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The kinetics of the reaction Ol@ NO were studied by pulsed laser photolysis/time-resolved cavity ring-
down spectroscopy, yielding(235-320 K) = 7.6™0_3; x 1071 exp[(60A-128)/T] cm® molecule® s
Quantum calculations on the OI® NO potential-energy surface show that the reactants form a weakly
bound OIONO intermediate, which then dissociates to the products ND,. Rice—RamsbergerKasset-

Markus (RRKM) calculations on this surface are in good accord with the experimental result. The most
stable potential product, IONOcannot form because of the significant rearrangement of OIONO that would

be required. The reaction OI® OH was then investigated by quantum calculations of the relevant stationary
points on its potential-energy surface. The very stable HOtOlecule can form by direct recombination,

but the bimolecular reaction channels to H® 10 and HOI+ O, are closed because of significant energy
barriers. RRKM calculations of the HO®ecombination rate coefficient yiekleco= 1.5 x 10727 (T/300

K)~393 cmf molecule? s72, Kec = 5.5 x 10710 exp(46M) cm® molecule! s, andF, = 0.30. The rate
coefficients of both reactions are fast enough around 290 K and 1 atm pressure for these reactions to play a
potentially important role in the gas phase and aerosol chemistry in the marine boundary layer of the atmosphere.

Introduction reaction 1 indicates that the lifetime of OlO during the day must
be less than about 140 s.

There appear to be two possible explanations for this absence
of OIO during daytime. First, it could photolyze following
absorption in the strong bands between about 470 and 610 nm.
Although there is some experimental evidence for photoffsis,
we have recently shown that absorption leads to internal
conversion into the highly vibrationally excited ground state
rather than dissociation, so the quantum yield for photolysis is
probably much less than 10% at 562 #hiNevertheless, a small
probability of photolysis, integrated over the absorption bands,
could still account for the removal of OIO during daytife.

A second possibility is that OlO is removed during daytime
by reaction with radicals that have marked diurnal cycles with
daytime maxima, such as NO, OH, and 10. We have shown in
a recent modeling stud{that the recombination of 10 with

Observations of the iodine oxide radicals't®and OIG+
in the marine boundary layer have established the importance
of iodine chemistry in the lower troposphere. lodine can have
several major impacts, including the destruction of oZorie,
the activation of chlorine and bromine from sea 3$d8lthe
removal of nitrogen oxides in semi-polluted air massesd
the formation of ultrafine iodine oxide aerosok!

The major sources of iodine in the marine boundary layer
appears to be iodocarbons of biogenic origin such ag @htl
CHal,, which evade from the ocedfand b, which is released
from macroalgae exposed at low tigiEollowing photolysis of
these species to yield atomic I, the iodine oxide radical (10) is
produced by reaction with £9The OIO radical can form either
through the self-reaction of 10

IO+10—0I0+1 Q) OIO to make 4Os is probably a major pathway for the removal
] ) 1514 of OlO in environments where there are significant daytime 10
which has a yield of around 360%,'* or through the  concentrations, in particular, when there are large emissions of
reactiort® I, from macroalgae. In contrast, the reactions of OlO with NO
BrO + 10 — OIO - Br @) and OH may be important over the open ocean, where the source

flux of iodine precursors is lower. These reactions are the subject

Observations of OIO by the technique of differential optical ©°f this paper.

absorption spectroscop§yshowed that during daytime the OlO
mixing ratio was consistently below the instrumental detection
limit of ~3 parts per trillion (ppt, where 1 ppt 2.5 x 10
molecule cm?® at 290 K and 1 atm pressure), using a new
absolute cross section for Of®Since the daytime 10 mixing
ratio tends to be around 5 ppt? a steady-state calculation using
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The reaction between OlO and NO could proceed via several
channels

Ol0O+NO—10+NO, AH,=-70kImol* (3a)
(+M) —IONO,  AH,=—166kImol*  (3b)
—1+NO; AH,=-50kJmol*  (3c)
—INO+0,('A)  AH,=-10kJImol*

(3d)
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where the reaction enthalpy changes are calculated from ab initioto protect the cavity mirrors (RMI, Boulder: reflectivity
quantum theory described later in the paper. A fifth channel, nominally greater than 0.999 at 565 nm). The probe beam was
OIO + NO — INO; + O(D), is highly endothermicAHo = a Nd:YAG-pumped dye laser (Sirah Cobra) operating with
191 kJ motf?) and so is excluded from further consideration. rhodamine 6G dye, which provided a spectral resolution better
Note that if the reaction proceeds via channel 3a, this leads tothan 0.2 cm? (~0.006 nm) in the 578590-nm region. This
a null Os-depleting cycle with reaction 1, because the NO beam was steered into the CRD cell, after using a wedged quartz
produced will photolyze to generate O and henegg tBereby beam splitter to pick off portions that were directed into an |
canceling out the @removed by the | atom produced in reaction  fluorescence cell and a Coherent Wavemaster for wavelength
1. However ks would have to be significantly faster than the calibration. In the cell there was a 30-cm overlap between the
rate coefficients for the analogous reactions of BrO and'€®©  excimer and dye laser beams. The laser radiation leaking out
in order to account for the observed upper limit to the lifetime of the ring-down cavity was passed through a 485-nm cut-on
of OIO. For instance, in a very clean marine environment with filter and detected with a photomultiplier tube. The data were
[NO] less than 30 ppta would need to be greater thanl x displayed on a LeCroy 9361C digital oscilloscope (300 MHz
10~ cm® molecule* s™*. Although recombination to produce  pandwidth, 2.5 GS/s) and captured on computer by fitting each
IONO; is the most exothermic channel of reaction 3, this ring-down signal to an exponential decay. The fluorescence from
pathway involves significant rearrangement. the L cell and the wavelength measured by the Wavemaster
The reaction between OIO and OH could also have several yere recorded simultaneously. The ring-down time of the empty

channels cavity was also recorded so that the mirror reflectivities could
1 be used to normalize the raw spectra. The ring-down time for
OIO + OH (+M) —HOIO,  AH,= —204 kJ mol the empty cavity was typically, = 750 ns, indicating that the

(4a) mirror reflectivity was actually about 0.994%. This was routinely
. _ 1 recorded at the start of a set of experiments, and the standard
10+ HO, AHy = —25kJ mol deviation ofr, for an average of 10 laser shots was consistently
(4b) less than 1%.

— HOI + 02(1Ag) The absorption spectra of OIO were contaminated with |
1 absorption to some degree, even though the gas residence time

AH, = —128 kI mol~ (4c) was kept short (0-71.4 s at 20 and 70 Torr, respectively), and
the excimer laser was triggered at only 3 Hz to avoid the build-
where again the reaction enthalpy changes are calculated frorrup of I, from the fast recombination of | atoms in this
ab initio quantum theory described below. Unlike reaction 3, photochemical systeft.OIO was also monitored at 567.808
the recombination pathway in reaction 4 involves simple nm close to the peak in one of the OIO vibrational bahbst
attachment of the oxygen atom of OH to the iodine atom of 4t 3 trough in thezspectrum, to further minimize interference
OIO, to yield the most stable isomer of HOJQvhereas arecent  from |,. The time-resolved variation of the OIO absorption was
theoretical study of the 10+ HO, and HOI+ O, potential recorded using a scanned boxcar gate to trigger the dye laser.
surfaces has shown that these contain significant energythe paseline was recorded at long times after the excimer pulse

barriers?® Channel 4a is particularly interesting because this (up to 3 ms) and then the absorption monitored as a function
reaction oxidizes the iodine atom to tReb oxidation state, of time delay.

forming the iodate ion. This ion is often the major form of iodine .

in marine aerosols (where iodine is heavily enriched compared N I(:)or t_heﬂstudy O.f :ea:ﬁtlogsbj-br lll'lzgli'NaS a(:ﬁed to tze Q'Z b

to its abundance in seawater), but its source is unexpldined. thze g;(l d o:g:cgtiglno ofeOD) Fc,foauceo\l,v ?rsome?hgrolggenmy

F ti f HOIQ in th hase, foll db tak ) ; ’ .
ormaton o Qn the gas phase, followed by uptake on photolysis of NO, with H, or H,O, and also by the direct

sea-salt aerosol, might provide an important route. .
In this paper we will describe an experimental study of photolysis gf HO at2193 nm. OH V\{as then probed at 281.904
reaction 3 using a laser flash photolysis/time-resolved cavity "M [OHAZ — X4I), (1,0)] using a second dye laser

ring-down (CRD) techniqu# whereks was measured over a orthogonal to the excimer qnd CRD laser beams. The time-
range of temperature and pressure. The experimental results ar&eS0lved nonresonant laser induced fluorescence (LIF) at 307
then modeled using ab initio calculations on the relevant 312 nm [OH(&Z — X?I0), (0,0)] was detected by a photomul-
potential energy surfaces, combined with Riéamsberger tiplier after passing through an interference filter at 305
KasserMarkus (RRKM) theory. An attempt to study reaction NM and captured by a gated integrator.

4 was unsuccessful because the photochemical generation of The central section of the CRD cell, containing the reaction
OIlO also produced significant concentrations aflthe reactor, volume where the excimer and CRD lasers overlapped, was
and the $ + OH reaction then dominated the removal of OH. enclosed in an insulated jacket through which ethanol was
Nevertheless, theory is used to predict the reaction pathwayspumped through a temperature-controlled bath. This enabled
and to calculate a rate coefficient for reaction 4. Finally, the the temperature of the gases in the reaction volume to be varied

atmospheric relevance of both reactions is considered. between 235 and 320 K, as measured by a chreeimel
_ . thermocouple that could be inserted into the center of the reactor.
Experimental Section Materials. CFsl (99% pure, Fluorochem Ltd), N99.9999%

The experimental system for producing OIO and monitoring pure, Air Products), £(99.9999% pure, Air Products), and®
its concentration by CRD spectroscopy has been described(99.99% pure, Air Products) were used without further purifica-
previously*16 |0 was formed by reacting GFwith O atoms tion. NO (99.9% pure, Air Products) was distilled from 77 K
produced by the photolysis of ® at 193 nm using an ArF  to remove traces of NO MilliQ H>O was freezepump-
excimer laser (fluence in the ce# (0.8-2.4) x 106 photon thawed for several cycles in a glass handling line ag@ #apor
cm2). The reagents were diluted with,Njas, which flowed then made up to a known ratio in about 760 Torr of bath gas in
into the ends of the 1.45 m long CRD cell and acted as curtains a glass bulb.
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Figure 1. Typical OIO time profiles measured by CRD during the 25000
study of the reaction of OG- NO. Experimental conditions: (a) [NO] (®)
= 2.78 x 10" molecule cm?® and (b) [NO]= 8.94 x 10" molecule
cm3; [CRsl] = 1.34 x 10 cm3; [N,O] = 9.45 x 10 cm3; [Nj] = 20000 A
5.34x 10 cm™3; T = 300 K. The solid lines are model calculations,
which include a value foks of 6.0 x 1072 cm? molecule’ s~ obtained 15000
by fitting a single exponential to the OIO decay an appropriate interval iR
after the peak (see text). The concentration of OlO is derived from the <
model assuming a branching ratio for OIO formation from the 10 self- 10000
reaction of 0.32.
. 5000 4
Experimental Results
Figure 1 illustrates time-resolved profiles of the OIO con- 0 : . .
0.0 0.5 1.0 1.5 2.0

centration at low and high concentrations of NO. The OIO

absorbance measured by CRD was converted into absolute OlIO

[NO]/ 10" molecule cm™

concentration using our recently determined absorption CrOSSEigure 2. Plots ofk vs [NOJ: (a) measurements at 300 K and pressures

section of (1.5 0.18) x 10717 cn? at 567.93 nni* Examples

of 20, 40, and 72 Torr, where the data-sets at 40 and 72 Torr have

of OIO spectral scans between 558 and 578 nm using this CRDbeen offset for clarity; (b) measurements at 40 Torr and 235, 252, and

system are given in two previous papé&t3® Sufficiently high
levels of 10 were produced to ensure that OIO was formed
essentially within 10Qs. In all experiments where NO was
added, the removal of OIO was then dominated by reaction 3
and could be described at sufficiently long times after the peak
by the pseudo-first-order decay coefficient

K = kgt 1 ks [NO] )

wherekgi includes diffusion of OIO out of the volume sampled

by the dye laser and other removal processes (including reaction

of OlO with the small amount of NO generated by the excimer
laser through the reaction @) + N,O — 2NO). In these
experimentskgis varied between 1800 and 5000'sdepending

on the excimer laser fluence and reagent concentrations. This

ensured thaks[NO] > kgt As expected, the decays were well
fitted, after an appropriate time delay (280 us after the peak
of the OIO profile), by a single exponential form yieldikg
Figure 2 shows plots d&f vs [NO], along with linear regression
fits to the data. The slopes of these plots yikid Figure 2a
shows measurements &f at 300 K made at three different
pressures (20, 40, and 72 Torr), which demonstrate khat
independent of pressure within the experimental uncertainty.
Figure 3b shows a selection of plots over the range of
temperatures studied, illustrating thgthas a negative temper-
ature dependence. Table 1 lists the measuremenks a$ a
function of temperature and pressure.

The solid lines fitted through the time profiles of [OIO] in

323 K. The solid lines are linear least-squares fits through each set of
data.
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Figure 3. Arrhenius plot for reaction 3. The points are measurements
of ks with 20 error bars. The solid line is a linear regression through
these points. The broken line is an RRKM fit to the data, using the
potential-energy surface in Figure 4.

0.0032 0.0044

profiles very satisfactorily. The modeled absolute [OIO] is
obtained by assuming a yield of 32% for OIO formation in
reaction 11* The use of the model confirms that fitting the
decays after an appropriate delay to obtdiis consistent with
the removal of OlO at long reaction times being dominated by

Figure 1 are the predictions of a model that includes 38 reactionsthe large excess of NO in the reactor.

describing the chemistry in the reactéiThe model inputs are
the temperature, pressure, EIF[N 20], [NO], and the excimer
laser fluence measured in the reactor. By usegotierived
above, the modeled OIO profile describes the experimental

The model can also be used to examine the possible
interference of Ckradicals in the measurement kf CF; is
produced by the reaction of O with glFand, to a minor extent,
by photolysis of CEl at 193 nm. The predicted [GFreaches
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TABLE 1. Measured Rate Coefficients (r Uncertainties)
for the Reaction OlIO + NO as a Function of Temperature

temperature rate coefficienks pressure
(K) (107*2cm?® molecule s?) (Torr)
235 102+ 14 40
252 8.0+ 1.3 40
258 7.4+0.9 40
262 6.8+ 1.3 40
295 6.9+ 1.8 40
296 5.3+ 0.3 40
296 4.6+ 0.7 40
300 6.0+ 0.6 20
300 6.4+ 0.9 40
300 6.6+ 0.9 72
323 4.0+ 0.3 40

a maximum of~8 x 10" cm~3 about 20us after the excimer
pulse. We have shown previoukiyhat the exothermic channels
of a possible reaction between £&nd OIO would produce
CR0 + 10 or CROI + O. In both cases, 10 would result and
recycle back to OIO, thus not causing the rapid removal of OIO
that is observed. Furthermore, the recombination of &ifd
NO is quite rapid (7x 10712 cm?® molecule! s™* at 300 K and
40 torr Nb??). Thus, at the highest NO concentrations employed
here, Ck would essentially be removed within 158, which
would have distorted the single exponential decays of OIO if
CF; had a significant impact on the temporal behavior of OIO.
The other major byproduct in this system of OIO production
is atomic 1. We have shown receniththat in the absence of a

Plane et al.
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Figure 4. Geometries of stationary points on the O{ONO potential-
energy surface. The geometries are listed imatrix format in Table
2, and their relative energies are illustrated in Figure 5.

consistent with the observed removal rate of OH, sikEeH
+ 1) = 2.1 x 1071% cm® molecule s71.23

Quantum Calculations and Application of RRKM Theory.
Ab initio quantum calculations were carried out to explore the
reaction pathways of reactions 3 and 4. The hybrid density
functional/Hartree-Fock B3LYP method was employed from
within the Gaussian 03 suite of prografis;ombined with a

reagent such as NO, the recombination of | with OIO appears recently published basis set fofand the standard 6-334-

to control the rate of OlIO removal. i.ekgi in equation |I.

(2d,p) triple€ basis set for O, N, and H. Following geometry

However, the model indicates that [I] should have increased optimizations of the relevant points on the potential-energy
by only ~25% at the maximum [NO] used in these experiments, surfaces and the determination of their corresponding vibrational
so this would have had a minor effect &hand the determi-  frequencies and (harmonic) zero-point energies, energies relative

nation ofks. A final point is that the predicted [N§pproduced
in the reactor would have been about k210" cm™3 at the

to the reactants were obtained. Sporbit corrections of-17
and—5 kJ mol! were applied to the B3LYP energies of | and

maximum added [NO] and thus much too small to cause any |0, respectively. These were estimated by comparing the ab

measurable absorbance in the CRD signal at 567.8 nm.

Figure 3 is an Arrhenius plot for reaction 3. An unweighted
least-squares fit through the experimental data points yietds (2
errors)

ky(235— 320 K)=
760, x 10 " exp[(607:128)/T] cm® molecule * s *
Q)
The average rate coefficient at room temperatulg({@98 K)

= (6.0% 1.1) x 10712 cm?® molecule® s71, where the quoted
uncertainty of+18% is estimated by combining in quadrature

a 10% systematic error (comprising the sum of the uncertainties

initio and the experimental bond energies (at 0 K)adrd 1O,
which are taken as 148®8and 236.0 kJ mol.,2” respectively.

Figure 4 illustrates the geometries of the stationary points
on the resulting potential-energy surface of singlet spin multi-
plicity for the reaction OIGt+ NO; the geometries are described
in Z matrix notation in Table 2. Figure 5 shows the potential-
energy surface, and the ab initio rotational constants and
vibrational frequencies for the relevant stationary points and
asymptotes are listed in Table 3. For the reaction between OIO
and OH, the stationary point geometries and potential-energy
surface are shown in Figures 6 and 7, respectively.Zlimatrix
geometries are listed in Table 4 and rotational constants and
vibrational frequencies in Table 5.

Rate coefficients for the relevant channels of reactions 3 and

in the_ flow rates and total pressure) with a 15% standard 4 were then estimated from RRKM theory, employing a Master
deviation from the average of 6 room-temperature measure-Equation (ME) formalism with inverse Laplace transformation

ments.

When studying reaction 4, very rapid decays of OH (with
first-order decay rates between 8 000 and 16 00Y) were
observed when GFwas added to the $O/H, mixture. Since
the maximum concentration of OlIO was onhf x 102 cm3
(Figure 1), the removal of OH was clearly not dominated by
reaction 4. In fact, we have shown elsewhere tha produced

(ILT).28 Reaction 3 is assumed to proceed via the formation of
an excited adduct (OIONO*), which can either dissociate back
to OIO + NO, be stabilized by collision with the third body
(N2) to form the OIONO intermediate, or dissociate to the
products IO+ NO;, In the case of reaction 4, the excited adduct
(HOIOy*) can either dissociate back to Ol& OH or be
stabilized to HOIQ. For both reactions, the adduct energy was

by the recombination of | atoms in this system, perhaps divided into a contiguous set of grains (width 30 ¢y each

facilitated by the iodine oxides acting as chaperdfidsspectral
scan of the CRD laser in the 56675-nm region, at a delay of

containing a bundle of rovibrational states. Each grain was then
assigned a set of microcanonical rate coefficients for dissocia-

more than 1 ms after the excimer when all the OIlO has reactedtion, which were determined using ILT to link them directly to

away (Figure 1), enables theg doncentration to be measured.
The concentration was typically t8) x 10 cm3, which is

Krec, the high-pressure limiting recombination coefficiéhtl T
is particularly useful here becauke., can be estimated using
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TABLE 2: Geometries of the Stationary Points on the OIO
+ NO Potential Surface, Expressed irZ Matrix Notation

HOIO,
bond dihedral
molecule atom né. N1 N2 N3 lengttt angl¢ anglé . 3
OIONO | 1
(0] 2 1 1.83
(0] 3 1 2 2.01 105.5
N 4 3 1 2 1.51 111.9 85.7 TS2
(0] 5 4 3 1 1.15 109.4 —177.4
TS1 o1 )
O 2 1 1.83
(6] 3 1 2 2.04 107.6
N 4 3 1 2 1.51 116.7 0.0
(6] 5 4 3 1 1.15 108.7 180.0 3
TS2 | 1
o 2 1 1.92 TSI
(0] 3 1 2 1.93 63.1
N 4 2 1 3 3.11 541 163.5
O 5 4 1 2 114 1239 241 )
IONO; N 1 ;
(0] 2 1 1.20
O 3 1 2 1.20 1313 ' 3 '
(e} 4 1 3 2 1.45 110.5 180.0
| 5 4 1 2 2.03 117.3 0.0
a Atom number, see Figure 6Between atom and N1, in angstroms.
¢ Between atom, N1 and N2 Between atom, N1, N2, and N3. HOOIO
300 TS3
IONO + O('D)
250 1 < T52 Figure 6. Geometries of stationary points on the O¥30OH potential-
energy surface. The geometries are listed imatrix format in Table
200 + 4, and their relative energies are illustrated in Figure 7.
< 150 150
S TS1
S 100 - . 1004 e
N g 50
> 50 2
2 N
2 0 <)
_g o -50
g 50 > 100
5 OIONO — 1*NO, g )
100 1 X g 150 ] | HOT + 0,('a)
& 00 1
-150 L HOIO, AT, 5,
“ToNG, -250 2
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Reaction coordinate

Figure 7. Potential-energy surface for the O OH reaction. The
geometries of the stationary points are illustrated in Figure 6.

Reaction coordinate

Figure 5. Potential-energy surface for the O NO reaction. The
geometries of the stationary points are illustrated in Figure 4.

. . .
long-range capture theory, assuming there are no energy barrier%0 a typical value for Mat 300 K of 250 crm™.* The collision

for these radicatradical reactions. For reaction 3, this is redquency between the adduct angwas calculated using an
dominated by the dipole of OIO (3.89 D at the B3LYP/6- intermolecular potential described by the parameters 3.5

: - - - A and e/k = 350 K. To use the ME to simulate irreversible
311+g(2d,p) level of th d dipol NO (polar- o .
izabili%(/ :pi]ez(e 100_248(?[%;;2 'Il'Jt?(Ian%iSol Ip(i)nzdr(]:ed di(p[))(())I:r stabilization of the adduct, an absorbing boundary was set 50

capture rat® is then kec, = 2.7 x 10710 exp(—46/T) cn? kJ mol® below the energy of the reactants, so that collisional
00 . . - .
moleculel sL. For reaction 4, the dominant long-range force energization from the boundary to the threshold was highly

is between the dipole of OIO and that of OH (177D This improbable. The absorbing boundary is used to limit the size
results inkrecs = 5.5 x 10710 exp(46T) cn? moleéulel 51 of the matrixes involved in the RRKM calculation; for both
P . )

reactions, it was verified that the resulting rate coefficients were
essentially independent of the depth of the boundary when this
was raised by 20 kJ mol.

calculated using a recent implementation of long-range varia-
tional transition state theo@}.

The density of states of the adduct was calculated using a
combination of the BeyerSwinehart algorithm for the vibra-
tional modes (without making a correction for anharmonicity)
and a classical densities of states treatment for the rotational Reaction of OIO with NO. The OlO+ NO potential-energy
modes®2 The ME describes the evolution with time of the adduct surface is illustrated in Figure 5. It should be noted that
grain populations. The probability of collisional transfer between theoretical calculations on some sections of this surface have
grains was estimated using the exponential down mBadhere been published recenthyj;34with which the present study is in
the average energy for downward transitio@s[down, Was set good agreement. The most exothermic potential product is

Discussion
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TABLE 3: Calculated Vibrational Frequencies, Rotational Constants, and Energies of the Stationary Points and Asymptotes on
the OIO + NO Singlet Potential-Energy Surface

species vibrational frequencfes rotational constants potential energy
OIO + NO 273, 809, 831 and 1955 18.31, 7.05, 5.09 and 51.41 0
OIONO 73,152, 188, 235, 388, 477, 800, 848, 1811 9.36, 1.42, 1.29 —55
OI-O-NO TS1 —126, 117, 147, 226, 347, 457, 787, 823, 1787 8.72,1.45,1.24 —28
10 + NO;, 648 and 762, 1382, 1672 9.84 and 241.3, 13.05, 12.38 —-70
IONO, 114,177, 366, 588, 728, 753, 826, 1311, 1703 12.36, 1.305, 1.180 —166
| + NOs 254, 267, 805, 1103, 1112, 1126 13.85, 13.82, 6.918 —50
IONO + O 170, 385, 407, 784, 853, 1649 16.89, 2.20, 1.94 101
ON-1-02 TS2 570,54, 101, 150, 181,411,579, 716, 1870 7.14,1.84,1.45 254
INO + O(*Ay) 240,517, 1857 and 1629 86.77,2.80, 2.71 and 43.28 —-10
2In cmL In GHz. ¢In kJ mol?, including zero-point energy and spiorbit coupling of | and 10 (see text).
TABLE 4: Geometries of the Stationary Points on the OlO 10.5 kJ mot? to be 17.5 kJ mai! below the reactant energy.
+ OH Potential Surface, Expressed inZ Matrix Notation The RRKM calculation now reproduces both the absolute
bond dihedral magnitude oksz and the small negative temperature dependence.
molecule atom nd. N1 N2 N3 lengttt anglé angle If the barrier height is not raised, then the only way to match
HOIO, H 1 ks is to reducekiec. For instance, the experimenta(240 K)
) 2 1 0.97 can be calculated by reducing.. by a factor of~20 from
I 3 2 1 1.96  109.3 the dipole-induced dipole capture frequency. However, there
6 4 3 2 1 179 1019 558 gre no obvious reasons for doing this; furthermore, the RRKM
TS1 C|_)| 51 8 2 1 179 1019 -558 calculation then predicts thd has almost no temperature
o 2 1 0.97 dependence, so that the rate constant is 70% higher than the
| 3 2 1 203 110.2 experimental value at 320 K. With the higher barrier, the
0 4 3 2 1 193 1454 59.4 OIONO* energized adduct most likely dissociates back to OIO
o S5 4 2 1 205 565 —438 and NO at these pressures, rather than being quenched to
Ts2 H 1 OIONO or dissociating over the barrier to ¥© NO,.
o] 2 1 0.97 . ) .
o 3 2 1 203 1215 Figure 8 |IIu_st_rates the calculated rate coef_f|C|ents for the
| 4 3 2 1 1.83 823 —130.6 OIONO association and 1@ NO, atom abstraction channels,
0 5 4 2 1 181 109.6 90.4 as a function of pressure at 300 K. This shows that even at
TS3 & 1 atmospheric pressure (760 Torr), OIONO formation is almost
'C") % i 2 11'133 102.1 2 orders of magnitude slower. In any case, the barrier te-10
| 4 3 1 2 229 1019 -239 NO: is onI_y 40.5 kJ mot? aboye t_he _OIONO minimum, so
o) 5 3 1 2 270 603 —-9.7 that even if the adduct forms it will dissociate to & NO;
HOOIO H 1 very rapidly. Figure 8 also shows that the direct atom abstraction
) 2 1 0.97 channel has a very small pressure dependence, in accord with
c 3 2 1 144 101.3 the experimental measurements. For the purpose of atmospheric
'O ‘é ?é 22 11 %'.%Qé 11%)11'31 :22:% modeling, the recommended rate coefficient at 1 atm is

a Atom number, see Figure 8 Between atom and N1, in angstroms. _ —
¢ Between atom, N1 and N2 Between atom, N1, N2 and N3. k3(240 320K)

(1.1 0.4) x 10 2 exp((542:130)/T) cm® molecule* s™*

IONO,. However, this cannot form from the addition of OlO (D)
to NO, because a cyclic transition state of very high energy
would be required. The formation oft NOs is prevented for ~ where the uncertainties are consistent with the experimental
the same reason. The abstraction by NO of the iodine atom fromuncertainty (eq II).
OIO is exothermic, even if spin is conserved and INQO,- Finally, it is interesting to compare the rate coefficient of
(*Ag) is formed. However, this channel also has a substantial (6.0+ 1.1) x 1012 cm® molecule’t s~ measured here for OIO
energy barrier. The only reaction pathway at the temperature + NO at 300 K, with rate coefficients of 3.4 103 and 1.8
range of the present study is therefore association of OIO and x 1012 cnm® molecule? s~ at 300 K for the analogous reactions
NO to form a weakly bound OIONO adduct, which then for OCIOY and OBrO'8 respectively. Thus, the halogen dioxide
dissociates over a barrier to ©NO; (reaction 3a). This picture  + NO reactions become significantly faster down Group VI,
is consistent with the observed kineticks is independent of  in contrast to the reactions of the halogen monoxides with NO,
pressure over more than a 3-fold change in pressure, indicatingwhich all have rate coefficients of about 2 101 cm?
that recombination to OIONO or IONOs not important. The molecule! st at 300 K36
small negative temperature dependencep{eq Il) is also Reaction of OIO with OH. The potential-energy surface for
characteristic of a reaction that proceeds via a shallow complex.this reaction (Figure 7) shows that the formation of Het@n

When the RRKM theory described above was applied to occur by the simple addition of OH to OIO (reaction 4a),
reaction 3, the single adjustable parameter was the height ofpromoted by the substantial long-range attraction between the
the barrier between the OIONO adduct and the product$ 1O  large dipole moments of OH and OIO (see above). The predicted
NO; (Figure 4). The quantum calculations predict this to be 28 geometry of HOIQ, and its stability with respect to these
kJ mol! below the energy of the reactants O¥ONO, with products, are in good accord with another recent theoretical
an uncertainty of+16 kJ mof! at the level of theory study which focused on the reaction pathways of the, HO
employed® A satisfactory fit to the experimental data, as shown 10 reactior?® Experimentd’38 have shown that the rate coef-
in Figure 3, is obtained when the barrier height is raised by ficient for this reaction has a negative activation energy similar
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TABLE 5: Calculated Vibrational Frequencies, Rotational Constants, and Energies of the Stationary Points and Asymptotes on
the OIO + OH Singlet Potential-Energy Surface

species vibrational frequencfes rotational constanfs potential energy
Ol0+ OH 273, 809, 831 and 3707 18.31, 7.05, 5.09 and 558.7 0
HOIO, 74, 258, 274, 303, 589, 875, 905, 977, 3734 5.69, 5.36, 3.63 —204
HOOIO 77,212, 264,378,519, 796, 866, 1387, 3736 9.14,2.77,2.23 —68
HO—O—I10 transition state 436113, 264, 280, 327, 762, 798, 856, 3720 7.59, 3.32,2.90 46
10 + HO, 648 and 1167, 1436, 3604 9.84 and 619.1, 33.68, 31.94 -25
HO—1—0; transition state 615142, 231, 282, 522, 611, 737, 935, 3800 9.30, 4.02, 2.92 89
HOI + Oy(*Ay) 603, 1084, 3803 and 1629 623.9, 8.18, 8.08 and 43.28 -129

2In cm% In GHz. ¢In kJ mol?, including zero-point energy and spiorbit coupling of | and 10 (see text).

TN A modeling, the predicted rate coefficient at 1 atm pressure is
1010 ¥ 0lO + OH (+N;) - HOIO, L

k,(240— 320 K) =

"o 1011 ] [
" — 2.2 x 10 P exp(2431) cm® molecule* s (V)
3 107124 OI0O+NO — 10+NO; 3
2 We have considered three sources of uncertainty in this RRKM
E 100 (+Nz) > OION prediction: an uncertainty of 16 kJ mot 35in the calculated
& 10 ] binding energy of OIO and OH, &20% uncertainty in the
.~ lowest vibrational frequency of HOKO(Table 4), and an
1015 | [ uncertainty of£100 cnT? in [AEown By combination in
quadrature the effects of these uncertainties on the RRKM
10-16 . . . : . - - calculation, the estimated uncertaintylafin eq V varies from
100 200 300 400 500 600 700 +11% at 240 K to+22% at 320 K.
Pressure / torr The analogous reaction Ot OCIO has been studied in a

Figure 8. RRKM calculations at 300 K of the pressure dependences fast-flow tube3® A rate coefficient of 4.5< 10712 exp(804T)
of the atom abstraction and recombination channels of reaction 3 andcmB molecule! s™ was measured, and it was shown that the
the recombination channel of reaction 4. major product channel (at about 1 Torr pressure) was HOCI
0. A theoretical studif of the potential-energy surface of this
to the present result for reaction 3 (eq Il). The kinetic behavior raaction shows that the relevant barrier (analogous to TS1 in
of the HQ; + 10 reaction is interpreted as proceeding through Figure 7) is below the energy of the reactants, allowing the
the HOOIO (and possibly HOOOQI) intermediate and then pimolecular reaction to proceed. This is an interesting contrast
forming HOIQ; or dissociating to HOH- O,.20 with reaction 4.

In the case of reaction 4, however, there are significant ~ Atmospheric Implications. In the Introduction, we demon-
barriers to forming the possible exothermic products, HOI strated that field observations of 10 and OIO indicate that the
O(*Ag) and HQ + 10 (Figure 7). Thus, recombination to form  OIO lifetime during the day in the clean coastal marine boundary
HOIO: is likely to be the only major channel at atmospheric layer is less than 140 s. To gauge an upper limit to the
temperatures. The RRKM model described above was then usedmportance of reactions 3 and 4, first ignore photolysis of OIO
to calculateky, the recombination rate coefficient, over a range and recombination with 10 to formy®s. Taking our measured
of temperature (206400 K) and pressure {61000 Torr). The value forkz at 290 K, then the absence of detectable levels of
results were fitted to the Lindemann expression modified by a OlO (<3 ppt) could be due to the presence of more than just

broadening factoF 50 ppt of NO. Although there is not sufficient OH in the marine
boundary layer to control the OIO concentration through reaction
Keoe dM] « 4, a typical summertime average OH concentration during the
ky=——F"——F, day of 1x 10° cm~3would cause~5% of OIO to form HOIQ.
1+ kr:-z,JM] If H%IOZ wzs then removed only by uptaktla 03 aerosol, this
ecso would provide an important route to aerosol iodate.
where Conclusions
In this paper, we have explored the reactions of OlO with
K = 1 av) NO and OH. The rate coefficient for Ol® NO was determined
Kec dM] 112 experimentally and that for Ol& OH by RRKM theory using
[1 + ('09 1o(kr'—)) ] quantum calculations of the relevant points on the potential-
eceo

energy surface. The rate coefficients of both reactions are fast
o o enough around 290 K and 1 atm pressure for these reactions to
where the low-pressure limiting rate coefficiekibeo= 1.5 x play a potentially important role in the gas phase and aerosol
10°27(T/300 K)~*%cmP molecule ?s™*, and the high-pressure  chemistry in the marine boundary layer of the atmosphere.
limiting rate coefficient kreco = 5.5 x 10710 exp(46T) cm? In addition, these radicairadical reactions make an interest-
molecule! s71, are obtained from the RRKM calculation. The ing contrast. OO+ NO can form a weakly bound OIONO
best fit yieldsFc = 0.30, which is somewhat smaller than the  jntermediate, which then dissociates to the products-IRO,.
value of 0.6 often assuméé. However, the most stable potential product, IONEnnot form
The falloff curve for reaction 4a at 300 K is shown in Figure because of the significant rearrangement of OIONO that would
8; the reaction is predicted to be close to the high-pressure limit be required. In contrast, Ol& OH can form directly the very
at pressures above 20 Torr. For the purpose of atmosphericstable HOIQ molecule, but the bimolecular reaction channels
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to HO, + 10 and HOI+ O; are closed because of significant
energy barriers.
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