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A high-pressure turbulent flow reactor coupled with a chemical ionization mass spectrometer was used to
investigate the minor channel (1b) producing nitric acid, HNi® the HG + NO reaction for which only

one channel (1a) is known so far: H& NO — OH + NO; (1a), HGQ + NO — HNOs; (1b). The reaction

has been investigated in the temperature range-298 K at a pressure of 200 Torr of;Marrier gas. The
influence of water vapor has been studied at 298 K. The branching kafia., was found to increase from
(0.18"399% at 298 K to (0.87909% at 223 K, corresponding ta, = (1.6 + 0.5) x 10 4 and (10.4+ 1.7)

x 107 cn?® molecule® s, respectively at 298 and 223 K. The data could be fitted by the Arrhenius expression
kip = 6.4 x 1071 exp((1644% 76)/T) cm® molecule! st at T = 223—298 K. The yield of HNQ was found

to increase in the presence of water vapor (by 90% at about 3 Torp@J. Himplications of the obtained
results for atmospheric radicals chemistry and chemical amplifiers used to measure peroxy radicals are
discussed. The results show in particular that reaction 1b can be a significant loss process for (B&1HO

HO,) radicals in the upper troposphere.

1. Introduction the presence of water:

The HQ + NO reaction occurs in radical chemical amplifiers
[e.g., 1-4] to convert low concentrations of HGnto measur- HO, + NO + H,0 — HNO; (or HOONO)+ H,0
able NQ concentrations in a chain reaction<3):

The observation of HN@in reaction 1 at room temperature, at

HO, + NO— OH + NO, (1a) very low but measurable yield, even in the absence Hed
. us to extend the study to low temperatures. An increase of the
OH+CO—H+CG, 2) HNO; yield with decreasing temperature being possible, reaction
H+0,+M—HO,+M (3) 1b
Chain termination takes place mainly through the gas-phase HO, + NO+ M — HNO; + M (1b)

reaction

may become a significant sink of HQOH, HO,) in the upper
troposphere.

Reaction of HQ with NO is very important in atmospheric

hemistry because of its central role in the OH/MH®cycling

nd reduction of ozone depletion by K@ycles in the
stratosphere and in ozone production in the troposphere. The
importance of this reaction was demonstrated by Howard and
Evensof who carried out the first direct measurement of its
rate constant. Further studies covering atmospheric conditibns
established a negative temperature dependence of the rate
constant in the 183403 K range with a recommended value
of (8.8 + 1.2) x 10712 cm® molecule® s™1 at 298 K10 The
reaction is supposed to proceed via the formation of the excited
HOONO intermediate complex followed by rapid decomposition
to OH and NQ:

HO + NO + M — HONO + M ()

and the HQ radical wall loss. It was found that the chain length
decreases in the presence of water vapor and that the expecte
increase of HQwall losses may account for only some part of
the observed water effebiIt has been suggested that this effect
could be, at least partially, attributed to the reaction of the-HO
H,O adduct with NO yielding nitric acid, HN§) or peroxyni-
trous acid, HOONG. Recently, a detailed study of the phe-
nomena resulting in a chain termination provided additional
evidence that formation of nonradical products (e.g., HN@
the HG, + NO reaction in the presence of water is likely to be
responsible for the chain shortenifg.

The initial aim of the present work was to clarify this problem
by studying the possible formation of HNQOor its isomer

HOONO, as a minor channel of the H& NO reaction in
HO, + NO— HOONO** — OH + NO, (1a)
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HO, + NO + M — HOONO+ M
HO, + NO— HNO + O,

- . Ar—»
The upper limit for each of these channels was estimated to be ' ]

lower than 0.13% from the measurement of OH and,HO
concentrations as a function of reaction timéPat 1—3 Torr
and T = 271 and 303 K using a laser magnetic resonance

method. The predominance of channel 1a was confirmed by

Bohn and Zetzschwho obtained for the HO+ NO reaction

a quantum vyield of OH> 95% using time-resolved detection
of OH by CW UV-laser absorption & = 75, 375, and 750
Torr. They argued that stabilization of HOONO with possible
further rearrangement to HNO

HO, + NO + M — HOONO** + M —
HOONO+ M — HNO; + M

seemed to be unlikely at atmospheric pressures but could not

be excluded totally. In the recent work of Bardwell ef a.
(100 + 5)% yield of NO, was obtained using the chemical
ionization mass spectrometry (CIMS) technique. No stabilized

adducts or secondary product channels were observed within

the error limits of their study over the 18300 K temperature
range. Because of its atmospheric importance, the formation o
organic nitrates in R@+ NO reactions is a topic of intense
interest (see Discussion). It is interesting to mention that if the
HO, + NO reaction produces HNfIit becomes a part of the
family of peroxy radical reactions with NO that produce nitrates.
In the present work, the branching fraction and the kinetics
of nitric acid formation in the H® + NO reaction were
investigated by direct detection of HN®y CIMS at 298 K in
the absence and presence gfHand in the temperature range
298-223 K without HO. All the experiments were carried out
atP = 200 Torr of N, except a few ones in the range of 00
400 Torr as a test of the HNdormation mechanism.

2. Experimental Method

2.1. Main Reactor. The title reaction was studied in a high-
pressure turbulent flow reactor (HPTFR) coupled with an-ion
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Figure 1. Experimental setup: (1) ion source; (2) ion molecule reactor
(IMR); (3) temperature controller; (4) “turbulizer”; (5) injector; (6)
resistance; (7) liquid Ncooling bath; (8) discharge tube; (9) microwave
discharge; (10) sampling cones; (11) temperature sensors; (12) Fe
(SOy) sieves; (13) liquid Methanol cooling bath; (14) NO cylinder.

A T-type thermocouple inserted in the middle of the reactor
served as a temperature input of the controller. Two K-type
thermocouples were used to measure the temperature at both
ends of the reactor.

The NO flow rate was varied from 0.05 to 120 SCCM using

¢two TYLAN flow controllers; the corresponding concentrations

in the reactor were from 5.& 10 to 1.2 x 10'® molecule
cm~3. The tank grade NO (AlphaGaz N20) passed successively
through three ethanol/liquid N\tooled traps and an iron sulfate
filter to remove NQ and heavier nitrogen oxides. R= 200
Torr, detection of HN@ from reaction 1 was complicated by
the secondary reaction 5:

OH+ NO,+ M — HNO; + M (5)
To suppress this reaction, OH radicals were scavenged by high
concentrations of NO or cyclohexane.

Cyclohexane entered the reactor with the He flow passing
through the trap with liquid €4, (Riedel de Ham, > 99.5%),
which was preliminarily purified in several freezpump—thaw
cycles. Water vapor in experiments at 298 K was introduced
into the reactor together with a part of Now bubbling through

molecule reactor and a quadrupole mass spectrometer (Figurgyistilled H,O in the stainless steel reservoir of 25 cm height.
1). The pressure in the reactor (Pyrex tube of 2.4 cm i.d.) Was The reservoir was placed in the cryostat maintained at a constant

200 Torr; flow velocity of N carrier gas was about 17 m/s.
The total flow through the reactor was up to 96 SLPM. Mixing
and flow conditions were determined by a Reynolds number of
Re ~ 7300, which ensured fast turbulent mixing of reagents
and a flat radial velocity profile. A detailed description of the
experimental setup is presented elsewhENO was introduced
into the reactor upstream of the tip of the movable injector of
1.1 cm i.d. which served as a prereactor for producing, HO
radicals from the Ht- O, reaction. H-atoms were generated by
microwave discharge in ajHe gas mixture in a quartz tube
of 0.6 cm i.d. concentrically connected with the injector. He
(Alpha Gaz 2) was purified by passing through the molecular
sieves cooled by liquid N Concentration of molecular oxygen
(Alpha Gaz 2) in the injector (1.5 10' molecule cm?®) was
sufficient to consume the H-atoms entirely during th2 ms
residence time in the injector. Typical H@oncentrations in
the main reactor were {5) x 10! molecule cm?3. The
maximal distance from the injector tip to the orifice of the inlet
cone of the ior-molecule reactor was = 50 cm corresponding

to a reaction time of ~ 30 ms. The cooling of the reactor was
achieved by immersing a metal coil with the carrier gas into a
Dewar vessel filled with liquid nitrogen. The temperature was
regulated using an RKC Instrument CB100 digital controller.

temperature of 19C. Assuming that the partial water pressure
in the flow was equal to the saturated vapor pressure, the
estimated water concentration in the reactor varied from 1
106 to 1.17 x 10 molecule cm?.

2.2 Chemical lonization. The ion—molecule reactor (IMR)
consisted of a stainless steel tube of 4 cm i.d. and 40 cm length
situated perpendicular to the chemical reactor. Ar (Alpha Gaz
2) was used as a carrier gas in the IMR at a flow rate of 2.2
SLPM and pressure of about 1 Torr. This gave an average flow
velocity of 44 m/s and a reaction time of the order of 4 ms.
The carrier gas was purified by passing through liquictbbled
traps. Electrons were generated by electrical heating of a
thoriated irridium filament. Primary Arions were produced
by electron bombardment. §RAIpha Gaz N37) was introduced
into the IMR downstream of the filament. The SFegative
ions were produced by attachment of thermalized electrons to
Sk.

Two chemical ionization methods were used to detect
HNOs: at m/e 82 using the fast ionmolecule reaction 1i as
suggested by Huey et &F,

SF,” + HNO, — [NO,-HF] + SF, (1i)
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and atm/e 186 using reaction 2i originally described by Huey
and Lovejoy!3a
Sik; + HNO; — [SiF; *HNO4] (2i)
the latter being used for HNatmospheric measureme#s.
SiFs~ ions were produced by fast transfer reaction 3i when SiF
(Air Products 99,94%) was added to ftow:
Sk, + SiF,— Siky + SK (30)

However, at low pressure in the ion molecule reactor, the
sensitivity to HNQ using Sif is substantially lower than that
using Sk,1%132and this detection method was employed in our
study only in order to prove that the signal observed as a product
of 1b corresponds to HNO

OH (m/e 17), NG, (m/e 46), and Q (used to test the system,

m/e 48) were ionized by the charge-transfer reactions with
SF5_212'14

SF,” + OH— OH + SF, (4i)
SF,” + NO,— NO,” + SF, (5i)
SR, +0,— 0, + SF, (6i)

HO, radicals could be detected e 140 using reactioft

SF, + HO,—[SF,+O,] + other products (71)
In this work we also show that HONO can be detectedvat
66 andm/e 170 using reactions (see also ref 11, Figure 8)

(8i)
(9)

The relative sensitivities were approximate}NO,):S(OH):
SHNO3):SHONO) = 1.0:5.5:4.5:3.0 with Sf. The Zr detec-
tion limits for integration time of 20 s were 3.2 10° (NO,),
2.5 x 108 (OH), 2.5 x 10 (HNO3), and 2.3x 108 (HONO)
molecule cm® using Sk~ and 5.6x 10° (HNOs) molecule
cm~3 using Sik™.

2.3. Calibration of Signals. 2.3.1. N@. The NG, signal from
reaction 1 was calibrated by introducing known concentrations
of NOs into the reactor. The NOflow rate was determined
from measurement of the pressure drop in a known volume
when a preprepared NBle mixture was passing into the reactor
via a regulating valve. The mixtures were prepared by mixing
either NO or gaseous NQMATHESON) (60-100 Torr) with
O, (1 atm) in a glass flask which was kept for 1 day and night
to allow NO to react with oxygen. Then, N@vas purified by
condensation at liquid Ntemperature and pumping away the
excess Qat a pressure of about 50 Torr. He, purified by passing
through the liquid N cooled trap with molecular sieves, was
added into the flask to get a total pressure slightly over 1 atm
to obtain a 1% N@He mixture in one flask and-712% mixture
in another one. The 1% mixture was used to calibrate OH
radicals. The presence of,®, dimer in the NQ mixture was
taken into account in the calculation of N©oncentration in
the reactor. The signal intensity awe 46 showed linear
dependence on the measured NIOw in the [NO,] = (0.02—

3) x 10" molecule cm?® range in the main reactor. When the
NO,/He mixture was introduced through the movable injector,

SF,” + HONO— [HF-NO, ] + SF
SiF;~ + HONO— [SiFs -HONO]
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Figure 2. Calibration of OH radicals from H- NO; reaction measuring

NO, consumption (a) and calibration of HN@om the OH+ NO;
reaction measuring OH consumption (b).

the injector wherl. was changed from 3 to 50 cm, confirming
the constant N@concentration over the reactor cross section.

2.3.2. HG,. HO; signal was quantified during the HO+
NO reaction at sufficiently high NO concentration, when all
HO, radicals were converted to NOThe reaction channel with
HNO; formation may be neglected for the purpose of HO
calibration.

2.3.3. OH Determination of the concentrations of other
species involved in the study was based on &ibration using
the fast reaction 7 followed by reactions 4 and 5

H + NO,— OH + NO @)
HO + NO + M — HONO + M (4)
OH + NO, + M — HNO, + M (5)

with the rate constantis, = (3.0 & 0.5) x 1071216 andks =

(6.4 £ 0.4) x 10712 cm® molecule’? s71 at 298 K and 200
Torr” NO, was introduced into the main reactor upstream of
the H-atoms injector. At low N@ concentrations and short
reaction times, reactions 4 and 5 can be ignored and calibration
of OH radicals can be done by measuring NfOnsumption at
different NG, flow rates. In this cas&[OH] = A[NO_]. At t

~ 5 ms the linearity between the OH signal intensity and,NO
consumption holds up to [N~ 2 x 10'2 molecule cm?
(Figure 2a).

2.3.4. HNG;. A direct calibration by preparing a standard
synthesized sample of HN@vas not successful because of the
difficulties to introduce HNQ into the reactot® Linearity of
the mass spectrometric signal from the 5% mixture of HNO
vapor in He introduced into the reactor was not reached even
for the largest available flow rate corresponding to [HIN&

5 x 10" molecule cm?®. That is why calibration of HN@was
made by producing HN@iIn situ via reactions 7 and 5. Time
profiles of NG, and reaction product concentrations are pre-

the mass spectral response did not depend on the position okented in Figure 3. In this example the initial concentration of
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H + NO, reaction system

NO,: 10

Concentration (x 1 02 molecule cm3)

Time (ms)

Figure 3. Concentratior-time profiles of the species in the H NO,
reaction. Solid curves are the calculated profiles with initial concentra-
tions [NQ,]o = 1.5 x 10" and [H}p = 9.0 x 10'* molecule cm?d.

NO, (1.5 x 10 molecule cm?3) was sufficient to consume
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uncertainty was within 10% including the experimental errors
in the measurement of signal intensities.

Additional possible uncertainty is connected with a branching
in reaction 5. According to recent studies of reaction 5, at 200
Torr and 298 K, formation of the HOONO isomer must be
considered since the branching ratio of channel 5b might be up
to 22%319-21

OH+ NO,+ M — HOONO+ M (5b)
Although these data are in disagreement with those from other
studies [e.g., 22, 23] where HOONO was not observed by IR
spectroscopy, or with a LIF stuéyconfirmed by a priori
calculatio?® where extremely high pressures were needed for
detection of HOONO, this possibility cannot be ignored. It was
suggestett-2426that the isomer is a long-lived molecule, which,
then, might be detected in our experiments. The rate constant
of reaction 1li is close to the calculated ADO (average dipole
orientation) collisional rate constakt.So, the sensitivity for
HOONO with detection using S$F is expected to be either
similar or less than that for HNOIf HOONO is detected with

most of the OH radicals. Figure 2b shows the dependence ofsimilar sensitivity as HNg the HNG; calibration would not

the HNG; signal intensity on the change of OH concentration

be perturbed. If it does not give a signalrafe 82, the HNQ

at reaction times between 4 and 22 ms obtained from the dataconcentration would be overestimated. Hence, the uncertainty
presented in Figure 3. First, the OH signal was calibrated asin the knowledge of whether the iemolecule reaction of
described above. The dependence is linear and allows us tod#/OONO with Sk~ can produce the NO-HF ion increases
determine the sensitivity of the mass-spectrometric detectionthe lower uncertainty limit in the HN©calibration to ap-

for HNOs. In principle, to determine the branching ratio of
reaction 1 we do not need absolute sensitivities for, @d
HNO;s but only its ratio, which is directly provided by reaction
5. Yet, it is difficult to measure accurately small differences in
NO, concentration (Figure 3), and calibration by OH signal is
preferable.

The errors inherent to the HN@alibration using reactions
7—5 have been considered in detail. Figure 3 illustrates the

inaccuracies resulting from the incompleteness of reaction 5 and

unaccounted OH losses. At sufficiently high Bi€ncentration
and long reaction time, the OH radicals produced in reaction 7
are totally converted into HN§ and the HNQ concentration
could be calculated as [HNP= A[NO]/2. In such a case
HNO; can be calibrated without doing OH calibration. The
measured N@consumption at = 28 ms wasA[NO;] = 1.57

x 102 molecule cm3. Rough estimation of formed HNQ@jives
[HNOz] = A[NO,J/2 = 7.9 x 10 molecule cnm3. Account
for the nonreacted OH (9%) gives [HNJO= A[NO,]-(1—0.09)/
(2—0.09)= (7.5+ 1.3) x 10" molecule cm®, where the error
limits are defined by the noise of the NGignal. Using
calibration from Figure 2b, we obtain for the HNGinal
concentration a very close value of (30.4) x 10" molecule
cm3, where the error limits are thec2of the slope of the
calibration curve in Figure 2b. Simulation of the kinetic profiles
of the products shows that the errors in HN®libration using
OH signal is due mainly to the OH wall loss-$%), whereas
the OH+ OH and OH+ NO reactions account for another 4%
and 2%, respectively. The calculated time profiles withy[H]

9 x 10" molecule cm?® are shown in Figure 3. The reaction
scheme used to simulate the H NO, chemical system is
presented in Table 1. The wall losg, = 14 &+ 1 st was

proximately 30%.

2.3.5. Detection of HNQ Using SiF,. The sensitivities for
HNO;3; provided by both reactions 1i and 2i were determined
using the H+ NO; reaction system (see Figure 3). Concentra-
tions of Sk~ and Sik~ ions in the IMR were monitored at
their isotopic peakd'SF;~ (m/e 148; 4.4% of the major isotope
325FKs7) and?’Siks~ (m/e 124; 5.1% of the major isotoéSiFs™)
because of the possible saturation of the signals of the main
isotopes. First, absolute sensitivities were measured with SF
in the IMR as described above. They were (in units of molecule
cm3/cps) 6.6x 107 (NOy), 1.2 x 107 (OH), and 1.4x 107
(HNO3). The measured signal intensities are presented in the
first line of Table 2. NQ intensity corresponds to the absence
of reaction (discharge off), whereas Hili@Btensity corresponds
to the discharge onoff difference at maximal reaction time.
The second line in Table 2 shows the change of intensities when
SF, was added to SHlow to give approximately equal amounts
of the primary SE~ and Sik™ ions; the third line gives the
intensities measured in excess of SiFover Sk~. As the
concentrations in the main reactor were not changed, we obtain
a relative sensitivity for HN@detection with SE~ with respect
to Siks™ of 22.9+ 1.0. This ratio somewhat exceeds the one
expected from the corresponding ion molecule reaction rate
constantsk;; = (2 £ 0.7) x 1072 cm?® molecule’® s~112andky;
= (3.0 &£ 1) x 10719 cm® molecule* s~1,13 which can be
explained by the mass discrimination inherent to the instrument.
The obtained sensitivity ratio was compared with that obtained
in the HGQ, + NO system (see section 3.1).

2.3.6. Effect of HO on the Signal Intensities of HNG (m/e
82) and NG, (m/e 46). A change of signal intensity at several
masses includingve 46 and 82 was observed when water vapor
was introduced into the reactor. This effect was examined for

measured in independent experiments. As a rule, calibration of different conditions: (1) M carrier gas (background signals);

HNO3; was made using higher N@oncentrations ([Ng =
(1.6-2.5) x 10" molecule cn3), to get a faster completion of

(2) adding NQ and producing N@from Oz + NO reaction;
(3) producing HNQ@ from OH + NO, reaction. Figure 4 shows

reaction 5 and thus to decrease wall loss and, with lower H-atom the influence of different water concentrations on the intensity

concentration ([H]< 5 x 10" molecule cm?3), to minimize
OH loss by self-reaction. The resulting HNQalibration

of mass spectral peaks ate 46 and 82. The results can be
summarized as follows:
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TABLE 1: Reaction Scheme Used to Simulate the H NO, and HO, + NO Chemical Systems

J. Phys. Chem. A, Vol. 109, No. 29, 2008513

k (298 K, 200 Torr)

reaction number in text cm® moleculel st ref
I. H + NO, System
H + NO,— OH + NO ©) 1.3x 10710 16
OH+ NO; + M — HNO; + M (5) 6.4 x 10712 17
OH+ NO+ M —HONO+ M 4) 3.0x 1072 16
OH+OH+ M —H,0, + M 2.7 x 10712 16
OH+ OH— O + H,0 1.9x 10712 16
OH— wall 14 st this work
II. HO2 + NO (+CgHy2) System
HO; + NO— OH + NO, (1a) 8.8x 10712 10
HO, + NO+ M — HNO3; + M (1b) 1.6x 10714 this work
OH+ NO; + M — HNO; + M (5) 6.4 x 10712 17
OH+ NO + M — HONO+ M 4) 3.0x 10°%2 16
H02+ HOz—’H202+ Oz 1.7 x 10_12 16
OH + HO; — H, O + O, 1.1x 1070 16
OH— wall 14 st this work
HO, — wall 10st? this work
OH + CgHi2— CeHi1 + H0 (6) 7.0x 10°%? 51
CsHll + 02 +M— CanOz +M (8) 1.3 x 1011 29
CeHlloz + NO— CGHMO + NOZ (9) 5.6 x 1012 29
CsH1102 + NO — CgH1:0NO, 1.1x 10712 29
C6H1102 + NOZ - CﬁHnOZNOz 9.5 x 1@12 29
CeH1:0 — HC(O)(CHy)4CH (10) 6.3x 10*st 30
reactions 1+17: see text
TABLE 2: Detection of NO,, HNO3; and HONO Using lon—Molecule Reactions with Sk~ and SiF;~
intensity (counts per second)
conditions Sk~ SiFs~ NO;~ HF-NO3~ HNO3-SiF,~
in IMR m/e 148 me 124 m/e 46 m/e 82 m/e 186
I. H + NO; Reaction System; [N = 8.0 x 10*2 molecule cm?
only Sk 442 843 219 122 846 301794+ 522 n.o?
(6.6 x 107) (1.4 x 107)
[SiFs] ~ [SFs] 230 812 225 594 65 188 14 677 617
[SiFs7] > [SFs] 27 344 418 094 8949 1402 1316+ 47
(3.43x 10°)P
229+ 1.0¢
Il. H + NO; Reaction System; [N§ = 1.4 x 10" molecule cm?
only Sk 722 651 140 223 n.o.
(2.0 x 107)P (3.9 x 109)P
[SiFs] ~ [SFs] 423893 81542 3064
IIl. HO, + NO Reaction System; [NC¥ 9.3 x 10 molecule cm®
only Sk 21184 321+ 35 n.o.
[SiFs] ~ [SFs] 13 088 211 77425
[SiFs] > [SFs] 2096 28.2 155+ 3.3
20.7+£5.¢
IV. HO, + NO Reaction System; [NO¥ 9.3 x 10* molecule cm?®
only Sk 19975 129+ 10 n.o.
[SiFs] > [SFs] 1986 11.6 7.04£2.3
18.4+ 6.1¢

a“n.o.” refers to “not observable™ Values in parentheses below intensities are reciprocal sensitivities in molectiles® Ratio of sensitivities
for detection of HNQ with Sk~ and Sik™.

(1) NO, and background signal intensitiesnale 46 decrease  In principle, formation of nitric acid from kD and background
with increasing water concentration in the range @) x 106 NO; is possible on the walls of the reactor, IMR, or inlet tubes.
molecule cm?®. This decrease is explained by the general drop However, it was shown that HNQloes not leave the surface
of sensitivity when large concentrations of water are introduced and, hence, cannot be detected in the gas plidsés more
into the main reactor. Inspection of spectra showed that likely that the NQ~-HF ion is formed from the background
introduction of water results in a decrease ofgSHon NOs~ ion and HF molecules (or complexes) produced in the
concentration (nearly 30% decrease with@jl= 1.1 x 10v7 IMR in the presence of }O.
molecule cnt3). Although it is known that S§ ions react with
H20,%" the existing mechanism cannot explain such a large 3 Results
decrease of S& concentration, and this phenomenon needs
further investigation. 3.1. Detection of HNGQ Using OH Scavenging by NO.

(2) The signal of HNQ@ decreases in the presence oftH Figure 5 shows the changes of Bl@&hd HNQG concentrations
similarly to that of NQ. with the increase of the concentration of NO fromx110™ to

(3) The background signal ate 82 increases in the presence 9.4 x 10 molecule cnm®. The measurements were done_at
of H,0. There is no unambiguous explanation of this increase. = 45 cm (= 29 ms). As expected, N(@oncentration increases
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12000 TABLE 3: Branching Ratio, g8, for the HNO3s-Forming
11000 Channel in the HO, + NO Reaction at 298 K
mn—: mle 46 I. OH scavenging by NOy? = ks*[NOz]ioi/ka [NO]
—_ 9000 / \ [NO [NOZ]bgr A[NOz] [NOz]mt A[HNOg] ﬁ |82/|46 o2
2 % 5 0t 10t 10t 1o 108 % % %
g. 70:1)—- % 3.6 0.94 3.3 4.2 6.9 0.208 1.34 0.025
g h \ . 3.1 2.7 5.0 7.7 10.5 0.213 1.75 0.053
e} em). I\I 3.9 6.0 4.8 10.8 8.5 0.180 1.07 0.059
8 50m4 9.4 4.9 3.9 8.8 8.0 0.205 1.54 0.020
£ o] — 20 6.0 6.0 120 116  0.194 1.33 0.128
5 1 / 12.3 1.3 2.2 35 3.9 0.176 0.59 0.006
£ 30 mie 82 9.4 11 2.3 3.3 49 0216 070 0.008
2000 9.3 1.8 5.2 7.0 54 0.104 0.40 0.017
10:1)—- 6.2 14 57 7.1 7.5 0.133 0.50 0.024
1 6.2 5.0 8.5 13.5 12.2 0.143 0.60 0.046
0 A L L S L S I R B S | 7.0 3.1 14.4 17.5 16.1 0.112 0.52 0.053
o023 45 6 7 89 17 5.4 49 103 85 0.171 0.65 0.013
[H,01 (10® molecule cm™) 93 1.3 3.9 5.2 51 0129 057 0.012
Figure 4. Water effect on mass spectrometric signal intensities: added gg ég ‘llg 22 gg 8%39 8;2 ggﬁ
NO; (a), NO, produced in the @+ NO reaction (*), HNQ produced 108 07 13 20 17 0137 060 0004
in the OH+ NO; reaction W) and background atve 82 @O). ' ’ éverage: '0.16& 0.0'37 ’ ' ’
T T T T T o Il. OH scavenging by 6H12; 0@ = ks*[NO3]o/ke*[CsH12]
+
+) M0 oo ®0 00t o S ecte te [CeH1z [NOzJogr A[NO2] [NOgzJiot A[HNOz] S lgdllas o
Lot NO, ] 05 10t 10t 104 108 % % %
o’ 13.2 25 10.4 35 20.0 0.191 1.22 0.056
31 7 3.6 1.1 2.2 3.3 3.1 0.162 0.81 0.008

14.2 2.1 14 4.8 29 0.203 0.95 0.0062
average: 0.185 0.017

a o is the upper limit of the probability of HN©formation in the
side OH+ NO; reaction; concentrations are in units of molecule&m

Concentration (10 " molecule cm“")

determined from the yield of HN&n reaction 5, as discussed
above. In this way, systematic errors in the determination of
NO; concentration do not affect the obtained branching ratio.

INO] (10® molecule cm™) At[NO] > 5 x 10 molecule cm? the relative rate of HN®

Figure 5. Production of NQand HNQ in the HQ, + NO reaction as formation from OH in reaction 5 is less than= ks'[NOzJ/ks:

a function of NO concentration at 298 K. Dotted curves are separately [NO] = _1-6 x 1074, which is less than 10% of the measured
calculated for HN@from reactions 5 and 1b; solid curve is their sum. = HNOgz yield, and was neglected. The range of the measured
HNOs concentrations from reaction 1 was—B6) x 108

until the complete conversion of HBQo NO; in reaction 1a, molecule cm3, well above the HN@detection limit discussed

reaching a constant value of [N@= 3.9 x 10 molecule above.

cm3. The increase of HN©concentration due to reaction 5 A strong indication that the observed product is effectively
OH + NO, + M — HNO, + M ) HNO; was obtained from comparison of its detection sensitivi-

ties using SE~ and Sik~, with that for HNG. As the detection
limit increases strongly with switching from §Fto Sik™,
detection of the product from 1b with SfFwas made after a
careful optimization of the parameters of the ion source and

is followed by its decrease because of more important consump-
tion of OH in reaction 4 at higher [NO]

OH+ NO + M — HONO + M @) ion optics. This allowed us to attain the sensitivities of 2.0
10" molecule cm®/cps (NQ) and 3.9x 10° molecule cm®/

down to a constant nonzero level of [HNO= 8 x 108 cps (HNQ) when they were detected by reaction witheSF
molecule cm?3. The branching ratio for the HNg&forming These values were obtained from the calibration usirg NO
channel of the primary HO+ NO reaction was determined as  reaction with [NQ] = 1.4 x 10" molecule cm?® (see part |l
a ratio of concentrations of the formed HN®@ the formed in Table 2). When half of SF ions were converted to SiF,

NO,, B = [HNO3J{/[NO,Js = 2.05 x 103 at high NO the signals changed as in the previous experiment (part I). The
concentrations corresponding to the total consumption of OH signal intensities at/e 46, 82, and 186 measured in the course
in the reaction 4. Table 3 summarizes the measurements at 29®f the HQ, + NO reaction (discharge eroff difference) are

K in the absence of water. The experiments which have beenpresented in parts Il and IV of Table 2.

performed during a long period are placed in chronological — Part 1ll of Table 2 corresponds to [NO¥ 9.3 x 104
order. A change of the relative sensitivityAl4e) is clearly seen molecule cm® with incomplete scavenging of OH radicals. Here
after a change of the operating regime of the ion source. Thethe HNG; signal consists of the contributions from both
average value obtained from 16 experiments with excess NOreactions 1b and 5. The sensitivity ratio of this combined signall
is B = (1667049 x 1073 The indicated error is a combination  with respect to detection by $Fto SF~ is 20.7+ 5.0. Part

of the mean standard deviation & 0.32 x 107%) and the IV of Table 2 corresponds to [NG¥ 9.3 x 10' molecule cm3,
systematic uncertainty of the ratio of HN@ NO, sensitivities and the sensitivity ratio becomes 1846.1. The latter two
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values can be compared with the sensitivity ratio of 22.9.0 05 — T T T
obtained for HNQ. Although the error limits of the obtained l HO, + NO
sensitivity ratios are rather high, it is likely that only one and
the same compound is detected in the three cases.

3.2. Detection of HNGQ Using OH Scavenging by GH12. ]
Kinetic behavior of HQ radicals and the OH, NQand HNQ 0,2+
reaction products in the HOF NO chemical system with [NO] :
= 2.5x 108 and [HQ)] = 2.8 x 10X molecule cm?3 is shown
in Figure 6a. The measured concentrations well agree with the
results of the numerical integration presented by solid curves.
Reactions used in the calculation are listed in Table 1. The
changes in the kinetic curves shown in Figure 6b are a result of
the addition of about 4« 10 molecule cm?® of cyclohexane
to the reaction mixture. The most important change is the
increase of N@ concentration by more than a factor of 3.
Formation of extra N@is explained by the subsequent reactions
of the cyclohexyl radical, g1, in the presence of NO and

0,4 1

0,34

large concentrations of 3.3 x 10 molecule cnr3):

OH+ CiH,,— CH,;; + H,0O (6)
CH;; +O0,+M—CH,,0,+ M (8)
Ce¢H,,0, + NO— CH;,0 + NO, 9

Platz et ak® have shown that the cyclice8:,0 radical under
our conditions isomerizes to the linear HC(O)(§4€H, radical:

CeH1,0 — HC(O)(CH,),CH, (10)

The further oxidation mechanism of this radical in excess of

NO over NQ is the following3©
HC(O)(CH,),CH, + O, —~ HC(O)(CH),CH,0, (11)
HC(0)(CH,),CH,0, + NO — HC(O)(CH,),CH,0 + NO,
(12)
HC(0)(CH,),CH,0 — HC(O)CH,CH(CH,),CH,OH (13)
HC(O)CH,CH(CH,),CH,OH + O, —
HC(O)CH,CH(O0)(CH,),CH,OH (14)
HC(O)CH,CH(OO)(CH,),CH,OH + NO —
HC(O)CH,CH(O)(CH,),CH,OH + NO, (15)
HC(O)CH,CH(O)(CH,),CH,OH —
HC(O)CH,CH(OH)(CH,),CHOH (16)
HC(O)CH,CH(OH)(CH,),CHOH + O, —
HC(O)CH,CH(OH)(CH,),CHO + HO, (17)

Reactions with @ producing HQ compete with the isomer-

ization reactions 13 and 16. Termination reactions with NO and

NO; are not presented for simplicity. H@roduced in reaction

Concentrations (1 0'? molecule cm-3)

Reaction time (ms)

Figure 6. Concentratior-time profiles of the species in the HG-
NO reaction. (Bottom panel) In the presence gHE. Dotted curves
correspond to the absence of the chain (see text).

were that of reaction 9, and a 16% branching ratio for formation
of nitrates in reactions 9, 12, and 15 was accounted in the
calculation?® A value of k;; = 2.6 x 107 cm® molecule®
s twas taken for reaction 17 by analogy with the reactighl4
CHOH + O, — C,HsCHO + HO,.3! Dotted curves in Figure
6 were calculated with;7 = 0 and show concentrations in the
absence of the chain, with HN@nly from the primary step.
The branching ratio of reaction 1b can be determined as a
ratio of the HNQ to NO, produced in the initial period of
reaction 1 (Figure 6b). The four initial points from this
experiment give an average value of (1.4620.22) x 1073
Formation of HNQ in OH + NO, reaction even for the highest
NO;, concentration formed in this experiment was- ks [NO,]/
Ke*[CeH12] = 7.8 x 1075, which is less than 5% of the obtained
branching ratio. Table 3 presents results of the three experiments
with cyclohexane. The average branching ratio is (18517)
x 1073, in good agreement with that obtained from OH
scavenging by NO. A mean value of (0;/£89% from both
methods with error limits including uncertainty in the calibration
is recommended.
3.3. Detection of HNQ in the Presence of Water Vapor.
Water vapor was introduced in the reactor upstream of the

17 will regenerate OH through reaction 1 and, thus, creates ainjector position fixed at a distance of 50 cm. In one of the

chain, in which one H@molecule is produced per four NO

experiments, mass spectral response/a#t6 and 82 at different

molecules (this ratio can somewhat differ due to omitted water concentrations was measured with OH scavenging by

reactions). The increase of HN®ignal with time agrees with

cyclohexane. The initial concentrations in this experiment were

its supposed formation in the primary reaction 1. Solid curves [CeH1z] = 3.9 x 105, [NO] = 2.5 x 103, and [HQ] = 2.2 x
in Figure 6b were calculated with the rate constants given in 10'* molecule cm®. Bohm and Zetzséhdetermined that the
Table 1. As many rate constants in the cyclohexane oxidation rate constant of reaction 1 does not change in the presence of

are not known, assumptions were made. A value ef Z0~12
cm® molecule! s71 was used for the radicat O, addition

water which means that the concentration of the formed NO

in the predominant channel also does not change in the presence

reactions 11 and 14. The rate constants of the isomerizationof water. The observed NGignal decreased and background
reactions 13 and 16 were assumed to be the same as that oftn/e 82 increased in agreement with the calibration tests. The
reaction 10. The rate constants taken for reactions 12 and 15dependence of the branching ratiaykia on [H.O] was
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TABLE 4: Branching Ratio, g, for Formation of HNO 3 in the HO, + NO Reaction at 298 K in the Presence of Watér
. [CeH1z) = 3.9 x 10'5, [NO] = 2.5 x 10'%; A[NO;] = 1.3 x 10'2 A[HNO3] =8.0 x 1(8
0 1.4 2.8 4.3 5.9

[H.0] . . . . 8.1
B (%) 0.162 0.205 0.238 0.247 0.273 0.281
1. [NO] = 3.1 x 105, A[NO;] = 5.0 x 101
[H20] 0 1.09 2.33 4.55 5.95
B (%) 0.213 0.197 0.207 0.225 0.263
. [NO] = 6.2 x 105 A[NO;] = 8.5 x 10!
[H20] 0 1.07 2.26 3.71 5.39 6.86 7.62
B (%) 0.143 0.147 0.157 0.166 0.176 0.195 0.216
IV. [NO] = 4.5 x 105, A[NO,] = 3.3 x 10
[H20] 0 5.96 9.13 9.35 9.77 11.7
S (%) 0.208 0.295 0.343 0.310 0.328 0.393
V. [NOJ = 17 x 105, ANO;] = 4.9 x 10t
[H20] 0 . 11.0
B (%) 0.171 0.215 0.271
VI. [NO] = 9.3 x 10'5; A[NO;] = 4.6 x 10!
[H20] 0 5.07
B (%) 0.150 0.212
aConcentrations are in units of molecule cinwater concentration is in units of ¥ molecule cm?3.
20 r Q30 1,09
HO, +NO+H,0 T ¥t 09 HO, + NO
18- I 034 0,8—- iz
[ g o074 4
£ E §E o= g 06 L)
2 § S S 054
£ 14 L oo S o 7]
5 { % I @ £ 04 §§§ %
& g S ]
8 12 E F0216 O g 0,3-. §§
2 i § F R @ 02 §
ﬁ =~ T §
E 104 Q10 0,1 5 (a)
00 — T T T 7
08 0144
06 T T T T T T T T T T T 0108

0 2 4 6 8 0 ®
H,O concentration (1 0® molecule cms)

=
o
a1l

Figure 7. Water effect on the branching ratio of the Hj@rming
channel of the H®+ NO reaction. Different symbols denote separate
experiments.

-
1

determined from the ratio of the HN@o NO, signals assuming .
independence of the ratio of N@o HNO; sensitivities on the (b)

concentration of K. The results of this experiment are given —T T T T T T

in the first entry of Table 4. All other measurements presented 34 36 38 40 42 44 46

in Table 4 were done employing NO as an OH quencher. Figure 1000/T (K)

7 is a plot of the measured values f@fagainst [HO]. Each Figure 8. Temperature dependence of the branching ratio of the HINO
experiment from Table 4 is presented in different symbols. forming channel of the HO+ NO reaction (a) and Arrhenius plot for
Figure 7 shows thaf linearly increases with the increase of ko (D).

water concentration with the maximal increase by 90% a®H

_14 3 -1 -1
K4p (107 cm” molecule™ s™)

TABLE 5: Temperature Dependence of the Branching

= 1.17 x 10" molecule cm?. Ratio, # = kip/kis and the Rate Constantky, for HO, + NO
3.4. Temperature Dependence of the Branching Ratid:he Reactior?
branching ratio of reaction 1 at temperatures between 298 and 1 (k) B (%) ks (10719P ki (101

223 K was measured in order to determine the rate constant of

the HNGs-forming channel for conditions relevant to the upper ggg 8%8; 8:82 g:gi 1% ggi 82
troposphere. Three experiments were performed at a high NO 273 0.30+ 0.06 9.6+1.3 294 0.7
concentration of [NOF 9.3 x 10* molecule cm® and reaction 263 0.35+ 0.07 9.9+ 1.4 3.5+ 0.8
time from 15 to 30 ms. A constant pressure of 200 Torr was 253 0.41+ 0.07 10.3+14 4.2+ 0.9
kept in the reactor when the main flow was cooled. Figure 8a ggg 8-;& 8-8; ﬂi 12 g-gi 1-2
represents the obtained dependef(dg, while Figure 8b shows 223 0.874 0.08 110517 104% 17

the data in Arrhenius form. Different symbols denote separate
experiments. The cumulative results of these experiments are *Rate constants are in units of émolecule® s™. ® Reference 10.
given in Table 5. Nearly a 5-fold increase of the branching ratio

B was found when the temperature was lowered across this(10.4+ 1.7) x 10~ cm® molecule* st at 223 K. In the 223
range. It was found that the rate constant increases from300 K range the rate constant of the HNforming channel
kip = (1.6 & 0.5) x 107* cm® molecule® s™1 at 298 K to can be expressed as
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ky, = 6.4 x 10" exp((16444 76)/T) cm® molecule* s™* 0407
HO, + NO
0,35
The mechanism of HN©®formation explaining the obtained — 0,30
strong negative temperature dependencé;pfand its atmo- s
spheric impact are discussed below. o 0257
©
< 020
4. Discussion 2
‘£ 0,151
4.1 Other Possible Contributions to the Signal atm/e 82. é 010-
To assign the signal observedale 82 during reaction 1 entirely &
to the products of the gas-phase reaction, we had to verify that 0,05+
switching on the discharge did not lead to the appearance of 000 . . . .
other contributions to this mass peak. The possible causes of o 100 200 300 400
such contributions could be unknown processes in the IMR (ion Pressure (Torr)

§qurce), formation of nitric acid from the trace @ the Figure 9. Pressure dependence of the branching ratio of the HNO
injector, and reactions on the surface of the reactor. Different forming channel of the H9+ NO reaction at 298 K with [Hglo = 5

tests were done which showed that the discharge products dox 10 molecule cm3. The error limits correspond to systematic errors
not interfere with signal atve 82. In particular, this was checked  in the measurement of the signals and uncertainties in the calibration
for the discharge in He or #He flow, with or without Q in of the HNG; to NO; signal ratio.

the injector. As well, no change of signalrate 82 was observed ) )

in the absence of £flow through the injector with turning on ~ hence, the HN®© formation cannot be explained by the
the discharge in He or theHHe mixture when NO was flowing pqs§|blllty for radicals to reach the surface during the |n|t|all
through the reactor. Although formation of small amounts of Mixing process. We have performed a large number of experi-
O-atoms and/or OH radicals was sometimes registered in thements in which the influence of the injector flow rate on the
discharge of He flow, it means that possible oxygen and water Mixing of injector and main reactor components has been
impurities in He did not lead to formation of HNOIt also investigated. As a result of these experiments, we use the flow
means that possible formation of HY®om the trace back- rate which corresponds to the most homogeneous distribution
ground NQ (e.g., degassing of viton inlet tubings) was below at shortest reaction times. The experiments were performed with
the detection limit. stable species (NO, NQOs) as well as with radicals (OH, F,

Two mechanisms can be considered for the possible formation©®) being flowed through the injector. Accounting for the
of HNOj; on the reactor wall: (i) the diffusion of the radicals Nhomogeneous losses in the case of the radicals, the observed

(OH or HOy) to the wall and their conversion to HN®n the concentration profiles allow us to exclude the possibility of
surface and (ii) the transport of the radicals to the surface during "adical losses during the initial mixing process at the used
the initial mixing process. injector flow rates.

The former mechanism (i) can be excluded on the following ~ Another question is a possible contribution to the signal at
basis: the NO concentration in our experiments was higher than"Ve 82 from NG produced in reaction 1. This was tested using
10'6 molecule cm? corresponding to first-order reaction rates the reaction of ozone with NO yielding NOn situ under
higher than 1B s! for both OH and H@ radicals. The conditions similar to that used during the study of reaction 1
maximum wall loss rates observed in our experiments for these including maintenance of the same @nd H flow rates:
radicals were less than 15%s Comparing these rates, the

maximum vyield of any product of radicals conversion on the 0;+NO—NO, + 0, (18)
wall of the reactor cannot be higher thark21074, and hence,
this mechanism cannot be responsible for the observed @3 Reaction 18 was held in a large excess of NO, and different

yield of HNO; at 298 K. Another argument supporting the concentrations of N@were obtained by varying the ozone
unimportance of this mechanism is the pressure dependence otoncentration. No change of the background levema 82
the HNG; yield. Figure 9 presents the branching ratio measured was observed in the range of 0= 3 x 10115 x 10%?
in excess of NO at pressures of 100, 200, 300, and 400 Torr. molecule cm3. These experiments proved that formation of NO
The measurements were done at room temperature with [NO]in the reactor does not yield an increase of the signaleB2.
= (0.9-1.2) x 10* and [HQJo = 5 x 10 molecule cm?3. 4.2. Mechanism of the HNQ Formation and Theoretical
The results show positive linear pressure dependence incompatModels. The HOQ, + NO reaction is the first member of the
ible with the heterogeneous formation of HjlQJUnder the RO, + NO reaction family, proceeding via the ROONO
conditions of our turbulent reactor, the limiting process deter- intermediate with subsequent branching to RONO; or to
mining the rate of wall loss of the radicals is the diffusion of RONO, products. It is interesting to discuss the obtained
the radicals through the laminar layer near the reactor wall. As branching ratio for HN@ formation in reaction 1kjpkia =
the turbulent conditions in the reaction region are not stationary 0.18% at 298 K, in view of the existing experimestaf’ and
(that is the turbulence parameters are not constant along thetheoretical® *3 studies of the RON@yields from alkyl peroxy
reactor), the thickness of this layer cannot be easily estimatedradical reactions with NO. Table 6 shows experimental results
theoretically. However, assuming that the thickness is indepen-of the RONQ formation for smalh-alkyl peroxy radicals. Very
dent of pressure, the wall loss should be slower at higher small yields were observed for,@nd G nitrates. Starting from
pressures, and consequently, the yield of HNI® case of its Cs, the yield increases monotonically approaching a limit of
formation from radical conversion on the surface, would be ~35% at 298 K for larg@-alkyl peroxy radical$’ As has been
lower. already mentioned, formation of HNGON the HG, + NO
The latter mechanism (i) can be ruled out taking into account reaction has never been observed previously, and early ab initio
that in the HQ + NO + CgHi, system the radicals are calculations explained this by a high barrier for isomerization
regenerated along the length of the entire reaction zone, andof HOONO to HNQ.
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TABLE 6: Literature Data on RO , + NO Branching Ratios for RONO, Formation, £, from the Product Studies at 100< P <

200 Torr
RO, detected

reactant A(M) T,K A T,K P, Torr products method ref
HO; 0.0018 298 0.0087 223 200 HNO HPTFR/CIMS this work
CH30, <0.03 295 100 CEDNG;, HPTFR/CIMS 32

<0.1 300 <0.1 193 106-200 CHO,, NO, HPTFR/CIMS 33
CzHsO, 0.006 298 0.02 213 100 HsONO, HPTFR/CIMS 34
C3H70, 0.006 298 0.02 213 100 387;0NO, HPTFR/CIMS 35
CsH110, 0.038 327 0.068 284 155 s81:0NO;, PR/GC FID* 36

a Photoreactor and gas chromatography with flame ionization detection.

LY

OH+NO,

183

Energy (kcal mol'1)

-2

y

HNO

0
Figure 10. Energy diagram for H®+ NO system. TS2, transition
state for isomerization as calculated in refs 38 (a) and 39 (b); TS3,
transition state for isomerizatigf#?Other indicated energies are from
ref 44.

Figure 10 presents the energy diagram for the,HONO
system. Reaction starts with formation of the HOONO complex
bound by 26 kcal mol* as calculated by Li and Francisco at
the QCISD(T)cc-pVQZ level of theordf It is important that
the complex has two major conformations: cydis-structure
and nearly lineatrans-structure separated by a 16 kcal mol
barrier (not shown)trans-conformer lying ~3 kcal moi?
higher?1-22 The dissociation energy is 18 1 kcal mol1.21.44
This energy diagram is generic for the R® NO family, the
dissociation energy varying systematically, with H highestz CH
lowest, and Gand heavier R betweet Activated HOONO**
complex can unimolecularly decompose to @GHNO, (TS1)
or isomerize to HN@(TS2). A key parameter for the isomer-
ization/dissociation branching ratio is a barrier of the transition
state for isomerization (TS2). In the early study employing the
MP4SDQ/6-31G* method, the TS2 was found to lie 60 kcal
mol~! higher than HOONG? The calculation by Sumathi and
Peyerimhoft® and more recently by Lohr et &P,both using
the DFT B3LYP/6-31G-+** method, gave 39.0 kcal mol.
Calculation of Dixon et al. at the CCSD(T) level of theory gave
a substantially lower barrier height of 21.4 kcal mo#° In all

arises from thecisHOONO by O-O cleavage and involves
the hydrogen bonded CHONO intermediate which recombines
to nitric acid without a significant barrier. The obtained CBS-
QB3 barrier height is 1819 kcal mot™.

Even lower barriers were postulated for isomerization transi-
tion states in master equation studies of alkyl nitrate formation
in RO, + NO reactiont1*3 To simulate experimental results
acquired at different temperatures and pressures, the barrier
height had to be at least 1 kcal mélbelow the RO+ NO;
asymptotic energy. Then, correct pressure and temperature
dependences could be obtained. Specifically, it was obtained
that RONQ yields increase drastically with decreasing tem-
perature. Though in these works the yields were calculated for
R=CHjs and heavier reactants, the general consideration included
R=H. The important conclusion from both studie®® is that
the temperature effect is determined by the energy difference
between TS1 and TS3. Calculations of Zhao eaupport a
possibility that the isomerization barrier lies below the dissocia-
tion limit, which can explain the negative temperature depen-
dence for the HN@yield observed in the present study.

4.3. Mechanism of HNQ Formation in the Presence of
H,O and Chemical Amplifiers. To analyze the role of water
in the HG, + NO reaction, formation of H®H,O complex is
assumed:

HO, + H,0 < HO,:H,0 (19)
The geometry of HQH,O complex was determined at a high
level of ab initio calculatior® and presents a ring structure
with two hydrogen bonds of 6.9 kcal nt@l The equilibrium
constant for reaction 19 i€;9 = 3 x 107'° cm® molecule® at
298 K27 At water partial pressure of 3 Torr, [HEH,0]/[HO,]
= Ki9 [H20] = 0.036; i.e., about 4% of HEn the reactor are
in the form of the complex. It can be calculated that the observed
effect of approximate doubling the HN@ield in reaction 1
with 3 Torr of H,O can be achieved if the yield of HN@n the
HO,-H,O + NO reaction is as high as5%. Let us consider
possible mechanisms.

The NO approach from the side of any oxygen atom

these calculations the reaction path was a direct migration of ye|onging to HQ@ will most probably lead to elimination of

the OH group from oxygen to nitrogen trans-conformer via

water and formation of HOONO complex bound 26 kcal

a three-centered transition state. Although according to the lattery,1-144 gng probably a less energized HOONO complex than
calculation this transition state is energetically accessible, it {nat formed in reaction 1 because@®molecule can carry away

cannot explain a negative temperature dependendaycds

observed in the present work. A possible explanation of this

dependence can be found in the study of Dransfield &t al.
where the isomerization to HN@ia an OH+ NO, productlike
transition state (TS3) has been suggested. They propose that
TS3 the barrier to internal rotation lies below that of dissociation,

a part of the released energy:

HO,-H,0 + NO — [HO,NO-H,0]* — HOONO* + H,0
(20)
at
This case is similar to the catalytic role of water in the HO

and the species may rotate from an HOONO conformation to self-reaction, where an 4@ molecule helps to produce a less

an HONQ conformation and relax (dotted arrow in Figure 9).
Quite recently, Zhao et &.optimized the minima and transition

excited (HQ), dimer, increasing the rate of formation of®h
+ O, products?® Like in reaction 1, low-energized HOONO*

states (stationary points) on such reaction path using UCCSD-complex in reaction 20 can decompose to GHNO, or

(T)/6-31+G* and CBS-QB3 methods. In their study the TS3

isomerize to HN@. Then, the question is how the isomerization
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to decomposition branching ratio depends on the activation TABLE 7: Measured Concentrations of Speciesand Main
energy of HOONO complex. Recent theoretical studies of the HOx Loss Rates in the Upper Troposphere

RO, + NO reaction$!43suggest that decomposition dominates concentration (pptv)

at initial activation energy (HOONO**), but with a decrease

wHY . 95 ) species marine air continental air
of the excitation, dissociation rate constant will decrease more
rapidly than the isomerization rate constant, so that at low Sg 2'% (1)%
energies (below the dissociation limit) isomerization dominates. NG 49 443
Evidently, HOONO* activation is somewhere between the NO, 11 163
reactant (H@ + NO) and radical product (OH NO,) energy HNO; 44 130
limits, and we observe a change of the branching ratio from HONO, 40 63
0.18% '(dry case) tgvS% (pqrticipation of HO). Explicit . rate constafit loss rate molecule
galculaélqns of t_hetmlcrocar;omctal rat]fz consta?ts I;o:r Segfgposr HO, loss e molecule® s em-3s
e e Ml leretd/ O™ o —horo. 1si10n  i2riy 28:10
A " . ) HO,+HO, — H,0, 4.2 x 10712 1.6x 10 89x 1(?
As an alternative mechanism, it was suggested th#@® H  oH + HO,NO, — 6.4 % 1012 22% 10 35x 10°
promotes production of HN&In a peroxy radical amplifier by H,0+NO+0;
lowering the rearrangement barrfer: OH+NO; — HNO; 7.4x 10712 71x10¢ 1.0x 10
OH+ HNO; — 5.8x 10713 22x 1% 6.6x 1
HO,:nH,0 + NO — HONO, + nH,O (22) H20 + NO;
Total: 3.1x 10¢ 1.8x 10
HO, + NO — HNO;3 1.0x 107%® 20x 10®0 4.3x 10

The mechanism wlth =2 was deve.loped to explain a quadra}tlp HO, + NO — HNO. 6.4 23
decrease of chain length with the increase of relative humidity (o, of total loss)

found in that study. However, this disagrees with our results
giving linear dependence of the HN@eld on water concentra-
tion. Generally, mechanism of such concerted isomerization with

n =1 can be imagined assuming a seven-membered transition ¢ gjyation can be different in the upper troposphere, due

state, an_d _a_ldditic_)nal ab initio calculations are needed to test; the much higher values of the [NOJ/[Nratios and of the
this possibility. Michele et al. also reported a linear decrease of oo constant of reaction 1b at low temperature. Considering

the chain length in the radical amplifier in the presence of wet o T at an~10 km altitude with typical conditions E 223

air.2 They calculated that a rate coefficient of about 7.0~ K and P= 260 Torr, we have used concentrations data of the
cm® molecule™® s * for the second-order reaction of the O goNEX campaigH to compare reaction 1b with the known
H20 adduct with NO giving a nonradical product would explain 5 1oss processes. Table 7 contains the results of the aircraft
their observations. Since the H@ NO reaction rate does not .o« \rements for low-N@marine) and high-N@(continental)
change in the presence of water, it meanslathat the r?;W'redatmospheric regimes as well as calculated rates for the most
tirar;chlng_ rat_|d<20/kla_shou|d _be about & 10 0/8'8 x 100 important reactions leading to the loss of H@e see that

= 8% which is consistent with our value 6f5%. reaction 1b contributes 23% of the total KIOss for high-NQ

_ 4.4 Atmospheric Implication. Channel 1b forming HN® . itions. Even in the low-NQregime with predominant loss
in the HQ, + NO reaction becomes a new potentially significant .2 he OH+ HO, and HG + HO, reactions, the HO+ NO

loss process for the HROH, HQ,) radicals in the atmosphere. |,q5 hathway is not negligible and amounts to about 6% of the
In the troposphere the OH and H&dicals are recycled through

aFrom the SONEX aircraft campaigi (= 223 K andP = 260
Torr)%° P Rate constants are from ref 10This work.

X total loss.
the reactions In conclusion, the HN@forming channel of the HO+ NO
OH + CO, CH, NMHC + O, — HO rt_aac.ti.on observed for the first time in Fhis work c_oulpl be a
H 2 2 significant HQ loss process in the UT with a potential impact
HO, + NO— OH + NGO, (1a) on ozone production. The impact of this reaction will be less

in the lower troposphere.
and reaction la leads to ozone formation through photolysis of

NO; and further reaction of the formed O-atoms with Bence, Acknowledgment. The study was performed partly in the
the HQ, loss processes reduce ozone formation [e.g., 49].  frame of the SCOUT-03 integrated EU project. The authors
In the lower troposphere the major KIDss under NQ“rich” are grateful to Dr. Gerard Laverdet for discussions on chemical
conditions is reaction amplifier measurements and technical help in experiments.
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