05
273 40.3 1.61 248 65.1 2.53
P =400 Torr; [NO]= 6.1 x 10%; [O;] = 2.1 x 10%; [CO] = 3.5 x 10" molecule cm?
298 315 1 256 66.1 2.10 228 84.7 2.69
283 41.8 1.33 250 62.5 1.99 298 16.2 1
279 48.0 1.53 241 74.2 2.36 308 14.6 0.90
266 46.6 1.48 232 84.4 2.68 323 11.6 0.72
P =500 Torr; [NO]= 9 x 103, [O,] = 2.7 x 10'6; [CO] = 4.8 x 10" molecule cm?
298 14.2 1 272 20.5 1.44 243 294 2.07
289 16.0 1.12 262 24.7 1.74 238 324 2.28
285 16.3 1.15 255 21.5 1.51 233 333 2.34
280 20.2 1.42 250 26.6 1.87 228 33.8 2.37
P =600 Torr; [NO]= 4.0 x 10%, [O;] = 3.2 x 10, [CO] = 4.0 x 10*” molecule cm?
298 18.9 1 263 28.9 1.53 233 40.0 212
278 23.8 1.26 249 34.9 1.85 229 42,5 2.25
275 24.0 1.27 238 38.6 2.04 223 42.8 2.26

aBranching ratio with respect to that at 298 K.



9052 J. Phys. Chem. A, Vol. 111, No. 37, 2007

12

1 ° 600 Tomr
7 o 500Tor
104 2 400 Tomr
0,9—- A 300 Tor .
{ o 200Tomr -
0871 = 100 Tor °
07+ 1
¥ 06 .
@ (5 B i
a4 -

3\0'32'34'36'1;8“‘:0'4,2'4,4'4,6'48
1000/T (K)

Figure 5. Pressure and temperature dependencgsokiyki. Upper
dotted line represent extrapolation o= 760 Torr.

1,0

0,9-’
0,8—’
0,7—-
0,6:

0,54

B (%)

0,44

0,34
298K

263K
249K
228K ]

0,24

0,1

0,0 T T T T v T v T v T T T T
0 100 200 300 400 500 600 700
Pressure (Torr)

Figure 6. Pressure dependenceff kiykia at different temperatures.
Solid curves correspond to eq 3.

OH + NO; < HNO3) has been performed by Zhang and
Donahue using a multiple-well master-equation simulation of
the systeni.To constrain the parameters of the simulation, the

authors used the experimental evidence for H@duction

in the HG, + NO reaction? the experimental data on formation
and decay of cis- and trans-conformers of the short-lived

HOONO intermediate in the OH NO, reaction®~1° and on
isotopic scrambling if80OH + NO,.1011The calculations show
that channel 1b can occur by isomerizationtr@gins HOONO

to HONG,, if a high barrier between cis and trans conformers

and a low barrier for isomerization to HON@re assumed. A
good agreement with our branching fraction for HNGrmation

in reaction 1 at 298 Kwas obtained with the energy of the

transition state for isomerization of approximately 5 kcal ol

lower than the energy of OH NO,. The existence of such a
low-lying “rotational” transition state was first proposed by
Dransfield et ak? A search for the transition states for HOONO

rearrangements was performed by Zhao ég alsing density
functional theory. The authors suggest that @ cleavage in
HOONO may lead to hydrogen-bonded OHONO complexes
which through rotational motion can be reoriented for®

bond formation and collapse to HONOThe complexes and

Butkovskaya et al.
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Figure 7. Representation of the Figure 6 in logarithmic scale for

comparison with the calculation from Zhang and Dondh(ikick
curves).

kcal mol?® lower than the free OH and NOHowever, in
contrast to ref 9, where the isomerization path was involved to
explain the observed decaytoinsHOONO, Zhao et al. believe
that the isomerization occurs easier froilfHOONO than from
transHOONO conformation.

According to theoretical consideratiohghe pressure de-
pendences in Figure 6 can be interpreted as a falloff corre-
sponding to stabilization of the excited HON@rmed at the
HO, + NO energy. In Figure 7 we compare our present
experimental results with the calculated pressure depentience
presented in logarithmic coordinates. As already mentioned,
there is a rather good agreement between the measurements and
theory at 298 K, although the theoretical pressure dependence
at 298 K is somewhat steeper than the observation. As seen in
Figure 7, the linearity of eq 1 breaks when switching to
logarithmic scale because, formall§,= 0 at zero pressure.
Accordingly, the divergence between the measurements and
calculations increases at lower temperatures because of larger
intercepts. To summarize, theory does not exclude formation
of HNO;s in reaction 1; at ambient temperature, the observed
pressure dependence/dtan be reproduced by calculations in
a limited pressure range (16600 Torr). Also, calculations
confirm the observed negative temperature dependenge of

5. Atmospheric Implication

The obtained results confirmed our previous finding of a
minor HNG; forming channel in the HO+ NO reaction, with
an increase of the HNQyield with decreasing temperatute.
In addition, they show an increase of this yield with increasing
pressure. The atmospheric consequences of this new process
has been already considered in our previous paper, predicting
a noticeable effect of reaction 1b on the concentrations of HO
NOy, and ozone in the upper troposphérEhe plots of Figure
5 show a change gf = kjykia roughly from 0.5% near the
Earth’s surface (298 K, 760 Torr) to 0.8% in the tropopause
region (220 K, 200 Torr). This suggests that reaction 1b could
also have a significant effect in the middle and lower tropo-
sphere. The effect of reaction 1b on the atmospheric composition
can be quantified by including this reaction in atmospheric
models with the rate constant calculated using eq 4. Such model
calculations have already been done using both 2D and 3D
models!* The resulting impact of reaction 1b on the chemical
composition of the troposphere could even be more significant

the transition states for isomerization were located at the B3LYP/ considering the positive influence of water vapor on the
6-311++G** and CBS-QB3 levels. All these stationary points  branching ratig5 which has been observed in the previous test

were found to be very similar in energy, in the range ef2l

experiments. This humidity effect is going to be investigated
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in more details by measuringas a function of HO concentra-
tion in extended ranges of pressure and temperature.
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