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The absorption cross-section and photochemistry of OIO
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Abstract

The absolute absorption cross-section of OIO was measured from 558 to 578 nm by using cavity ring-down spectroscopy to measure the fraction
of OIO removed following absorption of a laser pulse of known fluence. This procedure yieldsσOIO = (1.51± 0.18)× 10−17 cm2 at 567.93 nm,
which is one of the prominent vibrational band peaks in the OIO spectrum. The recovery of ground-state OIO after a few microseconds indicates
that, after excitation from the ground2B1 to the (first) excited2B2 state, OIO undergoes rapid internal conversion onto high vibrational levels
of the 2B1 state, followed by quenching collisions with the bath gas. A detailed kinetic model is used to show that the OIO yield from the IO
self reaction is 0.31± 0.10 at 40 Torr and 293 K. The rapid removal of OIO in the reactor is explained by the recombination of atomic I and
OIO with a rate constant of (1.1± 0.3)× 10−10 cm3 molecule−1 s−1. Ab initio calculations combined with RRKM theory are used to show that
this rate constant is consistent with the addition of the I atom to the central I, rather than either of the terminal O atoms. The unexpectedly fast
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disappearance of I atoms, and the corresponding formation of I2, is explained by iodine oxides such as IO, OIO and I2O3 acting as chaperon
molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The atmospheric chemistry of iodine is potentially impor-
tant in several ways, including the destruction of ozone[1–3],
the activation of chlorine and bromine from sea-salt[2,4], the
removal of nitrogen oxides in semi-polluted air masses[3], and
the formation of ultrafine aerosol[5–7]. The major sources of
iodine appear to be iodocarbons of biogenic origin such as CH3I
and CH2I2 which evade from the ocean[8], and I2 which is
released from macroalgae exposed at low tide[9]. Following
photolysis of these species to yield atomic I, the iodine oxide
radical (IO) is then formed by reaction with O3, and has been
observed at several locations in the coastal marine boundary
layer (MBL) [9–11].

The iodine dioxide radical (OIO) is formed from the self
reaction of IO,

IO + IO → OIO + I (1a)
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IO + IO → other products (e.g., IOIO, IOOI or 2I + O2)

(1b)

which has a yieldα (i.e. channel(1a)) of around 40%[12,13].
We have observed OIO in the temperate MBL at Cape G
Tasmania[14] and Mace Head, Ireland[9], using the techniqu
of differential optical absorption spectroscopy (DOAS) op
ating in the 540–585 nm spectral region. During daytime
OIO concentration was consistently below the detection
(≈2 parts per trillion (ppt), using the new absolute cross-se
determined in this paper). If the absence of OIO during the
is caused by rapid photolysis, then the O3 destruction potentia
of the radical depends crucially on the pathway:

OIO+ hν → I + O2 (2a)

OIO+ hν → IO + O(3P) (2b)

Channel(2a)would enhance O3 depletion, since the combin
tion of reactions(1) and(2a)removestwo O3, whereas chann
(2b)would lead to a null cycle.

Several groups[12,15–17]have shown that OIO has a stro
absorption spectrum consisting of sequences of bands grou
1010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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triplets between 480 and 645 nm. However, the bond dissociation
energy for OI–O has been calculated from quantum theory to be
288± 16 kJ mol−1 [18], corresponding to a photo-dissociation
threshold via channel(2b) of about 415 nm. Indeed, O atoms
were not observed from the photolysis of OIO at 532 nm[16].
In contrast, channel(2a)is close to thermoneutral[17,18], so that
absorption in these visible bands could lead to I atom production,
although an upper limit to the efficiency for I atom production
of only 0.15 was recently reported[16]. We are not aware of any
attempt to observe the O2 product, which might be produced in
either the3�g

− or l�g states[17].
We have previously described a high-resolution spectro-

scopic study of the visible bands of OIO from 542 to 605 nm
[17]. The absence of rotational structure in the absorption spec-
trum, and the lack of a laser-induced fluorescence spectrum, led
us to conclude that absorption leads to photolysis via channel
(2a). This appeared to be supported by ab initio quantum cal-
culations showing that the visible absorption bands arise from
strongly allowed transitions from the ground2B1 state to the first
2B2 state. Photolysis would then result from intersystem cross-
ing onto surfaces correlating with I + O2(3�g

− or l�g) [17].
Here, we re-examine this conclusion by showing that

although OIO is removed immediately after photo-absorption,
enabling the absolute absorption cross-section to be determined,
at longer times essentially all the OIO reappears. This is con-
sistent with fast interconversion onto high vibrational levels of
t this,
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s l the
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OIO in reaction(1), and also show that the fast decay of OIO in
the absence of O3, which has been observed in previous studies
[13,16], is most likely explained by the recombination of OIO
and atomic I.

2. Experimental

The photochemistry of OIO was studied using the pulsed
laser photolysis/cavity ring-down (CRD) apparatus illustrated in
Fig. 1. The ring-down cavity was incorporated into a slow flow
reactor, with the cavity end mirrors placed in vacuum-tight gym-
bal mounts. The high reflectance mirrors (reflectance >0.999 at
λ = 565 nm and 2 m radius of curvature) defined a 1.55 m long
cavity. The ring-down time for the empty cavity was typically
τ0 = 750 ns. This was routinely recorded at the start of a set of
experiments and the standard deviation ofτ0 for an average of
ten laser shots was consistently less than 1%. A quartz entrance
window for the photolysis lasers was offset from the main axis.
This arrangement provided an overlap between the CRD and
photolysis lasers in the reaction zone of about 0.4 m. The end
sections of the cell attached to the mirror mounts included inlets
for “curtain” flows of N2, which were directed towards the cav-
ity mirrors to protect them from particle deposition or damage
from the reactants.

The ring-down signal was generated using a Nd:YAG pumped
dye laser (dye laser 1), tunable over the range 555–585 nm
w end
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he ground electronic state, followed by quenching. From
e conclude that the photolysis yield (reaction(2a)) is very
mall. A comprehensive kinetic model is then used to mode
bserved time dependence of OIO in these experiments.

his, we obtain a new estimate for the branching ratio to pro

ig. 1. Schematic diagram of the apparatus used to produce OIO by pu
pectroscopy.
ith Rhodamine 590 dye. The light leaking out of the far
f the cavity was detected with a photomultiplier tube a
assing through a 485 nm long-pass filter. The ring-down
al was captured using a digital oscilloscope (LeCroy LT
50 MHz bandwidth, 1 GS/s or LeCroy 9361C 300 MHz ba

photolysis of a N2O/CF3I mixture, with detection by time-resolved cavity ring-do
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width, 2.5 GS/s), coupled to a computer which extracted the
ring-down time constant using a weighted fit to the exponential
decay and performed signal averaging. The absorbance due to
OIO and I2 (which absorbs in the same spectral region) is pro-
portional to the difference between the ring-down time constant
measured in the presence of OIO, and the ring-down time con-
stant collected with just N2 in the cell. Before the dye laser beam
entered the CRD cell, a fraction was picked off with a wedged
quartz beamsplitter and directed into an I2 fluorescence cell and
a Coherent Wavemaster for wavelength calibration.

OIO was generated from the self reaction of IO (reaction
(1a)). IO was prepared by the pulsed photolysis of N2O (Air
Products, Atomic Absorption Grade) by an ArF excimer laser at
193 nm. This yields O(1D) atoms, which are rapidly quenched to
O(3P) by collision with the N2 bath gas. O(3P) then reacted with
an excess of CF3I (Fluorochem Ltd., 99%) to yield IO, and hence
OIO. Typical experimental conditions were [CF3I] = 3.2×
1016 molecule cm−3, [N2O] = 1.6 × 1017 molecule cm−3,
[N2] = 1.2× 1018 molecule cm−3 (total pressure = 40.3 Torr).
The excimer laser fluence at 193 nm was varied from 0.8 to
1.7× 1016 photon cm−2.

When measuring the absorption cross-section of OIO, the
OIO was interrogated using a second Nd:YAG pumped dye laser
(dye laser 2), also operating with Rhodamine 590 and beam-
expanded to a diameter of 20 mm. Both dye lasers employed
in this experiment had bandwidths of 0.2 cm−1 or better. This
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atomic I was monitored by resonance fluorescence at 178.3 nm
[I(5p46s(2P3/2)–5p5(2P3/2)] using a microwave-powered iodine
discharge lamp. The fluorescence was measured with a pho-
tomultiplier tube after passing through an interference filter at
180 nm, and captured by photon-counting with a multichannel
scaler. The resonance lamp and photomultiplier tube were mutu-
ally orthogonal to the CRD cell. Both the input and output optical
trains were flushed with N2 to allow transmission in the vacuum
ultra-violet.

3. Results and discussion

3.1. OIO photolysis cross-section

The absolute cross-section for OIO absorption can be
obtained by dividing the fraction of OIO removed, when laser 2
is triggered, by the measured fluence of the laser: in the limit of
weak absorption, application of the Beer–Lambert law gives

�[OIO] ≈ [OIO]0σOIOF (I)

where�[OIO] is the change in OIO concentration when laser 2
triggers, [OIO]0 the OIO concentration before laser 2 triggers,
σOIO the absolute cross-section of OIO andF is the fluence of
laser 2. Thus,

σOIO = �[OIO] 1
(II)
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aser was triggered around 100�s after the excimer laser wh
he OIO concentration had maximised, and was scanned ov
egion 558–578 nm. The degree of OIO removal following
aser 2 was measured by monitoring the OIO ground-state
entration, using CRD with dye laser 1 fixed at 567.808 nm.
onitoring wavelength was selected to minimise interfer

rom I2, which absorbs over the same region and is generat
ecombination of I atoms (see below). The OIO concentra
as monitored at various time delays after dye laser 2, r

ng from 300 ns to 10�s. Because of the temporal behavi
f OIO after absorption (see Section3.1), the OIO concentra

ion was monitored at the shortest possible delay (300 ns)
easuring the OIO absorption cross-section.
The fluence of dye laser 2, which is required to determ

he absorption cross-section, was measured at several
cross the dye tuning curve with a Molectron Power Max po
eter, through a 10 mm diameter aperture. The fluence
as then interpolated across the tuning curve by fitting
econd-order polynomial. The calibration of the power m
as compared with a second identical meter, as well
olectron J50 pyro-electric joulemeter. All three meters ag
ithin 5%.
In a limited set of experiments, the time-resolved behav

f IO was monitored by laser-induced fluorescence (LIF)
as excited at 444.951 nm [IO(A2�3/2–X2�3/2), (2,0)] using a
ye laser with Coumarin 2 dye, pumped by a tripled Nd:Y

aser at 355 nm. The non-resonant LIF signal at 458.
IO(A2�3/2–X2�3/2, (2,1)] was recorded by a fast pho
ultiplier tube perpendicular to the CRD axis, after p

ng through a 455 nm long wave pass filter, and reco
sing the digital oscilloscope. The time-resolved variatio
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he major advantage of using Eq.(II) is that theabsolute con-
entration of OIO is not required to determineσOIO, only the
raction removed,�[OIO]/[OIO]0. However, in these expe
ents the fraction of OIO removed approached 30%, an

he weak absorption limit is not strictly applicable and Eq.(II)
eads toσOIO being underestimated by about 6%. This was
ected for by iteratively fittingσOIO to the observed fractio
f OIO removed.Fig. 2 shows the resulting absorption cro
ection, which is the mean of four scans of laser 2 from
o 578 nm. The uncertainty in the cross-section, also show
ig. 2, is calculated from the standard deviation when avera

he spectra, combined with the uncertainty ofF. At 567.93 nm

ig. 2. The absolute absorption cross-section of OIO between 558 and 5
black line), with 1σ error upper and lower limits (grey lines). Both pump
robe lasers have bandwidths better than 0.2 cm−1.
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Fig. 3. The absolute absorption cross-section of OIO between 558 and 578 nm
measured in the present study with a resolution of better than 0.2 cm−1

(thick solid black line), compared with previous spectra scaled to a value of
1.5× 10−17 cm2 molecule−1 at the 568 nm peak: Himmelmann et al.[15] (bro-
ken black line), Cox et al.[19] (thin solid black line), Ingham et al.[16] (dotted
line), Gomez Martin and Spietz, University of Bremen (solid grey line).

which is one of the prominent band peaks in the spectrum,
σOIO = (1.51± 0.18)× 10−17 cm2, at a resolution of∼0.006 nm.
This is in good agreement with the absorption cross-section of
(1.3± 0.2)× 10−17 cm2 at a resolution of 0.35 nm determined
by P. Spietz and J.-C. Gomez Martin at the University of Bremen
(see accompanying paper in this issue).

Fig. 3compares the OIO cross-section from the present study
with absorption cross-section spectra reported by Himmelmann
et al.[15], Cox et al.[19], Ingham et al.[16] and the new cross-
section from University of Bremen. The spectra have been scaled
so that their band peaks around 568 nm match the present study
(note that the Cox et al. spectrum is blue-shifted by about 0.4 nm
with respect to the other four). Compared with the UEA spec-
trum, the spectra of Himmelmann et al. and Ingham et al. (in
particular) exhibit significantly greater absorption around 559.0,
561.5 and 572.5 nm, in between the vibrational bands. This is
most likely due to an underlying absorption by I2 in these spectra.
As noted above, the CRD wavelength in the present study was
set to 567.808 nm to minimise I2 absorption. The new Bremen
absorption spectrum has I2 removed by a multi-dimensional fit-
ting routine in wavelength and time (P. Spietz and J.-C. Gomez
Martin, University of Bremen), andFig. 3shows that this spec-
trum agrees much better with the UEA spectrum.

The absorption cross-section in the present experiments
(Fig. 2) was measured by fixing the time delay between laser
2 and the CRD laser to 300 ns. In a second set of experiments,
O er 2.
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Fig. 4. Fraction of OIO removed following absorption at 562 nm, as a function
of time after the laser pulse. The broken line shows a Monte-Carlo model pre-
diction of the recovery of ground-state OIO, using the exponential-down model
with 〈�Edown〉 = 120 cm−1. Because repopulation of the ground state occurs on
a similar timescale to the ring-down time, the recovery that would have been
observed experimentally is shown by the thick solid line, which should be com-
pared directly with the experimental points. These points show the fraction of
OIO removed at the time after the photo-excitation pulse when the CRD laser
was triggered. The horizontal arrows indicate the two CRD sample lengths of
700 ns and 2�s used in these experiments when observing at their respective
shortest times (300 and 600 ns) after the photo-excitation pulse.

consistent with an upper state lifetime of no more than 500 fs.
Band contour fits, using rotational constants for OIO(2B1) from
a microwave study[20], and approximate constants for the
upper2B2 state from our ab initio calculations[17], show that
the Lorentzian component of the rotational lines making up
these bands is between 10 and 50 cm−1. Following intercon-
version, the vibrationally excited OIO would have to lose about
17800 cm−1 to return to the ground state and be observed in
absorption by the CRD laser.

The recovery of ground-state OIO can be simulated by a
Monte-Carlo calculation using the exponential-down energy
transfer model[21]. Because the ground state of OIO is
repopulated on a similar timescale to the ring-down time,
the predicted variation of OIO as a function of time must be
converted to the ring-down time that would have been observed
in the experiment, before comparison with the experimental
points. The best fit to the experimental data is obtained with
〈�Edown〉 = 120 cm−1, as is shown by the solid line inFig. 4.
This value of 〈�Edown〉 is a bit small for N2 [21], but the
exponential-down model is probably a rather crude description
of energy transfer over such a large energy range. The broken
line in Fig. 4 illustrates the actual recovery of OIO without
including the effect of the ring-down time.

One point to note is that repopulation of the ground state
perturbs the signal in such a way that the apparent ring-down
time makes the absorption between 1 and 2�s appear greater
t be
v 00%
r ime
s robe
d own
t n is
IO loss was measured at longer time delays after las
hese experiments show that after about 3�s the OIO concentra

ion completely recovers. That is, the fraction of OIO remo
ecreases essentially to zero (0.5%), as shown inFig. 4. The
ecovery of OIO can be rationalised in terms of fast inte
onversion from the excited2B2 state onto high vibrational le
ls of the2B1 ground state, followed by collisional relaxati
hich repopulates the ground state.
The CRD spectra of the OIO vibrational bands certainly i

ate that OIO(2B2) is short-lived: the linewidths of the bands
han when there is no removal of OIO. This effect can
isualised by considering a system which undergoes 1
emoval followed by 100% recovery with the recovery on a t
cale shorter than a single ring-down event. When the p
elay is such that the recovery takes place within the ring-d

here is no longer a simple exponential curve. The ring-dow
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initially at the empty cavity rate and finally at the rate consistent
with 100% absorption. Between these two extremes the gradient
is steeper than at either end and a simple weighted exponential
fit to ring-down signals of this form distorts the retrieved
ring-down time, making it appear that the absorption is higher
than physically feasible. Perturbation of the ring-down time was
investigated numerically by calculating the perturbed ring-down
at successively longer delay times from the photo-excitation
pulse using the modelled repopulation kinetics and extracting
the ring-down using the same routine as in the acquisition
program. Zero delay between photo-excitation and ring-down
laser pulses corresponds to the ring-down measurement starting
at the same time as the photo-excitation. The length of the
ring-down recorded in these experiments (∼2�s) means that
the reappearance of OIO in the ground state perturbs the decay
even at short times after photo-absorption.Fig. 4 also shows
that the OIO absorption cross-section measured at 300 ns would
have been underestimated by about 19%.

It is important to note, however, that the absorption spectrum
in Fig. 2was recorded using a shorter portion of the ring-down
– 700 ns – rather than almost 2�s in subsequent experiments.
In order to take this into account we ran the model again to pro-
duce the equivalent of the solid curve inFig. 4 using only the
first 700 ns of the ring-down decay. In this case, the repopula-
tion dynamics do not have such a marked effect at short delays
between the photo-excitation and ring-down acquisition, so that
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Fig. 5. Upper panel: cavity ring-down absorbance data at 567.81 nm, showing
the time-profile of OIO and I2 over 1.6 ms. Lower panel: a wavelength scan at
1.0 ms, taken 0.9 ms after the excimer laser pulse (at 0.1 ms), shows bands of I2

and no evidence of OIO remaining in the cell.

times (>10 ms after the excimer laser), the I2 mixes radially in
the reaction cell and the absorbance decreases to the pre-flash
level.

We now apply a detailed kinetic model to explore both the fast
decay of OIO and the rapid appearance of I2. The model reaction
scheme is listed inTable 1, there are 38 reactions involving 28
species, whose time-dependent concentrations are solved using
fourth-order Runge–Kutta integration. For the products of the IO
self reaction (reaction(1)), we assume that only two channels
are important at the relatively low pressure of 40 Torr, formation
of OIO + I and 2I + O2. There is recent evidence that formation
of the IOIO dimer only becomes significant at pressures above
150 Torr (P. Spietz and J.-C. Gomez (University of Bremen), T.J.
Dillon and J.N. Crowley (MPI Mainz), pers. comm.), and there is
consensus that the I2 + O2 channel branching ratio is less than 5%
[13,19,23,24]. The photolysis cross-sections at 193 nm of N2O,
NO2, CF3I and I2 were taken as 8.95× 10−20 [25], 2.5× 10−19

[26], 2× 10−21 [27] and 1.92× 10−17 [28] cm2 molecule−1,
respectively at 295 K.

In order to compare the model with the experimental data, the
experimental CRD absorbance was converted to the apparent
OIO concentration using the cross-section determined above,
and the I2 concentration predicted by the model was converted to
equivalent OIO concentration, using the relative cross-sections
he effect on our absolute absorption cross-section would
een less than 5%, well within the quoted uncertainty. Th

llustrated inFig. 4 by the horizontal line showing the 700
ample interval starting 300 ns after the photo-excitation p
omparison with the OIO recovery (broken line) shows
lmost no OIO would have reappeared during this sam

nterval.

.2. Kinetic modelling of the temporal behaviour of OIO, I
nd I2

.2.1. Description of the model
Fig. 5 (top panel) illustrates the typical raw time-resol

ariation of the CRDS absorbance at 567.81 nm. Most o
ariation in the signal is due to the production and remov
IO. There are two points to note. First is that while the r

ise of OIO is expected because reaction(1a) is fast, the rapi
ecay after about 100�s, which is approximately first-order wi
decay rate that varied from 1800 to 6400 s−1 depending on th
xcimer laser fluences employed, is less easily accounte
uch behaviour has been observed previously in similar sy

13,22]. Second is that there is residual absorbance after
ompared with before the excimer laser flash att = 0.1 ms. The
ower panel ofFig. 5shows a spectral scan made at a time d
f 0.9 ms after the excimer flash. Comparison withFig. 2shows

hat the OIO bands have completely disappeared, and have
eplaced with the absorption spectrum of I2. Note that the growt
f I2 with a time constant of less than 1 ms is much faster

he recombination of I atoms in the presence of N2, even making
ppropriate allowance for the greater third-body efficiencie
F3I, N2O and I2 itself compared with N2. At much longe
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Table 1
Model reaction scheme used to obtainαOIO andkOIO+I

Reactions BRa Rate coefficientb Ref.

IO + IO → OIO + I (1a) Fitted (0.31) 4.1× 10−11 e(220/T) [13]
IO + IO → 2I + O2 (1b) (0.68)

O(3P) + CF3I → IO + CF3 (3) 1.3× 10−11 e(−266/T) [37]
IO + NO2(+M) → IONO2 (4) k0 = 7.7× 10−31 (T/300)−5, k∞ = 1.6× 10−11, Fc = 0.4 [38]
IO + NO → I + NO2 (5) 9.1× 10−12 e(240/T) [25]
I + NO2 (+M) → INO2 (6) k0 = 3.0× 10−31 (T/300)−1, k∞ = 6.6× 10−11, Fc = e(−T/650)+ e(−2600/T) [38]
I + NO (+M) → INO (7) k0 = 3.0× 10−31 (T/300)−1, k∞ = 6.6× 10−11, Fc = e(−T/650)+ e(−2600/T) [39]
INO + INO → I2 + 2 NO (8) 8.4× 10−11 e(−2620/T) [39]
INO2 + INO2 → I2 + 2NO2 (9) 2.9× 10−11 e(−2600/T) [39]
O + IO → O2 + I (10) 1.35× 10−10 [40]
O + I2 → IO + I (11) 1.4× 10−10 [25]
I + I (+M) → I2 (12) 6.1× 10−34(T/298)0.073 e(894/T) [41]

O + NO2 → NO + O2 (13a) 5.6× 10−12 e(180/T), k0 = 9.0× 10−32 e(−2600/T), k∞ = 6.6× 10−11, Fc = 0.6 [25]
O + NO2 (+M) → NO3 (13b)

N2O + O(1D) → 2NO (14a) 0.58 1.2× 10−10 [25]
N2O + O(1D) → N2 + O2 (14b) 0.42

N2 + O(1D) → N2 + O(3P) (15) 1.8× 10−11 e(110/T) [25]
O + NO (+M) → NO2 (16) k0 = 9.0× 10−32 (T/298)−1.5, k∞ = 3.0× 10−11, Fc = 0.6 [25]
CF3 + CF3 → C2F6 (17) 3.9× 10−12 [42]
CF3NO + O → Products (18) 4.5× 10−12 e(−560/T) [43]
CF3 + O(3P) → CF2O + F (19) 3.310−11 [44]

CF3 + NO2 → CF2O + FNO (20a) 0.98 1.75× 10−11 [45]
CF3 + NO2 → CF2O + F + NO (20b) 0.02

CF3 + NO (+M) → CF3NO (21) k0 = 2.0× 10−29 (T/298)−3.3, k∞ = 2.0× 10−11, Fc = 0.6 [46]
CF3 + O2 (+M) → CF3O2 (22) k0 = 3.0× 10−29 (T/298)−4, k∞ = 4.0× 10−12 (T/300)−1, Fc = 0.6 [25]
CF3 + I (+M) → CF3I (23) 3.0× 10−11(T/298)0.5 e(−200/T) [47]
CF3 + I2 → CF3I + I (24) 4.32× 10−12 [48]
CF3 + N2O → CF3O + N2 (25) 2.32× 10−11 e(−12077/T) [49]
CF3 + O3 → CF3O + O2 (26) 9.29× 10−13 [50]
CF3 + CF3I → C2F6 + I (27) <3.0× 10−16 [51]
CF3O2 + NO2 (+M) → CF3O2NO2 (28) k0 = 2.2× 10−29 (T/298)−5, k∞ = 6.0× 10−12 (T/300)−2.5, Fc = 0.6 [25]
CF3O + NO → CF2O + FNO (29) 3.7× 10−11 e(110/T) [25]
CF3O2 + NO → CF3O + NO2 (30) 5.4× 10−12 e(320/T) [25]
F + CF3I → CF3 + IF (31) 1.2× 10−10 [52]

CF3 + IO → CF3O + I (32a) 0.4 1.6× 10−11 [24,53]
CF3 + IO → CF2O + IF (32b) 0.6

OIO + NO → IO + NO2 (33) 6.7× 10−12 c

I + IO (+M) → IOI (34) 2.2× 10−12 d

OIO + I (+M) → OI(I)O (35) Fitted (1.1× 10−10) d

OIO + IO (+M) → I2O3 (36) 1.2× 10−10 d

I2O3 + I → IIOIO2 (37) 1.0× 10−10 d

I + IOI → I2 + IO (38a) Single fitted value for(38a)–(38c)(9.0× 10−12) e

I + OI(I)O → I2 + OIO (38b)
I + I(I)OIO2 → I2 + I2O3 (38c)

a Product branching ratio.
bUnits: cm3 molecule−1 s−1 (bimolecular reactions), cm6 molecule−2 s−1 (termolecular reactions). For recombination reactions,k0 is the low-pressure limiting rate
constant;km is the high-pressure limiting rate constant;Fc is the broadening factor. The second-order recombination rate coefficient at total pressure [M] is given by
k0[M]/(1 + k0[M]/ k∞) F∧

c ((1 + (log10(k0[M]/ k∞))2)−1).
c Measured in this laboratory.
d Calculated from RRKM theory, using ab initio calculations on IOI and I2O3.
e Fitted to model the observed growth of I2.

of OIO and I2. Because of the high concentration of N2O in the
reactor, the cell is optically thick at 193 nm and the excimer laser
fluence is reduced by 38% over the length of the part of the cell
that is probed by the CRD laser. This effect is replicated in the
model by dividing the reaction length into 1 cm intervals, and

performing a separate integration of the chemistry in each one
before the resulting time profiles are added to simulate the total
absorbance. Another effect incorporated into the model is that
the gas mixture experiences five excimer laser pulses as it flows
through the portion of the tube where the excimer and CRD
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lasers overlap. I2 is therefore allowed to diffuse radially in the
tube and build up between flashes, generating the background
I2 concentration that was observed experimentally immediately
before each excimer laser flash. The various parameters that are
fitted or estimated in the model are now discussed in turn.

3.2.2. The branching ratio to form OIO in the IO self
reaction

The branching ratio to form OIO in reaction 1,α, is not well
known. Previous published estimates are 0.38± 0.08 [13] and
0.44± 0.20 [24]. α can be estimated from the present exper-
imental data without detailed knowledge of the reactions that
remove OIO, because the OIO decay is very close to being first-
order after about 200�s. The rate of the IO self reaction can
be calculated by using the measured excimer laser fluence to
estimate the [IO] produced from photolysis of N2O, and taking
a recent measurement ofk1 [13]. The rate of OIO production
is then this rate multiplied byα. Since the absolute [OIO] is
obtained from the observed OIO absorption andσOIO, a simple
balance between production and loss of OIO indicates thatα

is about 0.3. This value was used for the initial model runs to
explore the decay of OIO and the production of I2.

3.2.3. Removal of OIO
There are actually few candidate species with sufficient

concentration in the reactor to remove OIO at the observed
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The species OI(I)O in reaction(35a) describes a Y-shaped
molecule where the I atom bonds to the central iodine atom in
OIO, rather than IOIO (reaction(35b)) where the I atom bonds
to one of the terminal oxygen atoms. The enthalpy changes in
reactions(35a) and (35b)are in very good accord with the ear-
lier calculations of Misra and Marshall[18]. Note that atomic I
cannot abstract the central I in OIO directly to form I2 + O2. The
transition state for this reaction at the B3LYP/6-311 + g(2d,p)
level of theory is 65 kJ mol−1.

Rate coefficients for the recombination reactions(35a),
(35b) and (36)can be estimated from Rice–Ramsberger–
Kassel–Markus (RRKM) theory. Here, we use the Master Equa-
tion (ME) formalism developed by De Avillez Pereira et al.
[31]. Since we will show below that the recombination of I with
OIO most likely accounts for the removal of OIO in our sys-
tem, we describe the RRKM calculation on reaction(35a) in
some detail. The reaction is assumed to proceed via the forma-
tion of an excited adduct (OI(I)O* ) which can either dissociate to
OIO + I or be stabilized by collision with the third body (N2). The
adduct energy was divided into a contiguous set of grains (width
30 cm−1), each containing a bundle of rovibrational states. Each
grain was then assigned a set of microcanonical rate coeffi-
cients for dissociation, which were determined using inverse
Laplace transformation (ILT) to link them directly tokrec,∞,
the high pressure limiting recombination coefficient[31]. krec,∞
was calculated using long-range capture theory[32], which
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ecay rate, since a first-order removal rate of 6000 s−1 would
equire the species to have a concentration greater than
× 1013 molecule cm−3, and to persist for at least 700�s after

he excimer laser flash. The possible species are I, IO and3
adicals. However, the time-resolved LIF observations o
howed that this radical decayed at a faster rate than OIO
n approximately first-order rate of (1–1.5)× 104 s−1. Hence

his species does not persist long enough to be responsib
emoving OIO at times longer than about 200�s. On the othe
and, the decay of atomic I is much slower, with an app

mate first-order rate of 500–700 s−1, making it a more likely
andidate.

In order to explore which of these species could be res
ible for the removal of OIO, we carried out ab initio qu
um calculations to determine possible reaction pathways
aussian 03 suite of programs[29] was used with a recent
ublished basis set for I[30], and the standard 6-311 + g(2d
asis set for O, F and C. Following geometry optimiza
nd the determination of vibrational frequencies, the follow
esults were obtained (empirical spin–orbit splittings of−17 and
5 kJ mol−1 were applied to I and IO, respectively, by comp

ng the ab initio and the experimental bond energies of I2 and
O):

+ OIO → OI(I)O, �H0 = −79 kJ mol−1 (35a)

+ OIO → IOIO, ∆H0 = −59 kJ mol−1 (35b)

O + OIO → I2O3, ∆H0 = −122 kJ mol−1 (36)

F3 + OIO → CF3O + IO, ∆H0 = −105 kJ mol−1 (39a)

F3 + OIO → CF3OI + O, ∆H0 = −58 kJ mol−1 (39b)
ut

h

r

-

e

s dominated by the dipole of OIO (3.89 D at the B3LYP
11 + g(2d,p) level of theory) and the polarizability of the iod
tom (5.35× 10−24 cm3 [33]). krec,∞ was then expressed
rrhenius form,A∞ exp(−E∞/RT) before application of the IL

ormalism.
The density of states of the adduct was calculated us

ombination of the Beyer–Swinehart algorithm for the vib
ional modes (without making a correction for anharmonic
nd a classical densities of states treatment for the rota
odes[21]. The ab initio rotational constants for OI(I)O a
.61, 0.807 and 0.750 GHz, and the vibrational frequencie
28, 142, 209, 284, 852 and 886 cm−1. The two very low fre
uencies, which correspond to out-of-plane and in-plane roc
odes of the OIO, were treated as a two-dimensional free

21].
The ME describes the evolution with time of the adduct g

opulations. The probability of collisional transfer betw
rains was estimated using the exponential down model[21],
here the average energy for downward transitions,〈�Edown〉,
as set to 500 cm−1 for N2 at 300 K, with a T0.5 tem-
erature dependence. The collision frequency betwee
dduct and N2 was calculated using an intermolecular po

ial described by the parametersσ = 5Å and ε/k = 300 K [34].
n order to use the ME to simulate irreversible stabil
ion of OI(I)O* , an absorbing boundary was set 24 kJ mo−1

elow the energy of the reactants, so that collisional e
ization from the boundary to the threshold was hig

mprobable.
The ME was then solved to yieldkrec, the recombination ra

onstant, over a range of temperature (200–400 K) and pre
0–1000 Torr). The results were fitted to the Lindem
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expression modified by a broadening factorFc [21], yield-
ing: krec,0 = 6.5× 10−28 (T/300 K)−2.54cm6 molecule−2 s−1,
krec,∞ = 2.4× 10−10 exp(−0.42 kJ mol−1/RT) cm3 molecule−1

s−1 and Fc = 0.48. Under the conditions used in the
present experiments (40 Torr and 293 K),krec= 1.1×
10−10 cm3 molecule−1 s−1, so reaction (35a) is predicted
to be close to the high pressure limit.

RRKM calculations on reaction(35b), treating the IOIO*

adduct as having two internal free rotors, indicates that
krec= 2.9× 10−11 cm3 molecule−1 s−1 at 40 Torr N2 and 293 K.
Reaction (35b) is slower than 35a because the binding
energy of the I atom to one of the terminal O atoms is
smaller than to the central iodine of OIO. RRKM calcula-
tions on reaction(36) indicate that this reaction is close to
the high pressure limiting rate constant at 40 Torr and 293 K:
krec= 1.2× 10−10 cm3 molecule−1 s−1. Since this reaction can-
not be primarily responsible for OIO removal (because of the
observed rapid disappearance of IO), it was not treated as a vari-
able parameter and set to this value in the kinetic model (Table 1).
Finally, although there are two exothermic reaction channels for
the reaction between CF3 and OIO (reactions(39a) and (39b)),
the products are IO and O (+CF3I → IO), which would recycle
back to OIO and not cause the rapid removal of OIO that is
observed. We therefore conclude that reaction(35a)is the most
likely cause for OIO removal in our system, and so the rate con-
stant,k , was treated as an adjustable parameter in the kinetic
m
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Fig. 6. Upper panel: cavity ring-down absorbance data converted to effective
OIO concentration (grey dots), fitted by the kinetic model (black line). Lower
panel: residuals between experiment and model, showing no systematic devia-
tions.

Fig. 7shows the time variation of all the iodine species predicted
by the model. This confirms the tight coupling between IO and
OIO; the rapid decay of IO means that reaction(37) cannot
account for the near first-order removal of OIO. Note also the
much slower disappearance of atomic I and corresponding rise
of I2.

The fits to the data were consistent in quality across the range
of excimer laser fluence,Φ, employed. Furthermore, the best fit
values ofα andk35a are within error independent ofΦ. This is
shown inFigs. 8 and 9, where the fluence varies by a factor of
more than 2.

The average fitted values areα = 0.31± 0.10, and k35a
is (1.1± 0.3)× 10−10 cm3 molecule−1 s−1. These uncertainties
combine an estimated 10% uncertainty in the excimer laser flu-
ence measurement, the 12% uncertainty in the OIO cross-section

F pho-
t
c
[

35a
odel.

.2.4. Conversion of I to I2

The rate of I2 formation in the 1 ms interval after the excim
aser, and the decay of atomic I observed by resonance
escence, are not explained by termolecular recombinati
, even enhanced by the presence of CF3I, N2O and I2 as third
odies. Following the suggestion of Harwood et al.[22], we

herefore allowed the iodine oxides in the model to act as c
rones for I atom recombination. For example:

+ IO → IOI, �H0 = −103 kJ mol−1 (34)

+ IOI → I2 + IO, ∆H0 = −46 kJ mol−1 (38a)

n RRKM calculation on reaction(34) indicates tha
rec= 2.2× 10−12 cm3 molecule−1 s−1 at 40 Torr N2 and 293 K
he analogous cycles involving OIO and I2O3 are:

Reaction (35a), then I + OI(I)O → I2 + OIO,

�H0 = −70 kJ mol−1 (38b)

eaction (37), then I + I(I)OIO2 → I2 + I2O3 (38c)

single rate coefficientk38, describing the abstraction of
atom attached to any of these iodine oxides, was fitted
ariable parameter in the model.

.2.5. Fitting the experimental data
The three fitted parameters in the kinetic model were thα,

35aandk38. An example of a satisfactory model fit to the CR
ime-profile, judged byχ2 minimisation, is illustrated inFig. 6.
a

ig. 7. Predicted time-profiles of five iodine species, following the 193 nm
olysis of a mixture of N2O and CF3I. The excimer laser fires att = 0. The
oncentration profiles are: [OIO] (—), [IO]/10 (– –), [I]/10 (- -), [I2]/10 (-· -·),
I 2O3] (–·· –··).
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Fig. 8. Branching ratioα for OIO production from the IO self reaction, plotted
against excimer laser fluence. The broken line indicates the average branching
ratio. The determination of the error bars is described in the text.

(see above), and the smaller uncertainties in the photolysis cross-
section of N2O and the pertinent rate coefficients inTable 1that
lead to the production of IO, and the pressure and mass flow rates
in the reaction cell. The value ofα thus agrees within error with
the two published values of 0.38± 0.08 [13] and 0.44± 0.20
[24]. It should be noted that these previous studies were made
at 760 and 2 Torr, respectively, which may indicate thatα is not
very pressure-dependent. Furthermore, the best fit value ofk35a
is in very good accord with the value calculated earlier using
RRKM theory.

Finally, the best fit value of the rate constant describing
the formation of I2, by an I atom abstracting the weakly
bound I atom from various iodine oxide–I atom adducts, is
k38 = 9.0± 2.0× 10−12 cm3 molecule−1 s−1. The magnitude of
this rate constant was determined from the fit of the tail of the
CRD decay, where the observed absorption is mostly due t
I2. Note that sincek38 is about an order of magnitude slower
thank35a, the OIO concentration is suppressed at longer reac
tion times, as observed experimentally.

F t
e en lin
T

Of course, the treatment of the higher iodine oxides in this
model is probably simplistic, since I2O3 may not be the terminal
oxide, and polymerization must occur since there was a slow
build up of a fine white solid on the interior wall of the reactor.
Note that visible particle formation occurs much more readily
if even a trace of O3 (∼1× 1015 cm−3) is present. When the
solid was removed and dissolved in distilled water, the solution
was found to contain IO3− ions (A.R. Baker, University of East
Anglia, pers. comm.). This indicates that the white deposit was
I2O3, I2O5 or I4O9, as discussed originally by Cox and Coker
[35].

4. Conclusions

The absolute absorption cross-section of OIO has been deter-
mined between 558 and 578 nm, using cavity ring-down spec-
troscopy and a method that requires the laser fluence rather than
the absolute OIO concentration. Time-resolved measurements
demonstrate the recovery of ground-state OIO on a timescale
of a few microseconds, consistent with internal conversion of
excited OIO and quenching by the bath gas. The upper limit for
the photolysis yield of OIO at 562 nm is 10%, in accord with
a previous upper limit derived from observing an insignificant
yield of I atoms[16]. It should be noted that this result is con-
sistent with the photochemistry of OClO, where the yield of
Cl + O is less than 4% between 365 and 450 nm[54].
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ig. 9. Fitted rate constant for the reaction OIO + I→ OI(I)O, plotted agains
xcimer laser fluence. The average rate constant is indicated by the brok
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2
Although a small amount of OIO photolysis may occur, th

esults indicate that the cycle involving production of OIO fr
he self reaction of IO (reaction(1a)), followed by photoly
is to I + O2 (reaction(2a)), should not play a significant ro
n ozone removal in the MBL. Instead, the stability of O
gainst photolysis means that this molecule is probably of ce

mportance in the formation of ultrafine iodine oxide partic
hrough the reaction of IO and OIO to form I2O3 [36]. A recen
odelling study indicates that this reaction is fast enoug

uppress the OIO concentration to below the detection lim
OAS instruments, thus explaining the apparent absence o
uring daytime when there are elevated concentrations

36].
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