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Spectroscopic studies of the I2/O3 photochemistry
Part 1: Determination of the absolute absorption cross sections

of iodine oxides of atmospheric relevance

Juan Carlos Ǵomez Mart́ın∗, Peter Spietz, John P. Burrows
Institute of Environmental Physics, University of Bremen, PO Box 330440, 28334 Bremen, Germany

Available online 28 October 2005

Abstract

Multichannel time resolved absorption spectroscopy has been coupled with flash photolysis of mixtures of molecular iodine and ozone to study
the spectra and determine absorption cross sections of iodine oxides. Simultaneously, the behaviour of the iodine atoms has been measured by
atomic resonance spectroscopy. To separate overlapping molecular absorptions, multivariate analysis techniques have been used to yield the optical
density versus time curve at an optimal wavelength for each individual molecular absorber.

After the initial photolysis of I2 and some O3, it is assumed that the number of iodine atoms contained in the chemical system is invariantin
of linear

, IO(X
ine
e

l
rminations

tmo-
.
-
copy
tion
very
g-
et al.

ts

al.
in

re by
t al.
s a
time and that the individual optical densities ofall the relevant species are observed. The solution of the resultant over-determined system
equations yields the absolute absorption cross sections of the iodine containing molecular species: ground state iodine monoxide2�3/2,
ν′′ = 0), vibrationally excited iodine monoxide, IO(X2�3/2, ν′′ > 0), ground state iodine dioxide, OIO(2B1), and the spectra of three other iod
oxides, some of which have been observed for the first time in this study. One of these oxides has been tentatively assigned to I2O2, and possibl
assignments of the other two have been discussed.

The values of absolute absorption cross sections for selected vacuum wavelengths at 298 K were determined to be:σ IO(4←0)(427.2 nm) = (3.5±
0.3)×10−17 cm2, σ IO(3←1)(459.3 nm) = (4.5±0.5)×10−17 cm2, σ IO(1←2)(484.9 nm) = (6.0±0.5)×10−17 cm2, σOIO(0,5,1←0,0,0)(549.3 nm) =
(1.3±0.3)×10−17 cm2 and for an up to now unidentified higher iodine oxideσ(356 nm)≥ (7.8±1.2)×10−19 cm2× I atom−1. The spectra
resolution of the resultant absorption cross sections is 0.12 nm FWHM in case of IO and 0.35 nm FWHM in case of OIO. Previous dete
of these absorption cross sections have been reviewed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

As a result of the interest in stratospheric removal of ozone,
many studies have investigated the halogen reactions of atmo-
spheric significance. Simultaneously, an effort has been made
to determine accurately the molecular parameters of halogen
containing species.

A detailed knowledge about the role of chlorine and bromine
species in atmospheric ozone chemistry already exists. In con-
trast, the role of iodine species is less well known. Gas phase
iodine radicals have been a source of scientific interest over the
last two decades as a result of their potential role in stratospheric
and tropospheric ozone chemistry, and more recently because of
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their possible impact on aerosol formation and thereby on a
spheric radiative transfer. The works of Chameides et al[1],
Chatfield et al.[2], and Solomon et al.[3] provided an impor
tant impulse to the investigation of the kinetics and spectros
of key iodine containing species like IO and to their detec
in the atmosphere. A product of this effort was the disco
of OIO (Himmelmann et al.[4]), which was subsequently su
gested as a precursor to aerosol condensation nuclei (Cox
[5], Hoffmann et al.[6], O’Dowd et al.[7]). Field measuremen
have detected IO in the atmosphere (Wittrock et al.[8,9], Alicke
et al.[10], Allan et al.[11], Saiz-Ĺopez et al.[12]), further stim-
ulating the detailed modelling of iodine chemistry (Vogt et
[13], McFiggans et al.[14]). Recently OIO has been detected
the troposphere at night (Allan et al.[15], Saiz-Ĺopez et al.[12]).

Iodine atoms are known to be released in the atmosphe
photolysis of iodocarbons of biogenic origin (Carpenter e
[16]). The photolysis of biogenic I2 has also been proposed a
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source of I atoms (Saiz-Ĺopez et al.[12]). In either case, the first
step in iodine-catalysed O3 destruction cycles is the reaction

I +O3→ IO+O2 (1)

Reactions that convert IO back to iodine atoms without O atom
formation lead to catalytic O3 loss. Chain propagation for the
iodine-catalyzed ozone loss in the stratosphere is most likely by
the reaction of IO with ClO and/or BrO. The current understand-
ing is that the stratospheric ozone loss enhancement by iodine
is of minor importance as a result of low IO concentrations, the
rate constants for halogen coupling reactions atT < 210 K being
slower than originally predicted, and a large yield of OClO from
the reaction of ClO + IO (Salawitch[17], Rowley et al.[18] and
references therein).

The IO self-reaction has been proposed as one of the most
important reactions leading to catalytic ozone destruction in the
troposphere

IO+ IO→ I2+O2 (2a)

→ 2I+O2 (2b)

→ I +OIO (2c)

M↔I2O2 (2d)
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absorbance (the notation ‘a’ adopted here refers to “absorbance”,
although the preferred terminology is “optical density”),L the
path length,c(t) the concentration andσ(λ) the absolute absorp-
tion cross section of the molecule. The determination of atmo-
spheric photolysis rates depends also on the knowledge of the
corresponding absorption cross section.

1.1. Previous studies of IO

The IO A2�3/2←X2�3/2 subband system was first observed
in 1937 by Vaidya[24] from its emission in a methyl iodide
flame. In 1948 Coleman et al.[25] observed the same emission
spectrum by using an oxyhydrogen flame to which iodine was
added, thus supporting the assignment to IO. In 1958 Durie et
al. [26] recorded the first absorption spectrum of IO in flash
photolysis experiments. Also Durie et al.[27] photographed the
methyl iodide flame bands and carried out rotational and vibra-
tional analysis, which confirmed the spectral assignment to IO.
Several authors have determined the absorption cross section at
the band head and/or at the maximum of the (4←0) band of IO
[28–34], denoted here asσIO(4←0). The results are summa-
rized inTable 1and show a relatively large variability.

A first explanation for such variability could be the selection
of different wavelengths to determineσIO. Another cause could
be the different spectral resolution employed, which affects both
t ition.
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I( PJ) atoms are generated directly by the IO self-reaction
in daytime by the photolysis of I2, resulting in additional con
sumption of O3, and IO being regenerated. The photolysi
OIO, if it occurs, proceeds via

OIO
hν→I(2PJ)+O2 (3)

The photolysis of OIO to IO + O(3P) has been found to be sm
with an upper limit for the quantum yield at 532 nm of 7×10−3

(Ingham et al.[19]). Therefore, the cycle of reactions (1–2
leads to ozone destruction and a large chain length. The
spheric fate of OIO is currently under discussion (see[19–22]).
A slow photolysis rate of OIO would result in smaller ozo
catalytic chain length, and an enhancement of its potent
form aerosol nuclei. The irreversible accumulation of the
main products of the IO self-reaction (OIO and I2O2) has bee
proposed as the main cause for the iodine enrichment of ae
[5–7].

A prerequisite for the quantitative atmospheric meas
ment of important iodine containing species by spectrosc
techniques is the determination in laboratory studies of
absorption cross sections (σs). Many field measurements u
DOAS (differential optical absorption spectroscopy, see
[23] and references therein), which is based on a variant o
Beer–Lambert Law to obtain concentrations

I(λ, t) = I0(λ, t) exp (−Lc(t)σ(λ))

⇒ a(λ, t) ≡ ln

(
I0(λ, t)

I(λ, t)

)
= Lc(t)σ(λ) (i)

where I0(λ, t) and I(λ, t) are, respectively the reference a
the transmitted intensities,a(λ, t) is the optical density (OD) o
-

ol

t
e

he value of the peak absorption and its wavelength pos
inally, the determination of the concentration of IO is also lik

o be a significant source of bias. In general, the determin
f σs is critically linked to the kinetic assumptions made in o

o determine concentrations. All these sources of uncertain
iscussed in this work.

Three different sources of IO have been used in prev
orks to perform spectroscopic and kinetic studies of IO

he products of its self-reaction: namely reaction(1) and the two
ollowing reactions:

(3P) + I2→ IO + I(2PJ) (4)

(3P) + CF3I → IO + CF3 (5)

xygen atoms, O(3P), and iodine atoms, I(2PJ), are produce
y the photolysis of N2O or O3, and the photolysis of I2,CH3I
r CH2I2, respectively.

In previous studies two ways have been used to determin
bsorption cross section of IO. In the first approach, the d
ination of IO absorption cross section requires an estima

ts concentration. This assumes the conservation of mass w
he experiment. The concept is to equate the concentrati
O instantaneously produced to the concentration of one
tomic precursors, or in other words, to consider quantit
onversion of I/O atoms to IO. Reaction(4) or (5) are in genera
referred as sources of IO in the determinationσIO(4←0) to
eaction(1). This is because of more complex kinetics invol
n systems based on reaction(1) and its slower rate coefficien
or systems using reaction(4) an approach based on the con
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Table 1
Cross sectionsσIO(427.2 nm),σOIO(549.3 nm) andσZ

Reference P (mbar) T (K) FWHM (nm) σIO(4←0)×1017 (cm2) σOIO(0,5,1←0,0,0)×1017(cm2) 459.2 nm (vac) σZ×1018 (cm2) [λ (nm)]

σIO [λ (nm)] σIO at 427.2 nm (vac)

Cox et al.[28] 1013 303 0.27 3.1+2
−1.5 [426.9, air] (3.7+2.5

−1.9)a – –
Jenkin et al.[29] 9–93 306 0.27 >2.2±0.5b [426.9, air] >(2.6±0.9)a – –
Sander[30] 467 298 0.17 3.1± 0.3 – >26 [220]c, >3 [300]
Stickel et al.[31] 1013 300 0.01 >3.1± 0.6b – –
Lazlo et al.[32] 270 295 0.3 2.8±0.5,3.3± 0.6d – –
Harwood et al.[33] >400 203–373 0.14 3.6± 0.5 – –
Atkinson et al.[48] 40 295 0.0013 7.3±0.5 [445.04, vac] – – –

0.3 – 2.6±0.8e, 3.1±1.0f

Bloss et al.[34] 1013 1.13 1.9±0.2 – Low. lim: 0.87±0.15, up. lim.: 1.29±0.22 >2 [340]c

295 0.12 – 3.0±0.3,3.3± 0.3g Low. lim: 0.99± 0.17, up. lim.:1.5± 0.3
This work 10–400 298 0.12 3.5± 0.3 1.3± 0.3 >(1.0±0.2)h [340]

With ‘Z’ we refer to the absorption overlapped to IO in the spectral range between 320 and 440 nm (seeFigs. 3 and 4). The original values of the references are given together with a homogenized reference at
a selected resolution (if the original is lower than 0.4 nm) and vacuum wavelength. Bold case values refer to the homogenized reference (in some cases some additional corrections have been considered) used to
calculate a recommended value.

a Corrections calculated assuming 426.95 nm, only orientative.
b Most likely systematic underestimation as a result of overestimation of ground state IO.
c Obtained by assuming Z = I2O2 and 100% yield from the IO self-reaction.
d After correction ofσI2 (21%).
e Convoluted and binned to 1.3 nm FWHM, transferred to (4←0) by relative scaling and MIntAS correction to 0.12 nm.
f After correction ofσI2 (21%).
g 10% upwards correction based on estimation of[33] in the same system.
h Originally determined at 356 nm and scaled to 340 nm to compare; independent of assignment, cross section per iodine atom.
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vation of I amount is used, implying that

[I] 0 = 2 |�[I 2]| = 2

∣∣�aI2(λ1)
∣∣

LσI2(λ1)
= [IO]max=

aIOmax(λ0)

LσIO(λ0)

⇒ σIO(λ0) = σI2(λ1)aIOmax(λ0)

2
∣∣�aI2(λ1)

∣∣ (ii)

where Eq.(i) was used to express concentration as a function
of σ. �[I 2] and �aI2(λ1) refer, respectively to the changes in
concentration and OD of I2 as a result of its rapid reaction with
O(3P), andaIOmax(λ0) to the peak OD resulting from IO observed
immediately after the reaction is initiated. The wavelengthsλ0

andλ1 are arbitrarily selected. Typically,λ0 = 427.2 nm (4←0
transition) andλ1 = 500 nm. The absorption cross section of I2
at 500 nm is well known (Tellinghuisen[35], Saiz-Ĺopez et al.
[36], Spietz et al.[37]). The work of Lazlo et al.[32] is based
on this approach, but provides a correction for I2 photolysis at
193 nm. Harwood et al.[33] also used this method in one of their
three independent determinations ofσIO(4←0).

Most previous approaches rely on applying conservation of
oxygen atoms to reaction(4) or (5)

Φ[O]0 = Φ[O3] = ΦaO3(λ2)

LσO3(λ2)
= [IO]max=

aIOmax(λ0)

LσIO(λ0)

σ (λ )a (λ )
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and(4) [29]. Simple kinetic modelling of the steady state pho-
tolysis cycle and the post-photolysis cycle is described by two
equations having two unknowns,σIO(4←0) andk2, enabling
the latter to be determined.

1.2. Knowledge about vibrationally excited IO

Previous studies have shown that reactions(1), (4) and(5)
do not proceed completely to the formation of ground state
IO(X2�3/2, ν′′ = 0). For example, Clyne and Cruse[38] stated
that about a third of the IO generated in reaction(1) is vibra-
tionally excited IO(X2�3/2, ν′′ = 1) (from here on denoted as
IO* )

I + O3→ IO(X2�3/2,ν
′′ = 0) + O2 (1a)

I + O3→ IO(X2�3/2,ν
′′ > 0) + O2 (1b)

Durie et al. [26] reported the formation of IO* during the
flash photolysis of mixtures of iodine vapour and O2 at
room temperature (most likely from reaction(4)), and Har-
wood et al. [33] observed IO* as well from reaction(5).
Gómez Mart́ın et al. [39] have recently reported the obser-
vation of IO(X2�3/2, ν′′ = 2, . . ., 6) (from here on denoted
as IO** ) in absorption measurements by separation from
overlapping I2 and OIO spectral features in molecular time
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⇒ σIO(λ0) = O3 2 IOmax 0

ΦaO3(λ2)
(iii)

here the factorΦ is the branching ratio of the first channe
eaction(5) and has a value of unity in reaction(4). The concen
ration of O atoms was determined in a separate experime
ubstituting the precursor containing I atoms by O2, and equat
ng [O] to the final concentration of O3 formed by recombinatio
30,33,34]. In general the chemical conditions must be adju
o obtain an almost instantaneous and stoichiometric conve
f iodine or oxygen atoms into IO.

There are several sources of uncertainty in this wa
eterminingσIO, concerning the underestimation of diff
nt reaction channels and overlapping of absorbers.

arly the dependence on parameters such asΦ, or the neces
ity to undertake separate experiments to determine the
entration of oxygen atoms, are further potential source
ias.

Finally, other authors have used the kinetic behaviour o
o derive its absorption cross section. Harwood et al.[33] sim-
lated a chemical reaction scheme including reactions(1), (2)
nd IO + O(3P)→ I + O2. The σIO and the rate coefficient
eaction(2) were optimized to fit the observed decay of
tickel et al.[31] used both reactions(1) and(4) as IO source
nd as a consequence up to six different rate equations
umerically integrated to account for all production and
rocesses. In this approach reference values of rate coeffi
re required, and the knowledge of their accuracy is a sou
ncertainty.

In the two studies of Cox et al.[28,29]a somewhat differen
echnique was used to determineσIO(4←0) andk2. Molecular
odulation was employed in a system based on reaction(1) [28]
y

n
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esolved absorption spectroscopy datasets obtained with a
amera.

Electronic ground state-vibrationally excited IO is rap
uenched to the ground state. Using the data record

he course of this work, an estimated rate coefficien
1.9±0.4)×10−15 cm3 molecule−1 s−1 for the quenching o
ibrationally excited IO has been determined. Only at very
ressures (less than 100 mbar) the quenching proceeds
nough to observe a non-equilibrium population of vibration
xited states of IO(2�3/2) on the time scale of millisecond
his implies that IO(X2�3/2, ν′′ > 0) is most likely an add

ional source of bias in some determinations ofσIO(4←0) (e.g.
29,31]). On the other hand, although the spectrum of IO* has
een observed and assigned quite early[26,27], the estimate o

IO∗ (λ) was up to now scaled effectively to the ground s
IO(λ) [31–34].

.3. OIO absorption cross sections

The first observation of OIO(2B1) was reported in 1996 b
immelmann et al.[4], who produced it by flash photolysis of2

n the presence of O3. One lower limit[19] and one determinatio
f σOIO(0,5,1←0,0,0)(λ) [18] can be found in the literature. Rowl
t al.[18] constrained the branching ratio of OIO productio

he reaction IO + BrO. By integrating both differential equati
overning the time behaviour of [OIO] in the systems IO +
nd IO + BrO, in which reactions responsible for OIO remo
ere neglected, and by solving the resulting system of li
quations, they were able to constrain the branching rat
IO production in the reaction IO + IO and thereby determ

he cross section of OIO.
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1.4. Knowledge about end products of the I2 + O3 + hν

reaction system

Following the photolysis of mixtures of I2 and O3, it is well
known that under some circumstances aerosols are produced.
The aerosol produced in this study has been collected and anal-
ysed. It was shown to contain a complex higher oxide having
the stoichiometry I2O5 [40]. This assignment is based on FTIR
spectroscopy and in its high hygroscopicity, crystal shape and
white colour. Clearly to generate a cluster of this composition,
further iodine oxides other than IO and OIO must be formed in
the gas phase following the IO self-reaction.

Other studies have reported the formation of broad band UV
absorbers, attributed to aerosol ([28]) and/or gas phase species
([30,34,40]). It is tempting to attribute these absorption(s) to
I2O2, which is likely to be a product of the IO self-reaction. Bloss
et al.[34] were able to obtain an OD versus time formation curve,
which seems to follow, at least partially, second order kinetics
related to IO. Having determined the maximum branching ratio
of I2O2 production in the IO self-reaction, they were able to
derive a lower limit for its absorption cross section.

In the present study, not only one, but up to three broad band
absorbers have been observed in the UV. Therefore it is necessary
to reconsider the previous identification. A lower limit for the
cross sections of one of these absorbers and estimations for the
other two have been also derived in this work. The absorbers are
d sed
b

1
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d
r d in
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o the

overlapping spectra/ODs, to gain independence from kinetic
hypothesis, used to determine concentrations, and to determine
from each experimentall theσs of the species observed, in such
a way that they are mutually consistent. In the accompanying
paper[41] theσs of the species observed have been determined
not only at single wavelengths but rather over the spectral region
measured. As a result of the approach used in this work the com-
plex kinetics of the system under study are not needed. Based
on the cross sections determined here they will be discussed in
a separate publication.

2. Experimental

2.1. Generation of radicals at known conditions

The reaction vessel (seeFig. 1) comprises a 120 cm-long
double-jacketed quartz tube, which is temperature stabilized by
a flow of pressurized air at ambient temperature 298 K. The
optical windows at the entrance and exit of the vessel are made
from quartz and are double walled and evacuated.

The photolysis flash system contains two Xenon flash tubes.
Optical filters between the tube and the vessel are used to limit
the wavelength of the photolysing radiation in the UV. Specifi-
cally this was used to minimize the photolysis of O3 in its Hartley
a 1

flow
o
t
c w
o
s mass
fl re the
p

non
t re

F ynchr
a

enoted as ‘X’, ‘Y’ and ‘Z’ and their assignment is discus
elow.

.5. Objectives

The objective of the present manuscript is to describe
etermination of an accurate and self consistent set ofσs at
elevant single wavelengths of the main absorbers involve
he I O3 photochemistry: IO, IO* , IO** , OIO and higher iodin
xides. The intention is to reduce uncertainties related to

ig. 1. Flash photolysis experimental set-up. It is conceived to perform s
tomic resonance absorption spectroscopy.
nd Huggins bands forming O(D).
Measurements are performed in flow mode. A stable

f I2 in N2 is produced by passing a flow of N2 through a
hermostated and pressure stabilised glass vessel (T = 273 K)
ontaining I2. This flow can be diluted by an additional flo
f pure N2. O3 is produced by passing a stream of O2 through a
ilent discharge. The flows are controlled using calibrated
ow controllers. Calibrated capacitance barometers measu
ressure in the vessel.

The broad spectrum flash (UV–vis) produced with Xe
ubes is able to photolyse I2 and O3. Thus, I and O atoms a

onized multichannel time resolved absorption spectroscopy (white optics, CCD) and
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formed

I2
hν→αI(2P3/2)+ βI(2P1/2) (6)

O3
hν→O2+ δO(3P)+ εO(1D) (7)

Iodine atoms produced in the excited metastable state are rapidly
quenched by collision with molecular oxygen

I(2P1/2)+O2↔ I(2P3/2)+O2(1�) (8)

This quenching takes less than 0.8�s at 10 mbar, which is the
lowest pressure considered in this work. Such quenching is very
effective due to resonance between energy levels of I(2P1/2) and
O2 (Young et al.[42]). The O(1D) excited oxygen atoms are
also collisionally quenched in an excess of N2 (Shi et al.[43])
and are deactivated in less than 0.4�s at 10 mbar. The best time
resolution of the detection system used in this work is 20�s,
implying that both I(2P1/2) and O(1D) are quenched prior to our
observations.

Reactions(1) and(4) both produce IO. The latter reaction
releases additional iodine atoms to react with O3. Thus, two
different sources of IO are simultaneously present in the exper-
iments. In order to simplify the chemical system the second IO
source was minimized using a glass filter able to block O3 pho-
tolysis below 320 nm. Some photolysis of O3 in its Chappuis
band still occurs, producing mainly O(3P). As I2 is in excess
o tha
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The CCD can be operated eitherstatically recording indi-
vidual spectra at pre-set times ortime resolved recording
sequences of full spectra at set time intervals. For the time
resolved mode the chip of the CCD is masked by a hori-
zontal slit such that roughly five rows are exposed. By shift-
ing all rows step wise from the exposed area down under
the mask, time resolved recording of spectra is achieved. The
fastest shifting time is 20�s. By this mechanism each spec-
trum is exposed during five shift intervals and accumulates
the temporal variation of signal during this time. This corre-
sponds to a 5-point “moving-average” smoothing of the orig-
inal temporal behaviour of optical density versus time. The
shape of the smoothing kernel function is not rectangular, but
determined by the characteristic illumination function on the
chip of the CCD. Without correction, the effective resolution
in time is therefore limited to roughly 100�s. This is suffi-
cient, if the observed structures change slowly in comparison
to this effective temporal resolution. If faster processes had
to be monitored, then a deconvolution in time would improve
the effective temporal resolution slightly using ameasured
characteristic function of illumination. In the present work,
however, all processes of interest were kept sufficiently slow
to enable the direct usage of time resolved signals without
deconvolution.

In the majority of kinetic experiments, a low spectral res-
olution (FWHM = 1.3 nm) was selected by using a combina-
t -
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ver oxygen atoms, the latter are quickly consumed (less
ms after the flash for the lowest concentration of I2 considered

n this work).
During and following the formation of IO a number of fu

her reactions take place. These include the self-reaction o
he time scale in which the chemistry under study takes p
≤40 ms) is short with respect to the vessel’s purging time (∼3 s).
his enables the assumption of a static mixture to be mad
nalysis purposes. The vessel is purged up to three times
ach flash in order to remove secondary products, which

nterfere in the reaction.

.2. Detection

The experimental set-up (Fig. 1) is designed to simulta
eously monitor all relevant molecular and atomic spe
olecular absorption is measured along the longitudinal
f the reaction vessel (White-type multipath optic system,

ength = 2430.5 cm). Atomic resonance absorption spectros
s performed along a short path cross axis (5.5 cm), in ord
ompensate for the significantly larger absorption cross se
f I atoms, compared to the molecular absorption cross sec

.2.1. Multichannel time resolved molecular absorption
pectroscopy (MTRAS)

A 150 W superquiet Xenon arc lamp is used as absor
ight source. After having traversed the vessel, the analysis
s focused onto the entrance slit of a Czerny–Turner spec
ter (500 mm focal length). A CCD camera (Roper Scien
quipped with a 1024×1024 silicon detector chip (SiTE)
mployed as detection device (pixel size 26�m×26�m).
n

.

r
re
d

.

y

n
s.

t
-

ion of an entrance slit width of 100�m and a grating hav
ng 150 grooves/mm (linear dispersion 0.32 nm pixel−1). This
nables a spectral window containing the absorptions of a
elevant reactant and product molecular species involved
eaction from roughly 300 to 600 nm to be measured in a s
ecording, without changing the grating’s position. The r
ants I2 and O3 were measured using their well known stro
bsorption features in the visible around 500 nm[35–37]and in

he UV around 260 nm (see Bogumil et al.[44] and reference
herein), respectively.

By using the CCD in time resolved mode and synchron
hotolysis of the mixtures of I2 and O3 in the bath gases N2
nd O2, the simultaneous measurement of the concentr
ependent molecular absorptions results. A two-dimens
aw image consisting of intensities plotted on a grid of t
teps versus detector pixels is obtained. Wavelength calib
s achieved by measuring the calibration spectra of a Hg–C
ource in static mode. In this manner the two-dimensional
f data has the dimensions of time versus wavelength.

Dark current and detector characteristics are measured
xactly the same procedure as in the recording of the ab
ion dataset, but with the shutter in front of the spectrom
losed. By subtraction of this background signal from the m
ured intensities the effects of the detector characteristic
he dark current are corrected, yielding a data set of inten
(λ, t). The reference spectrum,I0(λ, t), is obtained with th
ame procedure, but flashing mixtures of only N2 and O2. Any
ptical deformation within the vessel, by the mirror mounts

he optical windows are thus identical inI(λ, t) and I0(λ, t).
his procedure also results in the removal of the majority o
cattered light coming from the flash and interfering with
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Fig. 2. Lamp drift correction of the kinetic datasets: pre-flash averaged spectral profile is subtracted from each spectral profile of the data recording. In (a) the pre-flash
spectrum and two spectra at different time steps are shown. After correction (b), spectral features corresponding to different species can be betterrecognized. ‘Y’
and ‘Z’ refer to broad band UV absorbers, most likely higher iodine oxides.

analysis light. The OD is then obtained via the equation

a(λ, t) = ln

(
I0(λ, t)

I(λ, t)

)
(iv)

A set of time-averaged OD spectral profiles corresponding to
a single dataset and derived as explained above are shown in
Fig. 2.

2.2.2. Atomic resonance absorption spectroscopy
An electrodeless discharge iodine lamp is used as light source

for resonance absorption spectroscopy. After having traversed
the reaction vessel through the cross axis the analysis light is
focused onto the entrance slit of a Czerny–Turner spectrome-
ter (250 mm focal length), operated with a 1200 grooves/mm
holographic grating. With this grating it is possible to resolve
the I(2P3/2) 183.038 nm resonance transition from neighbouring
lines, with the PMT as detector. The atomic resonance absorp-
tion was previously calibrated with the molecular absorption

set-up in I2/O2 photolysis experiments by monitoring the I2 pho-
tolysis at 500 nm.

In the experiments conducted for this work the atomic res-
onance and the molecular absorption set-ups are synchronized
and therefore simultaneous recordings of atomic I and molecu-
lar species can be obtained. Further details in the experimental
set-up and the determination of the oscillator strength of the
I(2P3/2) 183.038 nm resonance transition can be found in Spietz
et al.[45].

3. Theory

3.1. Approach: conservation of iodine

The concept of iodine conservation within the chemical sys-
tem, as applied in this work to the determination ofσs, equates
the initial concentration of I atoms (contained in the initial I2) to
the concentration of I atoms, present in molecules or as atoms,
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after the flashat each time step of the reaction. It assumes that
all absorbing iodine containing species of significant concentra-
tions are measured and that the amount of any non-absorbing I
containing species is known or negligible. Note that in previous
determinations based on conservation of iodine (or oxygen), this
was applied to asingle time step corresponding to the peak IO
concentration (Eq.(ii) or (iii) ). In contrast, in our approach,N
linear equations as function of the time step for reaction,ti, are
considered

2[I2]0 = 2[I2](ti)+ [I]( ti)+ [IO]( ti)+ [IO∗](ti)

+ [IO∗∗](ti)+ [OIO](ti)+ [X]( ti)+ [Y]( ti)

+ [Z]( ti)+ · · · (v)

The concentration of each absorber ‘M’ (see Eq.(i)) is given by
the Beer–Lambert law

[M]( ti) = aM(λ, ti)

L σM(λ)
(vi)

Note that the wavelengthλM of the transient OD (aM) in the
above formula corresponds to that wavelength used for the deter-
mination of theσ of the absorber M (M = IO, IO* , IO** , OIO,
X. . .). If Eq. (vi) is substituted in Eq.(v), theseN equations can
be arranged in the following way

{2([I ] − [I ](t ))− [I]( t )}L
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rely on kinetic reference data. Therefore the resulting estimated
cross sections are not independent estimates. A third advantage
is the increased coverage in time. Within the iterative approaches
always only a limited time window of data containing either
the earliest products – usually the more or less instantaneous
production of IO and OIO – or only the decay of an absorber
can be used. Full temporal coverage usually has to be avoided
because of the content of other products or their kinetics have
to be modelled with multi-parameter kinetic mechanisms. In
the present approach the number of unknowns is limited to
the absorption cross sections while the later products of reac-
tion are included. Thus it is possible to use also observations
from later times within the course of reaction, being the qual-
ity of the results obtained improved by an increased averaging
effect.

Note that the cross sections resulting from the method of
iodine conservation are cross sections per iodine atom. Once the
stoichiometry of the molecule is identified by kinetic or spec-
troscopic considerations, their absorption cross sections can be
converted to cross sections per molecule.

3.2. Separation of overlapping spectra

Eq.(i) can be also written for a multi-component system with
n different absorbers as follows:

I
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s are not
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T mn
t atrix
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l alled
‘ t al.
[
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= aIO(λIO, ti)

σIO(λIO)
+ aIO∗ (λIO∗ , ti)

σIO∗ (λIO∗ )
+ aIO∗∗ (λIO∗∗ , ti)

σIO∗∗ (λIO∗∗ )

+ aOIO(λOIO, ti)

σOIO(λOIO)
+ aX(λX, ti)

σX(λX)
+ aY(λY, ti)

σY(λY)

+ aZ(λZ, ti)

σZ(λZ)
+ ε(ti) (vii)

hereε(ti) represents the error in predicting the observat
n the left hand side with the proposed model. Multiple lin
egression (MLR) is used to determine theσs (Section3.2). Note
hat separated and instrument independent optical densitiaM
re required (Section3.3).

The important advantages of this approach are its inde
ence of mechanistic hypotheses and kinetic reference
he only reference data required is the absorption cross

ion of I2 and the oscillator strength of I(2P3/2). The forme
as been checked (see Spietz et al.[37]) and its uncertaint
ould even be further reduced by our determination. The
er was also determined and inhomogeneities were acco
or by additional empirical calibration. A second advantag
hat the approach enablessimultaneous andconsistent determi-
ation of cross sections of all different species observed i
xperiment. This is an important improvement with respe
ost previous studies, which had to determine selected

ections under idealized conditions ignoring others, thus b
orced to approximate other cross sections iteratively. Erro
he reference data and in the determination of the first cros
ion within the iterative chain propagate into the last estim
roducing increasing uncertainties for the results determ
t the end of the chain. Also such approaches usually h
-
a.
-

-
d

s
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c-

o

(λ, t) = I0(λ, t) exp (−L

n∑
k=1

ck(t)σk(λ))⇔

(λ, t) = L

n∑
k=1

ck(t)σk(λ) (viii)

he OD measured at a given wavelength and timea(λ, t) is
mixture of the ODs corresponding to the different spe

resent in the mixture at that time and absorbing in the s
avelength range. In our case, OD data arrays obtaine
pplying Eq. (iv) to CCD data contain at least eight d

erent overlapping absorbers, including both reactants
roducts.

Let us assume that the column densities at any time o
pecies are known, and that the absorption cross sections
nown. The following matrix equation describes in such c
he multivariate linear model(viii) for all wavelengths and tim
teps

= CS +E (ix)

he matrixY – matrix of observations – contains on each colu
he transient OD at a given wavelength. The columns in m

– the so called mixing matrix or matrix or coefficients –
he transient ‘column densities’ of each absorber contain
he mixture. Finally, the rows ofS – unknowns – are the spe
ral absorption cross sections of each absorber.E is a matrix of
rediction error. The matrix representation of the Beer–Lam

aw for a multicomponent system is a standard in the so c
chemometrics’. More details can be found e.g. in Brown e
46].
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If the absorbers have different temporal behaviours, (a con-
dition, which can be mathematically expressed as linear inde-
pendence of the columns in the matrixC), it is possible to
separate the observed data into several linear components – one
for each absorber – using multivariate analysis techniques based
on the inversion of the mixing matrix, for example principal
components analysis (PCA) or, independent components anal-
ysis (ICA) (Gómez Mart́ın et al.[39] and references therein).
It is also possible and sometimes even necessary to use multi-
variate multiple linear regression (MMLR) if reference spectra
are available. Finally, it is possible to combine MMLR with the
previously mentioned techniques.

The success of these techniques depends on the spectral range
of application. For the absorbers IO** , OIO and I2, a combination
of PCA, ICA and MLMR was used to achieve their separation.
For IO and the broad band UV absorbers, identified in this work,
iterative spectral MMLR was applied. Thus for each dataset
it is possible to retrieve sets of well separated OD temporal
behaviours (aM) at the wavelengths selected for use in the set of
Eq.(vii) .

3.3. Resolution and binning correction

It is well known that a low instrument resolution broadens
σs measured at higher spectral resolution. In addition, binning
on the CCD pixels also affects the observed absorption cross
s wor
t pre
v n the
c
c e
p n. An
a -
t /fine
b ation
s rea
p low
r elop
a nne
i der
s sely
b e o
t ref-
e ith th
s 5
s the
( e by
t

3
l

co
r rva
t n
i

y

where y = ({2([I 2]0− [I 2](ti))− [I]( ti)}L), i = 1, . . ., N, is the
observational vector (with column density units).A = (aIO,
aIO∗ , aIO∗∗ , aOIO, aX, aY, aZ) is the matrix of coefficients.
Each column of A contains the OD temporal behaviour
of one absorber. Therefore,aM is a vector with compo-
nents aM(λ, ti), i = 1, . . ., N. The vector of unknowns is
x = (1/σIO(λIO), 1/σIO∗ (λIO∗ ), 1/σIO∗∗ (λIO∗∗ ), 1/σOIO(λOIO),
1/σX(λX), 1/σY(λY), 1/σZ(λZ). . .)T. Finally,ε is a vector of pre-
diction error. The number of unknowns is equal to the number of
absorbers included (here up to seven depending on the dataset),
and the number of observations is equal to the number of rea-
sonable time steps (which depending on the existence of other
unaccounted absorbers can reach up to 500). This is therefore
an overdetermined system of linear equations.

Assuming a Gaussian distribution of the residuals and linear
independence of the variablesaM, the components of the vector
x can be estimated by using the MLR technique.1 The optimal
solution is given by

x = (ATA)
−1

ATy (xi)

Determiningx for different total reaction times enables the
consistency of the assumptions about the number of absorbing
species present. The number of equations or time steps included
in the least squares fitting is determined iteratively and selected
such that the residual is distributed normally. The stability of
t suc-
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ection. In order to compare the results presented in this
o published cross sections and to review critically those
ious results the effect of resolution and undersampling o
ross sections was studied (Spietz et al.[47]). ForσIO(4←0) a
lear dependence of the measuredσ and the wavelength of th
eak absorption on the spectral resolution could be show
nalytical relationship betweenσIO(λ) obtained for low resolu

ion/coarse binning and those obtained for high resolution
inning measurements has been deduced. Using this rel
hip, a method to obtain the best approximation to the
eak OD of a vibronic-rotational absorption band from
esolved and coarsely binned measurements has been dev
nd applied to the IO case. This method is called multicha

ntegrated absorption spectroscopy (MIntAS). It can be un
tood as an “inverse convolution” of low resolved and coar
inned intensity spectra, which does not require knowledg

he instrumental line shape, but a high resolution relative
rence spectrum. This spectrum has been measured w
ame set-up by using a 1200 grooves/mm grating and 7�m
lit width (FWHM = 0.12 nm), which yields a line shape of
4←0) band determined by the molecule and not any mor
he instrument function.

.4. Determination of absorption cross sections by multiple
inear regression

Once our OD temporal behaviours are separated and
ected for non-linear instrumental effects, the iodine conse
ion model can be applied. The set of Eq.(vii) can be also writte
n matrix form

= Ax+ ε (x)
k
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he solution is established calculating the parameters for
essively increasing fitting time intervals. The dependenc
he parameters on the fitting interval length is then assess
ystematic deviations are found, this implies that unaccou
bsorbers are present in the mixture. For the determinationσs,

t is an inherent assumption that columns inA are independen
i.e. the normal matrixATA is invertible). Thus the approach
imited by any multicollinearity (linear dependence between
ssumed independent variablesaM).

. Results

.1. Datasets

Table 2contains a description of the kinetic experiment
ifferent conditions used in this study. Experiments typic
omprise 100 single flash times in order to obtain a good s
o noise ratio. Initial conditions have been varied to check
he independence of the results obtained.

The pre-processing of the experimental data includes
limination of spurious changes in OD caused by light so
rift betweenI(λ, t) andI0(λ, t) measurements (seeFig. 2). As no
ignificant drift occurs within a single measurement (∼20 ms)

ong term drift effects are corrected by subtracting from e
ataset its own averaged pre-flash spectral profile. A further
equence is that I2 and O3 temporal behaviours become relat

1 In MLR there is only one dependent (observed) vector variable. MMLR (
ion 3.2) refers to a multiple linear regression where there are several obs
ariables (multivariate). Therefore, the observations are contained in a m
nd a matrix of coefficients to be determined:Y = AX + E.
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Table 2
Experimental conditions of kinetic datasets

Group Nexp Pvessel(mb) [N2]a×1018 [O2]a×1018 [O3]0
b×1015 [I2]0

b×1013 [I] max
c×1013 [IO]max

d×1012

1 8 40–400 0.5–10 0.4–1 2 5.4 1 7.5–8
2 7 100–400 0 2–10 2 5.4 1 6.5–7
3 6 40–400 0.5–10 0.4–1 8.2 4.4 1 5
4 11 10–40 0 0.2–1 0.5–2 1–6 3–9 2–8
5 6 10–40 0.1–0.6 0.1–0.4 0.5–2 0.3–1 2–6 1.5–5.5
6 6 40 0 1 0.1 5.4 1 7

All concentrations are given in molecule cm−3.
a N2 and O2 concentrations have been estimated from the total pressure in the vessel and the readout of the flow controllers. Uncertainty∼10%.
b I2 and O3 concentrations are obtained either by measuring pure I2 and O3 spectra in static mode previous to the kinetic series and/or by using optical densities

recorded in kinetic mode after the photolysis flash. Error estimates (<15%) account for random noise of the detection device as well as for drifts of [I2] and [O3]
along the experiment and lamp drifts.

c Calculated as indicated in Section2.2.2. The uncertainties (<10%) are obtained as the standard error estimation of the least squares fits applied in the calibration
of the set-up.

d Calculated usingσIO determined in this work. The uncertainties (<10%) consider the uncertainty inσIO, as well as the estimated error of the time behaviour of
IO.

to the initial concentrations. For O3, the transient OD change
resulting from reaction(1) is below the detection limit within
the observed spectral window and therefore does not affect the
determination of other UV absorbers. For I2 the correction for
lamp drift is advantageous, because the first term of Eq.(vii)
describes the difference between the I2 at a given reaction time
t and its initial concentration: [I2]0− [I 2](t).

4.2. Separation of the temporal behaviour of spectrally
overlapping ODs

4.2.1. Separation of the absorbers: IO, ‘X’, ‘Y’ and ‘Z’
First we concentrate on a wavelength region between 340 nm

(chosen to avoid complications due to further UV absorbers,
see below) and 435 nm (chosen to avoid complications derived
from IO* and I2). From a knowledge of the kinetic behaviour
of the different chemical species and/or by applying DOAS,
the differences between spectra obtained at different time steps
are generated. These yield separated relative spectra of IO and
‘Z’. A second broad band spectrum (‘X’) is retrieved by fitting
a polynomial underneath the IO spectrum in a spectral profile
averaged in a time interval of about 0.25 ms immediately after
the flash. A MMLR is performed, accounting for the reference
IO spectrum and the two spectra of ‘X’ and ‘Z’ as independent
variables. Arbitrarily scaled temporal behaviours of the absorp-
t
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The strong spectral overlap of ‘Y’ and ‘Z’ and the absence of
vibrational features impede the use of the mathematical tech-
niques explained above to separate them. The experimental
approach used in this work is not suitable for an unambiguous
identification of the higher iodine oxides (see Section5.2.3), and
as a result the conditions of the mathematical models used for
optimal extraction of information are not fulfilled. To gain some
knowledge about ‘Y’ from the data available it is necessary to
skip temporarily the premise of being independent from kinetic
hypothesis. One of the important products of the IO self-reaction
is expected to be the IO-dimer, I2O2. Some broad band absorp-
tions, similar to ‘Z’, have been previously assigned tentatively
to I2O2 (see[34]). In our case, the temporal curve corresponding
to ‘Z’ does not follow the expected second order formation (see
Fig. 3d), even at the beginning of the curve, as argued in[34].
Even if different sinks are considered (dissociation, I2O2 + I,
etc.) the temporal behaviour of the absorption ‘Z’ cannot be
modelled by the kinetics of the IO-dimer. It can be concluded
therefore that ‘Z’ is not I2O2. In contrast, the averaged time pro-
file between 310 and 340 nm, containing the OD due to ‘Y’, (see
Fig. 3d) does show a rate of formation having an apparent sec-
ond order dependence on IO. From its temporal behaviour ‘Y’
is tentatively assigned to be I2O2. The ‘Y’ spectrum is fitted, by
using the result of numerically integrating the branch differential
equation corresponding to reaction(2c), that is
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ions of IO, ‘X’ and ‘Z’ result. Results are shown inFig. 3. The
nalysis can also be applied in such a way that the tem
ehaviours obtained by MMLR, as indicated above, are us

ndependent variables in a further MMLR, in order to retri
pectra. Provided that the fit is performed in the same sp
ange, the retrieved spectra are in good agreement with the
nput.

It was observed that if the fitting spectral window is enlar
own to approximately 310 nm, some systematic features a

n the residuals (Fig. 4e), indicating the presence of a furth
V absorber ‘Y’. The OD time profiles averaged between
nd 340 nm show a behaviour different to that of ‘Z’ (Fig. 3d).
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I2O2](t)− [I 2O2]0 = k2c[M]
∫ t

0
([IO]( t′))2 dt′

= ϕ

∫ t

0
(aIO(t′, λ0))2dt′ (xii)

hereϕ = k2c[M]/( LσIO(λ0))2 and [I2O2]0≈0. The constantϕ
s unknown, because whether the rate constant of reactio(2c)
or σIO(λ0) are known a priori. Nevertheless, the scaling

he time behaviour is unimportant in the separation proce
ecause the only objective is to obtain a pure optical den
herefore, no assumption on the branching ratio is neede
umerically integrating the squared absorption of IO at a g
avelength a normalized concentration is obtained (Fig. 4c),
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Fig. 3. Results of separation of overlapping spectra between 340 and 435 nm. Spectra of IO (a), ‘Z’ (c) and ‘X’ (d) are obtained by combination of different techniques.
The measured OD in the spectral range 340–435 nm is regressed against them, and temporal behaviours are subsequently obtained (panels b, d, and f, respectively).
Panel d shows the disagreement between the temporal behaviour of ‘Z’ and the modelled I2O2 concentration curve (dash line) obtained by using Eq.(xii) . The kinetic
assignation of I2O2 to a further absorber observed from 310 to 340 nm is more plausible.

and the corresponding spectrum obtained by MMLR (Fig. 4d)
is automatically scaled such that the product of both quantities
gives the true pure optical density.

The results obtained are shown inFig. 4. The panels 4a and 4b
show the time curves used as input in Eq.(ix), and the panels 4b
and 4c the resulting spectra.Fig. 4e compares the residuals of the
MMLR when ‘Y’ is and is not included on it, and demonstrates
that the assignment of I2O2 to ‘Y’ is very plausible. From this
point on we will refer to ‘Y’ as I2O2. The assignment of ‘X’ and
‘Z’ are discussed below.

The formation of a deposit, which is white but absorbing in
the UV, on the mirrors and the windows of the vessel together
with the strong absorption of O3 reduce the transmission of the
analysis light in the UV dramatically, such that after two or three
experiments the signal below 320 nm reaching the detector has
decreased significantly and the signal to noise becomes poor.
Thus only selected experiments are suitable for the identification
of the spectrum attributed to I2O2. It was therefore not possible to
establish a systematic dependence of this absorption on pressure
or on the mixing ratio of the precursors.

In Section4.4, the solution of Eq.(ix) (the mass balance equa-
tion) is discussed. The temporal behaviours of OIO, and ‘Z’ and
I2O2 are linearly dependent, particularly at longer reaction times
when OIO is small. Thus when OIO, I2O2 and ‘Z’ are explic-
itly considered in the matrixA for all reaction times from 0.5
to 10 ms, then the three individual components cannot be sepa-
r tion

of theσOIO is to solve the matrixA over time intervals where
the OIO is large and to reduce the two absorbing adducts, I2O2
and ‘Z’, to one effective adduct by usingonly the measured time
behaviour of ‘Z’. This is consistent with the aim of being inde-
pendent of kinetic hypothesis in the determination ofσIO, σIO∗ ,
σIO∗∗ , σOIO andσZ, although it also raises the question of inter-
preting the cross section obtained for ‘Z’. The consequences of
this decision are discussed below.

4.2.2. Separation of the absorbers: IO**, OIO and I2

A combination of PCA, ICA and MLR is used to sepa-
rate IO** , OIO and I2. This procedure is described in detail in
Gomez Martin et al.[39] (note that in the reference IO(X2�3/2,
ν′′ > 0) is collectively termed as IO* ). The curves of IO** and
OIO resulting from this analysis are shown inFig. 5. The cor-
responding spectra can be found in[39] and in the accompa-
nying paper. The temporal behaviour of OD for I2 at 500 nm
yields the concentration from knowledge of the absolute absorp-
tion cross section of I2 at 500 nm. In this study a value of
σI2(500 nm) = (2.191±0.020)×10−18 molecule/cm3 (see[37]
and references therein) has been used.

4.2.3. Separation of the absorber IO*

Absorptions of ‘Z’ and I2 are not negligible in the spectral
range where IO* is observed. Therefore, their contributions were
subtracted from the total absorption and the resultant attributed
t
ated. The solution to this analytical problem for determina
 o IO* during the time interval where IO* is present. An I2 OD
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Fig. 4. Results of separation of overlapping spectra between 310 and 435 nm (panels b and d). OD between 310 and 435 nm is regressed against the temporal
behaviours (panels a and b) of IO, ‘X’, ‘Z’ and the modelled temporal behaviour of I2O2. The spectrum of a further absorber is retrieved (panel d). In panel e residuals
of the same regression fit with and without the modelled temporal behaviour of I2O2 are compared. Note that in the second case the residual contain a similar spectral
feature to that retrieved in the first one. Kinetic assignation of this spectrum to I2O2 is therefore plausible.

is readily calculated by multiplying the I2 temporal behaviour,
obtained as explained in[39], with a reference I2 spectrum, mea-
sured with the same experimental set-up in static conditions.
Similarly, the OD attributed to ‘Z’ is reconstructed by multi-

plying its spectrum with its temporal behaviour, both obtained
as explained in Section4.2.1. When the spectral window for
IO* is free of I2 and ‘Z’, the temporal behaviour of IO* is
obtained from the maximum OD at 449.3 nm (3←1). Sepa-

F ave
b

ig. 5. OD temporal behaviours of the different species observed at the w
ehaviour was calculated by using Eq.(xii) .
lengths selected for the determination of their absorption cross section. The I2O2 time
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Table 3
Results of MIntAS

Species FWHM Correction/scaling Non-linearity (%)

Lo-res (nm) Hi-res (nm)

IO(4←0) 1.3 0.12 (Correction applied before I conservation) average scaling: 1.64±0.04 5
IO* (1←3) 1.3 0.35 1.82±0.21 1
IO** (1←2) 1.3 0.35 1.82±0.21 1
OIO(0, 5, 1←0, 0, 0) 1.3 0.35 1.14±0.05 0.1
IO(2←0) 1.3 CRDS Validation: 11±3 (MIntAS) 9.9 (conv. + bin.) 16

Previous to application of the iodine conservation (Eq.(x)), the influence of spectral resolution on the apparent optical density was characterized. The non-linearity
in IO(4←0) was judged to be large enough to justify the application of MIntASbefore iodine conservation. In all the other cases a simple scaling factor is applied
after iodine conservation. The application of MIntAS to the (2←0) band is a validation of the method. The uncertainties have been defined elsewhere[47].

rated temporal behaviours of all absorbers monitored are shown
in Fig. 5.

4.3. Correction of resolution related experimental effects

The analysis technique MIntAS has been applied to absorp-
tions of the bands IO(4←0), IO* (3←1), IO** (1←2) and
OIO(0, 5, 1←0, 0, 0), which are used for the iodine mass
balance (Eq.(vii) ) cross section retrievals. Results are sum-
marized inTable 3, where the average scaling factors between
spectrally low and high resolved optical densities are shown. In
general the instrumental resolution causes a small, significant
and non-linear dependence of the apparent optical density on
concentration. In the case of the IO(4←0) band, the deviation
from Lambert–Beer law represents a change of about 5% with
respect to the mean scaling factor.

As a result of the above, the IO time traces have been corrected
for this instrumental resolution effectbefore being used in Eq.
(xi). For IO* (3←1) and IO** (1←2) absorption bands, the non-
linearity is less than 1% and for OIO is less than 0.1%. Therefore,
the non-linear correction is assumed negligible and a constant
correction factor is applied to the calculated cross sectionsafter
solving Eq.(x).

MIntAS has been also applied to the (2←0) transition for
validation purposes. Theinstrument independent value ofσIO
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The scaling obtained by applying MIntAS to the (2←0) band
measured at 1.3 nm FWHM, using the CRD spectrum of[48] as
reference, has been compared to the result of convolving and
binning this CRD spectrum to obtain the spectral resolution of
1.3 nm FWHM used in this work. As shown inTable 3, both pro-
cedures yield very similar scaling factors between the low and
the high resolved values. Moreover, by transferring the absolute
scaling of the degraded CRD spectrum to the maximum of the
(4←0) band of our low resolved spectrum and by subsequently
applying MIntAS with a target resolution of 0.3 nm FWHM, the
retrieved value for the maximum of the (4←0) band is in good
agreement with the value of Lazlo et al.[32] (seeTable 1). This
validates our analytical approach.

4.4. Absolute absorption cross sections of iodine oxides

Theσs of the absorbers considered in Eq.(vii) at the selected
wavelengths have been retrieved by MLR. The results are shown
in Table 4. The uncertainties in wavelength are given by the abso-
lute maximum of the calibration residual. The error estimates of
the absorption cross sections are given by one standard deviation
of the set of results obtained from 44 datasets analysed.

As mentioned before, an important assumption of the method
of iodine conservation is that all absorbers relevant to the system
under study are accounted for. Depending on the complexity
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45.04 nm was obtained by Atkinson et al.[48] by scaling thei
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.0013 nm FWHM with a low resolution reference cross sec

rom Lazlo et al.[32]. This high resolution enables the rotatio
tructure to be resolved. The scaling was achieved by con
ng the CRD spectrum with the characteristic function of

onochromator of[32] and by using theapparent absorption
ross section reported for the (2←0) band in that work. Not
hat this band has been successfully studied by laser induce
rescence (LIF) (Inoue et al.[49]), indicating that the A(2�3/2,
′ = 2) state of IO is relatively long lived in comparison to
(2�3/2,ν′ = 4) IO state, which is a strongly pre-dissocia
tate. As a consequence the (4←0) band presents only a smoo
and contour and can be adequately monitored with a sp
esolution of 0.12 nm FWHM. In contrast the (2←0) band ha
trong rotational structure, which is not well resolved for
ame resolution.
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f the chemical mechanism, the number of different pro
olecules increases with time. Therefore this assumption
ecome more difficult to fulfil the larger the time interval
ata. Conversely, this limitation is also an important mean
hecking the reliability of the model, i.e. provided no system
tructures occur in the residuals, the number of species com
ith the assumption. The appearance of systematic structu

he residuals indicates missed absorbers. In addition the sy
tic shape of the residuals will mirror quite closely the temp
ehaviour of the absorber, which is not included in the mo
imilarly any artefacts present in a temporal behaviour

or an absorber will cause systematic structures in the re
ls. This could be the case for time intervals close to the fl
here issues of temporal resolution relative to the rapid in

ormation of IO or its excited species might be of importan
Fig. 6shows an example of the solution of Eq.(x). The resid

als are distributed normally, supporting the assumption th
elevant absorbers are accounted for and the two curves of
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Table 4
Absorption cross sections obtained in this work

Molecule λ (vac) [nm] σa [cm2 molecule−1] σ [cm2 molecule−1] FWHM [nm]

IO 427.19±0.05 (4←0) (MIntAS correction before iodine conservation) (3.5±0.3)×10−17 0.12b

IO* 449.3±0.2 (3←1) (2.1±1.3) >(3.9±2.4)×10−17, (4.5±0.5)×10−17c 0.35b 0.12b,c

IO** 484.9±0.2 (1←2) (0.5±0.4) >(0.9±0.7)×10−17, (6.0±0.5)×10−17c 0.35b 0.12b,c

OIO 549.3±0.1 (0,5,1←0, 0, 0) (1.1±0.3) (1.3±0.3)×10−17 0.35b

‘Z’ 356±0.2 continuum >(7.8±1.2)×10−19d 1.3
‘Y’ (I 2O2) 322±0.2 continuum (1–8)×10−18d 1.3
‘X’ 373.2±0.2 continuum (0.5–2)×10−18d 1.3

The measured OD for IO(4←0) was MIntAS-corrected for effects of resolution and binning to an effective FWHM of 0.12 nm before usage of the method of iodine
conservation. IO* , IO** and OIO were corrected afterwards with the appropriate scaling factors (Table 3). For I2O2 and ‘Z’ no resolution or binning dependent
correction has been applied as they are continuous smooth absorptions. Note that for I2O2 only an estimated value can be given. The uncertainties are one standard
deviation for each set of results.

a Result from iodine conservation with MIntAS correction to be applied afterwards by scaling.
b FWHM of MIntAS corrected cross section.
c Based on the cross section for (4←0) at 0.12 nm FWHM and the Franck-Condon factors by Rao et al.[50].
d cm2/iodine atom.

vation y and prediction coincide. In addition, the iodine column
amount for each individual absorber is plotted.

As a further measure to investigate the possibility of unac-
counted missing absorbers or artefacts, the following strategy
was used. A starting point in time was chosen, which was
assumed to be sufficiently remote from the flash to be free of
artefacts. From there, an initial time window was selected and
with the data from that window a first solution to the Eq.(x)
was calculated. Then the interval was increased and a new solu-
tion to Eq.(x) was calculated. This procedure was repeated until
the whole time interval of available data was covered. This pro-
duces a series of estimates for the absorption cross sections.
Plotting the sets of results for absorption cross sections obtained
in this way against the length of the used time interval pro-
vides a measure for the dependence of the obtained results. In
the ideal case the solutions should produce a horizontal graph

for each absorber’s cross section. This criterion is referred to
as “convergence on a horizontal plateau”. Two reasons could
cause deviations from this. Firstly, if the time interval does not
contain significant information about one or more absorbers,
because for example their OD is zero or close to zero within the
selected interval, then the normal matrix of the system (ATA)
will become poorly conditioned or even singular. The results
will show significant scatter and unsystematic behaviour. This
is shown inFig. 7, where results for a dataset of group 3 (see
Table 2) are plotted. Under the conditions of group 3 the chem-
istry is very rapid (large O3 and I2 concentrations), and therefore
the formation of further unaccounted species can be expected.
The solutions behave erratically up to a fitting interval length of
1.5 ms (corresponds 75 data points). For fitting interval lengths
between 1.5 ms (∼75 data points) and 4.2 ms (∼200 data points)
the results for all absorbers are well behaved, implying that all

F he “io e lower
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ig. 6. Example of solution of Eq.(x) (conservation of iodine). The sum of t
alf) must equal the observations for each point in time (top curve). Th
quares). At the bottom the residuals are plotted. Note that the time beha
dine column density” of individual iodine containing species (curves in th
ltivariate linear regression reproduced the observations accurately (top curve, ope
r of ‘Z’ has been smoothed by polynomial fitting.
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Fig. 7. An example for applying the method of iodine conservation to a data set is shown. Solutions to the iodine conservation model are calculated for different
sizes of the fitting time interval. In the lower panel, from left to right, each “column” of points represents one individual solution of Eq.(x). The obtained cross
sections are plotted against the length of the used time window providing a measure for the consistence of the obtained solutions. The corresponding correlation
coefficients are plotted in the upper panel. Note that for fitting interval lengths between 1.5 ms (∼75 data points) and 4.2 ms (∼200 data points) the solutions are to
a considerable degree constant (“horizontal plateau”). For windows larger than 4.2 ms the cross sections start to deviate from a constant behaviour,indicating the
presence of unaccounted absorbers. Similarly, the corresponding correlation coefficients star to decrease.

absorbers are well defined by the observational data. Beyond
window size of 4.2 ms the solutions start to deviate indicating
that some further absorption might be missing. The correspond-
ing correlation coefficients are plotted in the upper panel, and
also indicate a poorer fit as the fitting time interval increases.

The condition of the normal matrix (ATA) is the key to
whether the system can be solved or not. Collinearity impedes
the separate solution of IO* , IO** and ‘X’, because their temporal
behaviours are similar. Also collinearity between ground state IO
and IO* occurred. As a consequence an excited IO is fitted which
comprises IO* , IO** and ‘X’. This is an improvement upon the
common practice, where ground state and vibrationally excited
IO are treated as one absorber. Further, the different temporal
behaviours will affect mainly the early time intervals, so that
testing the convergence to horizontal plateaus as shown inFig. 7
provides a measure to estimate the reliability of this approxima-
tion. To overcome collinearity problems between ground state
IO and any of the excited species of IO, Eq.(x) was solved
including IO(3←1) or alternatively IO(1←2). Whenever both
alternatives converged to a set of results, cross sections for the
remaining absorbers were averaged. If only one version pro-
duced results, these were used. As a result of collinearity the
absorption cross sections obtained for IO* and IO** with the
iodine conservation approach are effective or combined absorp-
tion cross sections of several species, and as a consequence
only lower limits. However it is possible to obtain better estima-
t ited
I d by
R
(

and IO(1←2) bands should be about 0.116/0.091≈1.27 and
0.155/0.091≈1.70 larger than that of (4←0). This yields esti-
mated cross section ofσIO(3←1) = 4.5×10−17 cm2 molecule−1

andσIO(1←2) = 6×10−17 cm2 molecule−1.
Another way to estimate the peak cross section of the

IO(3←1) band is to assume that thermal equilibrium is reached.
This is supported by the fact that after some milliseconds the ratio
aIO(3←1)/aIO(4←0) reaches a constant value. There is also obser-
vational evidence that as the pressure increases the channels of
the IO self-reaction producing iodine atoms are reduced. This
implies that at the highest pressures few I atoms are produced
and the recycling is stopped in such a way that no more IO is
produced. On the other hand higher pressure facilitates IO* deac-
tivation by collisional quenching. According to Boltzmann, the
ratio of the number of molecules in the first excited state to that
in the vibrational ground state at 298 K isq = [IO* ]/[IO] = 0.04.
As a result,σIO(3←1) = σIO(4←0)aIO(3←1)/(qaIO(4←0)) ≤ 5.2×
10−17 cm2, which is in very good agreement with the previous
estimation. This is an upper limit becauseq≥0.04. The same
procedure could be applied to IO(1←2), but this absorption is
under our detection limit when the equilibrium concentration is
reached (q = 0.002).

If I 2O2 is included the model for those data sets where it was
observed (see Section4.2.1) collinearity also caused problems.
This could be identified as being a result of correlation in the
temporal behaviours of OIO, ‘Z’ and IO . Effectively combin-
i d
c m
a ecay
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ions for the absorption cross sections of vibrationally exc
O by considering the Franck–Condon factors determine
ao et al.[50]. Assuming comparable band shape for (4←0),

3←1) and (1←2), the peak cross sections of the IO(3←1)
2 2
ng the behaviour of ‘Z’ and I2O2 (by neglecting the modelle
urve of I2O2) solved the problem of collinearity. However fro
priori chemical knowledge about the expected thermal d
f OIO and I2O2, OIO is expected to have a larger concentra
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at shorter reaction times. As a result, the OIO cross section was
determined at shorter time intervals (according to the criterion
of convergence on a horizontal plateau) together with the cross
section of ‘Z’. An estimate of the absorption cross sections of ‘X’
and I2O2 has been obtained by fitting at larger time intervals the
residuals of the observational vector when contributions of IO,
IO* , IO** , OIO and ‘Z’ are removed. In Eq.(vii) all terms but the
two corresponding to ‘X’ and ‘Y’ are moved to the left hand side.
The new observational vector is the column density per iodine
atom of all species but ‘Y’ and ‘X’. Again a MLR is applied
and estimates of the absorption cross sections of ‘X’ and I2O2
are obtained. This result in estimated absorption cross sections
in the range between 0.5×10−18 and 2×10−18 cm2 I atom−1

for ‘X’, and between 1×10−18 and 8×10−18 cm2 I atom−1 for
I2O2. Note that these two estimated ranges are the only results
depending on the proposed time behaviour of I2O2.

The averaged results are summarized inTable 4.

5. Discussion

5.1. Consistency and independence of the determined
absorption cross sections

The results listed inTable 4are averages of individual results,
obtained under a variety of different pressures and mixing ratios.
To investigate their reliability the dependence on the parame-
ters pressure, initial [I2] and initial [O3] were examined. No
significant dependence on these parameters has been found
(Figs. 8 and 9). Although absorbers ‘X’ and I2O2 and either
one or the other of vibrationally excited IO* or IO** had to be
neglected from the iodine conservation algorithm because of
collinearity problems, the results obtained for IO(4←0) and
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ig. 8. Results for cross sections obtained from individual data sets by the met
xperiment. This provides a measure for sensitivity of the method to change
onditions can display a pressure dependence as such, in the present contex
hemical and physical conditions, which in turn influences the partitioning betw
isplayed in the central panel are not corrected for resolution effects. The cor
able 3(see discussion in Section4.3). The solid horizontal line indicates the ave
hod of iodine conservation are plotted against overall pressure present in the individual
d conditions. To avoid misunderstandings: Even though cross sections under certain
t this is not of concern. Here the dependence of the method and its results onchanged
een different species, is of concern. Please also note that the crosssections for OIO

rection is applied to the mean value by using the appropriate scaling factor shown in
rage and the dotted lines the interval defined by one standard deviation.
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Fig. 9. The dependence of cross section results obtained for the individual data sets on initial [I2] and [O3] present in the experiment is examined. No significant
dependences can be observed.

OIO(0, 5, 1←0, 0, 0) are consistent and stable across the range
of conditions used. The concept of iodine conservation results
in the absorption from neglected species being combined to
produce an effective cross section for a new combination param-
eter. Both neglected ‘X’ and IO** behave in time similar to the
corresponding curve of excited IO considered in the solution.
Therefore the cross section estimate obtained in any of the two
alternative solutions (either with OD of IO(3←1) or IO(1←2))
will underestimate the true cross section.

No LIF has been observed in previous works for IO(3←1)
(see[49]), indicating that it is a diffuse band. For IO(1←2)
no rotational structure is expected, as a result of no LIF from
(1←0) or (1←1). By assuming a band profile similar to
(4←0) for these excited IO species, their cross sections can
be estimated.

I2O2 and ‘Z’ have similar temporal behaviour. Therefore it
can be expected that missing contributions from I2O2 are partly
compensated in the effective ‘Z’ leading to an underestimation
of its cross section.

In summary, in spite of the limitations imposed by collinear-
ity between species, solution of the reduced data sets enables
an independent, simultaneous and consistent determination of
cross sections of ground state IO, and OIO, together with lower
limits for the absorption cross sections of ‘Z’, IO* , and IO** . In
addition we have calculated the IO* and IO** cross sections. The
fact that for some data sets convergence to horizontal plateaus
i also
l hape
a ours

of absorbers. Alternative possibilities to solve the system of lin-
ear equations iteratively need to be investigated. Solution by
use of perturbation theory could provide a means to overcome
problems caused by collinearity. In the present work this is not
pursued further, but left to future studies.

5.2. Comparison and analysis of published absorption
cross section for iodine oxides

5.2.1. IO absorption cross sections
In this section the effects of instrumental resolution and line

shape, the wavelength selected for the determination, effects of
vibrationally excited IO, the absorption cross section of I2 and
kinetic hypotheses used in previous studies are discussed.

5.2.1.1. Effect of resolution. A significant number of measure-
ments of the absorption cross section of IO have been published
(Table 1). However the scatter among the resultant absorption
cross sections is considerable. Taking the spectral resolution into
account brings the one determination having a resolution poorer
than 0.3 nm FWHM[34] into a better agreement with the rest. In
Fig. 10the available results are plotted as a function of resolu-
tion. The effect of resolution on the apparent peak height of the
IO(4←0) transition has been studied in Spietz et al.[47,51]by
direct measurement (solid black line). The line shows the relative
change of peak height with resolution, being scaled such that it is
r rtical
p tru-
m n the
s achieved and in others not illustrates that collinearity is
inked to the chemical mixture, which changes the relative s
nd the relative importance of individual temporal behavi
oughly centred within the available data. In this sense its ve
osition is arbitrary, but its shape indicates that for our ins
ent line shape (ILS) the effect of resolution does not explai
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Fig. 10. Effects of resolution and binning can not explain the scatter among the
published results for the IO ground state absorption cross section. The slightly
inclined solid line shows the effect of resolution and binning on the IO(4←0)
band as determined in our measurements. The filled squares are a collection of
published cross sections along with error bars and reference.

scatter of the available data. A down scaling of∼3% is expected
when reducing the resolution from 0.12 to 0.27 nm FWHM (see
Fig. 11). It can be argued that the shape of the particular ILS
determines the shape of the recorded spectra, as shown inFig. 11,
where our measured IO(4←0) band at 0.27 nm FWHM is com-
pared with the result of convolving our measured IO(4←0)
band at 0.12 nm FWHM with a 0.27 nm FWHM Gaussian ILS.
However, the scaling factor resulting from a Gaussian ILS does
not explain the difference between the absorption cross section
of [28,29]measured at 0.27 nm FWHM and the cross section of

[33] measured at 0.14 nm FWHM. The agreement of our char-
acterisation of instrumental effects with the results obtained by
Crowley et al.[21] with a different detector indicates that for
moderate resolutions (less than 0.3 nm) the shape of the ILS
does not play a significant role and that instrumental effects are
of secondary importance in explaining the scattering of pub-
lished values.

5.2.1.2. Consequences of selecting different wavelengths for the
determination of σ(4← 0). Durie et al. determined the band
head of IOin absorption [26] to be at 426.98 nm (they do not
state if this is for vacuum or for air), andin emission [27] at
426.82 nm (air). Rigorously speaking, the band heads of the
A2�3/2←X2�3/2 subband system of IO are defined by the ver-
tex of the R branch Fortrat parabola (see e.g. Durie et al.[27],
Newman et al.[52]). The band head is well defined for those
bands presenting rotational structure like IO(2←0), but in the
case of diffuse bands the concept of band head is ambiguous.
According to Herzberg[53], the band head is the sharp edge
of the spectral structure where the intensity falls suddenly to
zero, and not the maximum. The studies by Cox and Coker[28]
and Jenkin and Cox[29] determined the IO cross section at the
band head at 426.9 nm, which explains why their cross sections
are in general lower than the rest. It can be assumed that this
wavelength is given for air, because if it were for vacuum the
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onvolving our measured IO(4←0) band at 0.12 nm FWHM (squares) with
bsorption is∼3% with the same ILS. For a Gaussian ILS the reduction i∼7
n wavelength in the step flank of the band introduce large uncertainties
alibration is not good enough. The wavelength axis is for air for all cur
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bsorption would have been very small, as shown inFig. 11.
he wavelength reported in[28,29] is located indeed on th
teep flank of the band and a small variation in wavelength
o a large variation in the absorption cross section.

More precision in the wavelength reported would be requ
o transfer the values from[28,29] accurately to our stan

measured IO(4←0) band at 0.27 nm FWHM (circles) is compared with the resu
7 nm FWHM Gaussian ILS (result: solid line). The expected reduction in
e figure also shows that the strong dependence of the absorption cross

ose determinations ofσ made in this spectral range if the accuracy in the wavele
ut for the dashed one, which is the same curve as the solid one but inum
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dards. The scaling factor between the (resolution depen-
dent) cross section at 426.9 nm and the peak cross section is
∼1.5, which yields an unreasonably large cross section for
[28]. To illustrate the effect of inaccuracies in wavelength, a
measurement at 426.95 nm (air) has been considered, which
would produce a scaling factor of∼1.2. This results in a
modified value of 3.7×10−17 cm2 molecule−1 for [28] and
2.6×10−17 cm2 molecule−1 for [29].

Sander[30] determined the cross section at 427.2 nm, after he
had made sure that at this wavelength no part of the monochro-
mator response extended beyond the band head. The CRD spec-
trum of Newman et al.[52] has its peak absorption at 427.20 nm
(vacuum) in agreement with our observations. Most studies
report the cross section at this wavelength although some authors
refer wrongly to it as the band head. In addition, in some of these
studies it is unclear whether the convention adopted is to give
wavelengths in vacuum or in air. The uncertainty introduced by
such ambiguity is illustrated inFig. 11, where one of the curves
is plotted in a vacuum wavelength axis.

5.2.1.3. Dependence on different I2 cross section reference
data. Among the lower results those of Laszlo et al.[32]
and Atkinson et al.[48] are systematically linked (see Sec-
tion 4.4). In the determination of an absolute cross sec-
tion for IO Laszlo et al. calibrated the concentration of
IO in their experiment by using a cross section for I
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dence can be understood easily in terms of a non-equilibrium dis-
tribution of IO present during the modulation cycle and caused
by a permanent IO source. Lower pressure experiments have
larger amounts of IO(X2�3/2, ν′′ > 0). Thus the amount of IO is
overestimated andσIO underestimated. No attempt to estimate
the systematic error related to IO* in the cross section of Jenkin
and Cox[29] has been made, because the absorption due to IO*

was not monitored.
The same effect is probably observed in the work of Stickel

et al. [31], even at atmospheric pressure. Their system used
both reactions(1) and (4) as IO sources, in such a way that
iodine atoms are permanently recycled in the IO self-reaction
and react subsequently with O3. Therefore, there is also a perma-
nent source of IO(X2�3/2, ν′′ = 0) and IO(X2�3/2, ν′′ > 0). The
pressure is rather high, but the decay of IO is slow, as their figures
show, and, unlike in our system, IO does not have time to relax to
the equilibrium distribution on the time scale of the experiment.
The ratios foraIO(3←1)/aIO(4←0), obtained from the spectrum
of [31] and at the highest pressure in our study (400 mbar) are,
respectively∼0.15 and∼0.06, implying that the Stickel et al.
system is not in local thermal equilibrium and contains much
more IO(X2�3/2, ν′′ > 0) relative to IO than our system. Based
on this ratio and the absorption cross section of IO* determined in
this work, a 10% correction upwards of the absorption cross sec-
tion of [31] has been estimated (3.4×10−17 cm2 molecule−1).
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f σI2(530 nm) = 2.56×10−18 cm2 molecule−1 published by
alvert and Pitts[54]. Our own determination of the I2 cross sec

ion proved the results by Tellinghuisen[35] to be highly reliable
see[37] and the discussion therein). Another recent stud
aiz-Ĺopez et al[36] also has confirmed these results. At 530
ellinghuisen reports a significantly larger iodine cross sec
f σI2(530 nm) = (3.1±0.1)×10−18 cm2 molecule−1 at low
esolution. Use of these cross sections changes the calib
f IO concentration in the data by Laszlo et al. and after re

ng their result, this yields (3.4±0.6)×10−17 cm2 molecule−1.
n addition it should be noted that the determination of I2 con-
entration in the ro-vibronic region above 500 nm as a resu
ts rich ro-vibronic structure is intrinsically more difficult th
t 500 nm. Results depend on good knowledge of the re

ion and pressure. Therefore even after correction of the I2 cross
ection the results have probably additional systematic err

.2.1.4. Effects of vibrationally excited IO. The amount o
ibrationally excited IO depends on two factors

(a) collisional quenching and
b) presence of permanent sources of IO in the experimen

reactions(1) and/or(4)).

Comparing the molecular modulation or modulated phot
is studies[28,29]provides evidence for the presence of exc
O. The study at high pressure ([28], 1013 mbar) yields a larg
ross section of 3.1×10−17 cm2 molecule−1, whereas that a
ow pressure ([29], 10–100 mbar, even though they did not m
ion the observation of IO* ) yielded a significantly smaller cro
ection of 2.2×10−17 cm2 molecule−1. This pressure depe
n
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.2.1.5. Mechanistic approaches: possible effects of parame-
erisation or dependence on kinetic reference data. The IO
ross section which was determined earlier in our labora
σIO(4←0) = (3.8±0.2)×10−17 cm2 molecule−1, Spietz et al
40]) was the result of a complex fit to curves of the temp
ehaviour of IO, OIO, I2 and O3. These had been recorded o
fter another with up to 10 h between the first and last recor

n spite of the well known deposition in the course of react
he chemical conditions in this system had to be assumed
onstant during that period to enable analysis. Our recent
es demonstrated that due to the accumulation of depos
lso to its photolysis this assumption is a potential sourc
rror. Therefore the error limit given in[40] must be regarded

oo optimistic. The cross sections were determined usin
ommercial FACSIMILE software package[55] and a com
lex chemical mechanism. The concentration of IO there
epends on the knowledge of a comparatively large numb
inetic rate coefficients. In addition the effect of vibrationa
xcited IO was not taken into account. Re-evaluation of the
ith systematic weighting by the available error estimates y

3.4±0.8)×10−17 cm2 molecule−1.
The work of Stickel et al.[31] relied on a number of rate coe

cients among which the overall rate coefficient for the IO +
elf-reaction was used at 6×10−11 cm3 molecule−1 s−1. More
ecent studies of this reaction rate coefficient yield larger va
his would increase the result of[31] making it a lower limit.

Harwood et al.[33] determinedσIO(4←0) in three dif-
erent chemical systems ((N2O +hν) + CF3I, (O3 + hν) + I2,
N2O +hν) + I2). The first chemical system was found to p
uce the results with smallest uncertainty. This system reli

he knowledge of the yieldΦ of IO in the reaction of O + CF3I. In
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the analysis of their experimental data obtained at 420 mbar Har-
wood et al.[33]used a value ofΦ = 0.86±0.06 and quoted Gilles
et al. [56] (in fact the value published in[56] was 0.83±0.09,
obtained at 130 mbar being independent of temperature). Bloss
et al.[34] examined the dependence ofΦ on pressure and tem-
perature and found no significant pressure dependence at 295 K
(they also quoted[56], although used a value ofΦ = 0.845).
Therefore, in both studies approximately the same value forΦ

was used. The differences between[33] and[34] studies were:

(i) Significantly larger concentrations of IO were used in the
study of Bloss et al.[34] and consequently faster losses by
the self-reaction.

(ii) Bloss et al.[34] did not model losses near the initial peak
absorption of IO, as was done by Harwood et al.[33]. There-
fore their result should underestimate the true cross section.

In [33] the modelling of possible losses opposed to the simple
stoichiometric conversion assumption led to changes of less than
10%. In[34] concentrations were larger and removal of IO faster.
Assuming a 10% correction, the cross section of[34] would be
3.3×10−17 cm2 molecule−1 in better agreement with our cross
section and that of[33].

5.2.2. OIO absorption cross sections
A lower limit of 0.4×10−17 cm2 molecule−1 for the absorp-
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which is a factor 3 smaller than the change observed between
t = 0 and 1 ms. Thus, a lower limit for the differential absolute
absorption cross section of about 6×10−18 cm2 molecule−1is
obtained, in agreement with our own analysis.

The range published by Bloss et al.[34] (seeTable 1) is in
reasonable agreement with our value. Plane et al.[22] report
a value of (1.5±0.2)×10−17 cm2 molecule−1 at (0, 4, 1←0,
0, 0), (i.e. 1.57×10−17 cm2 molecule−1 for the (0, 5, 1←0, 0,
0) band) obtained with a 0.0025 nm FWHM binned CRD sys-
tem, while J. Crowley (personal communication, 2005) report
(1.2±0.3)×10−17 cm2 molecule−1. Both values are in reason-
able agreement with the relevant OIO absorption cross sections
determination from our study within the experimental error lim-
its.

5.2.3. Broad band absorbers
Cox and Coker[28] observed a broad band absorption

between 220 and 500 nm and they attributed it to a light scatter-
ing aerosol product, based on its non-linear growth and wave-
length dependence. According to their results the relationship
between log10 (a) and log10 (λ) is linear with slope−4, as
expected for scattering by particles with radius much smaller
than the wavelength (Rayleigh regime,r « 0.2�m). For the UV
broad absorption observed in our system, no such linear depen-
dence is found. In the spectral range between 340 and 435 nm this
absorption has been linearly factorized and attributed to overlap-
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ion cross section of the OIO (0, 5, 1←0, 0, 0) transition ha
een previously obtained in our laboratory[40]. In contrast, th

ower limit of 2.7×10−17 cm2 molecule−1 obtained by Ingham
t al.[19] is in disagreement with our determination. It was
ulated by assuming branching ratio 1 for the OIO + I chann
he IO self-reaction and ignoring losses of OIO. It is explic
ased in the time resolved absorption of IO and the time res
ifferential absorption of OIO (549.l−553.0 nm) shown in on
f the figures of[19]. If the time axis is plotted correctly an

he curves displayed correspond to each other as indica
s easy to see that a decrease of IO�aIO(427.2 nm)≈−10−2

etween 0.25 and 0.75 ms corresponds to an increase o
aOIO diff ≈10−3. According to our understandingσOIO diff ≥
IO(427.2 nm)2�aOIO diff /|�aIO(427.2 nm)| ≈3.6×10−17×2×
0−3×102 = 7.2×10−18 cm2 molecule−1, where the IO cros
ection of [33] has been used. This results in an estim
ower limit of σOIO(0,5,1←0,0,0)≥1.2×10−17 cm2 molecule−1,
n contradiction with the result of[19]. A reason fo
his discrepancy could be that Ingham et al.[19] take
IO]( t = 0) = 5×1012 molecule cm−3, although Fig. 8 of
19] shows that [IO](t = 0) = 0. A maximum value o
IO] = 5.3×1012 molecule cm−3 is reached after 0.25 m
arallel to this increase in IO, an increase of 0.002 in
IO differential optical density is observed. If the init
oncentration is assumed to be 5×1012, then the initial time
ust be shifted to approximatelyt = 0.25 ms. The half lif

or the IO decay is correspondingly shifted to 1.25 ms.
oncomitant OIO production between 0.25 and 1.25 ms ca
stimated in 1.25×1012 molecule cm−3 if a 100% yield for
+ OIO is assumed, as argued in[19]. This corresponds to th
hange in optical density observedin this interval (∼0.001),
d

it
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e

ing absorptions I2O2 and ‘Z’, as explained in Section4.2.1. In
ddition the reproducibility of the absorption and the analo
elative spectral position of higher chlorine and bromine ox
esults in the conclusion that in our study broad band absorp
f gases are observed. Cox and Coker[28] measured on a long

ime scale (60 s) and produced continuously iodine oxide
odulation. Time scales and amount of iodine oxides prod
ere appropriate for aerosol production. Our measuremen
ot longer than 30 ms and the source reaction is limited b
resence of iodine atoms, which after about 5 ms are comp
emoved by reaction with O3. The deposition at the walls in o
tudy is however evidence for the production of smaller clu
olecules, which would scatter at shorter wavelengths.
Sander[30] also observed broad band absorption in

V between 230 and 300 nm in his O3/I2 system on a tim
cale one order of magnitude larger than ours (∼100 ms). With
ut ruling out the possibility of aerosol, he attributed
bsorption to a single gas phase species. By assuming a
roduct yield from the IO self-reaction he put an upper l
f 2.6×10−17 cm2 molecule−1 to the cross section at 220 n
∼3×10−18 cm2 molecule−1 at 300 nm). By comparing the fo
ation of the product and the decay of IO he concluded tha

ime scale for complete formation of the product is consider
onger than for IO disappearance, what is indicative of a m
tep product formation mechanism. A further argument ag
2O2 is that it would thermally dissociate on a shorter time sc
ccording to ab initio quantum calculations performed by P
t al.[22] and Mishra et al.[57].

Bloss et al.[34] observed a broad absorption in the
360–460 nm) over a time scale of several milliseconds be
ng in a manner similar to the one we have measured.



J. Carlos Gómez Martı́n et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 15–38 35

assigned this absorption to I2O2 based on its kinetic behaviour
and derived an upper limit of 2×10−18 cm2 molecule−1 for its
absorption cross section at 340 nm based on a 100% yield from
the IO self-reaction. This is in qualitative agreement with the
upper limit of Sander (extrapolation to 300 nm was not possi-
ble in this case). These values are also in qualitative agreement
with our value at 340 nm of (1.0±0.2)×10−18 cm2 I atom−1.
However in our case the temporal dependence curves observed
cannot be reproduced by IO second order kinetics (Fig. 3), even
if potential sinks such as dissociation or iodine abstraction are
considered.

The kinetic behaviour of ‘Z’ is more consistent with its being
assigned to the molecule I2O3, formed by the reaction of IO
with OIO in a pressure dependent reaction, although this is not
completely consistent with the decay of OIO. I2O3 is a stable
higher iodine oxide according to ab initio quantum calculations
performed by Plane et al.[22]. Some other possibilities have
been explored to make a kinetic assignment of ‘Z’. The temporal
behaviour of OIO can be modelled by its self-reaction, followed
by the reaction of OIO with a product of its own self-reaction.
However, ‘Z’ does not fit well to any of the hypothetical prod-
ucts generated in this scheme. A pseudo first order decay of OIO
is consistent with both observed curves although it is not clear
which species could participate in such reaction. The possibility
of the reaction OIO + O3 has been explored and rate coeffi-
cients of the order of magnitude of 10−13 cm3 molecule−1 s−1

h tible
w .
( limi
t
t arly
m thi
s oul
b ture
( her
i n of
t the
a f th
k rptio
c -
v lly
d

g.
T ptio
s

I

I

I

I

A pea
s
p ded
a e
m ort

lived transient. A potential explanation for the observed transient
absorption would be that it belongs to an IO3 molecule, formed
during the time of high I concentrations at short reaction times.
The IO3 then subsequently dissociates to reform I and O3.

Spectroscopic vibrational analysis has shown that the
absorption does not originate from excited vibrational state
IO(X2�3/2,ν′′ > 0). In contrast, a plausible explanation of the
absorption attributed to ‘X’ is the A2�1/2←X2�1/2 subband
system. This assignment is discussed in the accompanying paper
[41] about spectroscopy of iodine oxides.

5.3. Atmospheric relevance

Recent studies of IO (this work,[33], [21]) have resulted in a
consensus about our understanding of its ground state absorption
cross sections in the UV–vis. In the case of OIO, since its first
observation in the gas phase in our laboratory, two upper limits
and one determination of its absorption cross section have been
reported ([19], [40], and[34]). The results of our work agree well
with the latest results of other groups (Plane et al.[22], Crowley
and Dillon, personal communication 2005). As a consequence
of the exhaustive analysis of the literature values, the character-
ization of the instrumental effects, the separation of overlapping
absorbers and the general reduction of uncertainties, the accu-
racy of the atmospheric retrieval of IO and OIO concentrations
by absorption spectroscopy and of the photolysis rates will be
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ave been obtained. However, this reaction is not compa
ith the observation of OIO in the MBL. Saiz-López et al

personal communication, 2005) have calculated an upper
o this reaction rate of 5×10−14 cm3 molecule−1 s−1 by using
heir atmospheric chemical model for the coastal MBL. Cle
ore kinetic studies are required to make a statement in

ense. Also spectroscopic evidence is required, which c
e obtained by investigating the rotational-vibrational struc
see Chase[58] and references therein) expected for the hig
odine oxides in the mid and far infrared. The discussio
he assignment of ‘Z’ is left for further work. Nevertheless,
bsorption cross section we report here is independent o
inetic assignment and is given consequently as an abso
ross section per iodine atom. In Section4.2.1evidence is pro
ided that I2O2 explains the absorption deeper in the UV initia
enominated as ‘Y’.

The identity of the short lived absorber ‘X’ is also intriguin
he following reactions may produce such a transient absor
hortly after the flash:

+ O2+M ↔ IOO + M (9)

+ O3+M ↔ IO3+M (10)

+ O3→ IO(X2�3/2,ν
′′ > 0) + O2 (1b)

+ O3→ IO(X2�1/2) + O2 (11)

lthough attractive as the observed broad band spectra ap
imilar to that observed in the matrix by Maier et al.[59], the
ossibility of the absorption being by IOO has been exclu
t this time, because photolysis of I2/O2 mixtures (i.e. the sam
ixtures excluding O3) do not provide any evidence for the sh
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ignificantly improved.
To illustrate the relevance of absorption cross section

n the study of atmospheric processes, the spectra shown
ccompanying paper[41] and the absolute scaling reported in
resent work have been used to determine the photolysis
f all species studied for a latitude of 40◦ at summer solstic
s a function of altitude and zenith solar angle (SZA). Act
uxes at 1.3 nm FWHM resolution have been calculated wit
adiative transfer model SCIATRAN[60] (for an introduction
o the model see[61] and references therein) for a typical wa
urface albedo of 0.1, assuming a cloud free sky and a
zone column of 330 DU. The use of unity quantum yield

O and IO* can be inferred from LIF[49] and CRD[52] studies
howing that dissociation from all ro-vibronic states in the up
lectronic state occurs very rapidly. Moreover, Ingham et al.[19]
easured a quantum yield close to unity for IO at 355 nm. F
road band absorbers a unity quantum yield has been ass
or OIO an upper limit of 0.1 has been considered based i
esults obtained by Ingham et al.[19] (532 nm) and Plane et
22] (562 nm). The results obtained are shown inTable 5.

The photolysis rates calculated for IO are in qualitative ag
ent with the values obtained by Lazlo et al.[32], Harwood e
l. [33] and Bloss et al.[34]. Our results are smaller than tho
f [32,33], most likely as a result of the lower underlying c

inuum exhibited by the wavelength dependent absorption
ection reported in the accompanying paper[41]. Additionally,
he spectra in[33] contain IO* bands. In general, the valu
eported here are in better agreement with those of Bloss
34], whose spectrum presents the smallest difference t
pectrum in the continuum. In this case the smaller cross
ion of [34] at 427.2 nm (used to scale the IO spectrum) c
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Table 5
Atmospheric photolysis rates (40◦N, summer solstice, cloud free sky, albedo 0.1 and total ozone column of 330 DU) for relevant iodine oxides as a function of height
and solar zenith angle

SZA Photolysis rate (s−1)

0 km 5 km 10 km 20 km 30 km

16◦ 0.18a 0.11b 0.22 0.14 0.23 0.14 0.23 0.14 0.23 0.14
0.016c 0.042d 0.022 0.048 0.023 0.049 0.023 0.049 0.022 0.048
0.024e 0.032f 0.037 0.040 0.041 0.040 0.041 0.029 0.039 0.025

40◦ 0.15 0.10 0.21 0.13 0.22 0.14 0.23 0.14 0.22 0.13
0.013 0.038 0.020 0.046 0.022 0.048 0.022 0.048 0.021 0.047
0.018 0.030 0.031 0.042 0.035 0.045 0.037 0.038 0.036 0.024

60◦ 0.11 0.08 0.18 0.12 0.20 0.13 0.21 0.13 0.21 0.13
0.009 0.029 0.016 0.042 0.019 0.045 0.020 0.046 0.020 0.045
0.010 0.021 0.020 0.037 0.025 0.042 0.030 0.042 0.030 0.04

80◦ 0.03 0.02 0.09 0.07 0.13 0.09 0.17 0.11 0.18 0.11
0.003 0.009 0.006 0.027 0.010 0.033 0.015 0.038 0.016 0.039
0.002 0.006 0.005 0.014 0.008 0.021 0.014 0.030 0.016 0.036

a IO.
b IO* .
c ‘X’.
d Upper limit for OIO.
e Lower limit for I2O2.
f Lower limit for ‘Z’ (it is assumed that ‘Z’ contains two iodine atoms).

explain our slightly larger photolysis rates. The partitioning of
reactive iodine (IOx) between I and IO is determined by the
photolysis rate of IO and the rate of reaction(1), and a smaller
photolysis rate implies a greater partitioning of IOx as IO in the
atmosphere. This implies a larger ozone destroying potential of
the iodine chemistry if subsequent reactions of IO produce free
I atoms without concomitant O(3P) formation.

In the case of IO* , photolysis cannot compete with colli-
sional quenching. For the MBL the quenching rate derived from
our data is∼5×104 s−1, while in the lower stratosphere is
∼3×104 s−1. This analysis also applies to ‘X’ if the assign-
ment to IO(X2�1/2) is correct and the decay observed (Fig. 3f)
is also due to collisional quenching.

Most estimations reported in the literature for the photoly-
sis rate of OIO[20,34] have been obtained by considering a
unity quantum yield. The current understanding is that OIO is
relatively photostable, although an upper limit for the quantum
yield of about 0.1 is still high enough to make photolysis a main
fate of OIO in the day time. Estimated values of reaction rates
for the reaction of IO and OIO and for the self-reaction of OIO
are about 2×10−10 cm3 molecule−1 s−1 [22,62]. By assuming
atmospheric mixing ratios of 5 and 0.5 ppt for IO and OIO,
respectively[12] and a photolysis rate of 0.04 s−1, the rate of
removal by chemical reaction of OIO is approximately equal to
the photolysis rate. This enables the participation of OIO in new
particle formation[5–7] through a homogeneous heteromolec-
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limits as realistic approximations. Both I2O2 and ‘Z’ present
mean lives with respect to photolysis of tenths of seconds. Again,
estimated reaction rates for higher iodine oxides of the order
of magnitude of 10−10 cm3 molecule−1 s−1 enable clustering to
compete with photolysis.

6. Summary and conclusion

The method of iodine conservation has been successfully
applied in the determination of absorption cross sections from
time resolved flash photolysis of I2 and O3 mixtures with detec-
tion by absorption spectroscopy. Results have been obtained for
ground state IO, vibrationally excited IO, OIO and in addition for
three further UV absorptions, one of them tentatively assigned
to I2O2.

σIO(4←0)(427.2 nm) = (3.5±0.3)×10−17 cm2 molecule−1

at 0.12 nm FWHM is in good agreement with the recent
published data. It is a cross section for theground state
IO(4←0) progression. It is not – as it has to be inferred from
determinations, where vibrationally excited IO was observed
but not considered in the calculations – an effective cross section
accounting for IO in the electronic ground state ignoring the
vibrational excitation. Aneffective absorption cross section for
excited IO was determined relative to the (3←1) transition. Its
value accountssimultaneously for all IO(ν′ ← ν′′), with ν′′ > 0:
σ (459.3 nm) = (3.9±2.4)×10−17 cm2 molecule−1

a bso-
l n
w :
σ

0
( e
ν

lar nucleation mechanism even at day time. In this sens
bservation of higher oxides in the UV and the collection
olid deposits (I2O5) give evidence that some sort of cluster
echanism is taking place as well in our system.
For the higher iodine oxides only upper limits can be e

ated due to the partial spectral coverage. Nevertheles
ctinic flux under 300 nm is small enough to consider these
e

e

eff IO(3←1)
t 0.35 nm FWHM. Based on Franck–Condon factors an a

ute cross section for IO(3←1) valid for theν′′ = 1 progressio
as determined relative toσIO(4←0), 0.12 nm FWHM
IO(3←1)(459.3 nm) = (4.5±0.5)×10−17 cm2 molecule−1 at
.12 nm FWHM. Similarly, a value ofσIO(1←2)(484.9 nm) =
6.0±0.5)×10−17 cm2 molecule−1 at 0.12 nm FWHM for th
′′ = 2 progression has been obtained.
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After consideration of various effects the scatter between the
available cross section data for IO could be reduced, resolv-
ing some of the inconsistencies. On the scale of the stated
uncertainties most of the published results agree. Our result is
somewhat larger than all others except that by Harwood et al.
[33]. However the other values can be considered as systematic
underestimations for reasons discussed above. The insensitivity
of our method to experimental conditions, the dedicated con-
sideration of vibrationally excited IO in our approach as well
as the discussion of the compensation pattern for neglected
absorbers was an attempt to minimise any underestimation of
the IO absorption cross section. A weighted average of the (cor-
rected) results at 298 K (bold case,Table 1) yields a value of
3.3×10−17 cm2 molecule−1. Considering only the scatter of
the data used for averaging produces a standard deviation of
±0.2×10−17 cm2 molecule−1. Nevertheless, this average must
still be considered as a systematic underestimation, as a result
of the discussion above. The corrections introduced in some
values must be also considered with care. Therefore, we recom-
mend weighted average between the value of[33] and our own
value: (3.5±0.4)×1017 cm2 molecule−1 at 427.2 nm (vac.).
The inverse of the uncertainties have been used as weighting
factors.

The cross section of OIO was found to beσOIO(0,5,1←0,0,0)
(549.3 nm) = (1.3±0.3)×10−17 cm2 molecule−1 at 0.35 nm
FWHM, being in good agreement with the previous determi-
n
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37] P. Spietz, J.C. Ǵomez Mart́ın, J.P. Burrows, Concentration depend
effects on I2 reference spectra in the context of atmospheric DO
and quantitative spectroscopy, Atmos. Chem. Phys. Disc. 5 (2
5183–5221.

38] M.A.A. Clyne, H.W. Cruse, Rates of elementary reactions invol
the BrO(X2�) and IO(X2�) radicals, Trans. Farad. Soc. 66 (19
2227–2236.
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