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Abstract

Based on multivariate statistical separation techniques spectra of iodine oxides formed in the photolysis of I2 + O3 have been obtained. Data
was recorded by time resolved UV–vis absorption spectroscopy. Overlapped spectra of ground state IO(ν′ ←0), vibrationally excited IO(ν′ ← ν′′)
with ν′′ > 0, and OIO have been separated from each other and from underlying absorptions of further iodine oxides. The uncertainty due to
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uncorrected foreign absorptions is of no more than±3%. Relative errors of spectra are of the order of a few percent for the main parts
spectra. The up to now unknown continuous parts of spectra are thereby determined. Previous uncertainties in differential absolute
cross-section are removed. By the separation of the ground state IO spectrum from that of vibrationally excited IO spectroscopic me
under non-equilibrium conditions are enabled. Three further absorber spectra have been extracted in the 200–600 nm window. Two
most likely caused by I2O2 and possibly I2O3 thereby providing part of the missing link between IO and OIO consumption and the forma
higher oxides and possibly aerosol. All spectra are available as supplementary data.

Given the unprecedented quality of extracted spectra for the first time an analysis of band strength of the IO(A2�3/2←X2�3/2) transition could
be made. The continuum absorption of the ground state IO spectrum was resolved into overlapped bands of bound–bound transiti
bound-free transitions. From the bound-free transitions found the existence of two optically active repulsive states intersecting with the2�3/2)
potential has been inferred and tangents to the two repulsive potentials have been determined. Correlating the tangents to probable
products gives a plausible rough picture of the shape of the repulsive states which is in good agreement with previous observations on pren
of states. There is evidence that one of the continuous absorptions observed could have its origin in the IO(2�1/2) sub-system. Relative band stren
was determined for absorption bands of IO(A2�3/2←X2�3/2). They are in good agreement with literature and with simple calculations bas
a Morse approximation. An anomalous behaviour of IO(2←0) in time resolved measurements was observed and studied. It could be ex
by a hypothetical partial population inversion of the IO(A2�3/2) state, but the source of it remains unclear.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Gas phase UV–vis spectra of iodine oxides appeared quite
frequently in past publications. While many publications on
iodine oxides were focussed on studies of chemical kinetics
and on determination of single wavelength absolute absorp-
tion cross-sections e.g.[1–9], the observation of spectra was
reported rather as a by-product. Interestingly those publications
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concentrating on spectra as such and on spectroscopic an
– dominantly IO and later OIO – are some of the earliest[10,11]
and then only among the more recent ones e.g.[12,14–17]. In
general the formation of higher iodine oxides – other than
and OIO – is out of question. This is, because in all experim
usually the amount of iodine originally released to form IO
OIO is returned only at a fraction as I or I2, once IO and OIO
are consumed. But references to spectra of possible prod
if observed at all – are scarce[18,6,9].

The publications reporting absorption or emission spe
can be divided into two groups. Firstly those reporting m
or less complete band systems of UV–vis electronic sp
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Fig. 1. For IO a number of previously published spectra exist. For comparison
they have been scaled to the broad (6←0) absorption band. They all show
different amounts of uncorrected background absorptions and fail to determine
the ends of the spectrum clearly. There is also disagreement with respect to the
height of the bands.

(IO, OIO) at moderate resolution of the order of 0.3–1.1 nm
FWHM. And secondly high resolution measurements focussing
on selected bands or transitions one at a time using cavity ring
down spectroscopy (CRDS), laser induced fluorescence (LIF) or
submillimeter spectroscopy. The studies by[10,11] are excep-
tional in that they report spectra covering a larger number of
ro-vibrational bandssimultaneously, which at the same time
were recorded at high resolution enabling rotational analysis.
They used a 21 ft grating spectrometer and photographic plates.

As iodine oxides are only observed as transient absorbers
with short lifetimes, the observational data usually consists of
overlapping absorptions caused by the iodine oxides themselves,
the precursors as well as all other products formed in the course
of reactions. Towards longer reaction times the aerosol forma-
tion might become an issue. Also technical drift effects of light
source, chemical system or others have to be considered. Due to
these experimental limitations and the methods used for analy-
sis, the spectra obtained within the first group of publications all
contain more or less strong unknown background absorptions.
Even though the main vibrational bands within the electronic
transition might be readily visible in the reported spectra, the
amount of any possibly present continuous absorption within
the molecules spectrum remains in large parts unclear. The gen-
eral shape of the spectrum is only insufficiently determined.
This is illustrated by the comparison of available spectra for
IO (Fig. 1) and OIO (Fig. 2). In the same way any continu-
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Fig. 2. The available spectra of OIO are compared. Spectra were scaled to each
other in the region between 520 and 560 nm. Relative to each other the broad
range spectra by Himmelmann et al.[12] and Ingham et al.[8] and the narrow
range spectrum by Bloss et al.[9] show significant disagreement in background
absorption. The triplet by Ashworth et al.[16] covers the scaling region, where
some agreement is found between the four spectra.

accuracy of any spectroscopic determination of molecule con-
centration, be it in the lab or in atmospheric remote sensing as
zenith sky measurements or differential optical absorption spec-
troscopy DOAS[19,20 and references therein].

As an attempt to minimise such problems – as well as
related problems in determinations of rate coefficients and abso-
lute absorption cross-sections – we developed a method which
enables separation of absorptions originating from different
molecules as well as from instrumental effects (see[21,22]).
In the accompanying paper by Gómez Mart́ın et al. [23] this
method was applied to time resolved absorption spectroscopy
measurements. The objective was to determine a consistent set of
single wavelength absolute absorption cross-sections of iodine
oxides detected in I2 + O3 flash photolysis experiments. The data
was recorded with a grating spectrometer and a CCD camera
operated in time resolved mode. For each recorded data set the
separation technique produced curves of temporal behaviour of
optical density for all absorbers detected. As shown in[21] these
curves are to a high degree (±3%) free of interference from
other absorptions and technical artefacts. They in turn provide
the necessary input for the determination of single wavelength
absorption cross-sections by the method of iodine conservation.

Using the curves of optical density determined there and also
similar techniques, the objective of this work is to obtain likewise
pure spectra of all absorbers detectable in I2 + O3 photolysis
experiments. This improves our knowledge of the continuous
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he electronic spectra as well as in the detection of contin
bsorbers.

As a result of the incomplete knowledge of thecontinuous
art within an absorber’s spectrum the necessary scaling of
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In the first half of this paper the new spectra will be prese
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nalysis of the IO continuum absorption two bound-free abs
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tion transitions within the IO molecule can be inferred. From the
separated spectra of IO in differently excited vibrational states
experimental Franck–Condon factors for the IO molecule are
obtained.

2. Experimental set-up and origin of data

The experiment is described in detail in Section 2 of the
accompanying paper[23]. There, arrays of optical density as
a function of wavelength and time were obtained from the
recorded intensities according to a variant of the Beer–Lambert
law (for definitions see Eqs. (I-i), (I-iv), (I-vii) and (I-viii) of
that paper1) which nicely illustrates the linear superposition of
absorption of absorbersM = 1 ton:

a(λ, t) = ln

(
I0(λ, t)

I(λ, t)

)
= L

n∑
M=1

cM(t)σM(λ) (i)

Separation of overlapping absorptions produced curves of tem-
poral behaviour of optical densityaM(λM, t) for each absorber
M detected in the experimental data and given with respect to a
selected wavelengthλM:

a(λ, t) =
n∑

M=1

aM(λM, t)σ̂M(λ) (ii)
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estimatingS (containing the spectra as rows) given the observa-
tional dataY and the mixing matrixA. The general solution to
this problem (without weighting) is

S = (AT ·A)
−1 ·AT · Y (iv)

Whether this solution exists or not and how accurate it is,
depends on whether the columns ofA are altogether linearly
independent or not. The clearer the linear independence, the
smaller the uncertainty in the estimated spectraS. If two or
more absorbers contained in the observational dataY have simi-
lar temporal behaviour or in linear combination make up a curve
similar to that of another one, the solution according to(iv) is
limited if not impossible. Such dependences between columns
of A are referred to as multicollinearities.

If multicollinearities exist inA, this will cause at least one
of the eigenvalues of the normal matrixN≡AT·A to tend to
zero letting the condition number (ratio of largest to smallest
eigenvalue) tend to infinity. The inverse ofN will be poorly or
not at all determined. The problem is said to be “ill-conditioned”.
According to Dahlquist et al.[24] the errors inS, which originate
from errors in the observational dataY as well as in the data
constituting the mixing matrixA (here: the curves of temporal
behaviour of absorbers) are amplified by the condition number of
N. In case that an inverse ofN can be determined, the square root
of its diagonal elements multiplied by the error of the entries into
A wns.
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ˆM(λ) denominates the (dimensionless) absorber’s cross-s
pectrum normalised toσM(λM). The experimental dataa(λ, t)
nd the separated curves of temporal behaviour of optical de
M(λM, t) for all absorbersM as described and obtained in[23]
rovide the basis for the extraction of spectra covered in
resent work. All spectra were obtained at room temperatu

. Extraction of spectra

.1. Theory and method

To enable usage of multiple multivariate linear regression
bservational dataa(λ, t) can be interpreted as a matrix deno

nated as the observational matrixY and the curves of tempor
ehaviouraM(λM, t) as column vectorsaM. By arranging thes
s columns of the so-called mixing matrixA = [a1, a2, . . ., an],
q. (ii) can be stated in the form:

=
n∑

M=1

aM · sT
M +E ≡ A · S +E (iii)

heresM is a vector containing the normalised spectrumσ̂M(λ)
ndE is the matrix of the prediction error. BecauseaM(λM, t)

s the optical density atλM, the spectrum̂σM is normalised to
nity at that wavelength (indicated by hat symbol “’̂’). For sM

ndS the superscript is dropped, as there is no risk of confu
ptical density is normalised to unit pathlength and the
bleL is therefore omitted. Extraction of spectra is achieve

1 Prefix “I-” indicates references to equations or reactions in the accompa
aper[23].
n

y
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directly equals the standard error of the estimated unkno
ote that this simplified statement is only true, if the errorsA
re constant, or in the lack of a better estimate, are assum
e constant.

Multicollinearities can to a certain degree be avoided
ppropriate selection of a subset of data, i.e. of an appro
pectral window. This should be selected such that absorp
f one or more absorbers contributing to the multicolline

ies are not contained in it, i.e. the absorption spectra of
bsorbers should be zero within its range. This allows to rem

he corresponding columnsaM fromA. The number of unknow
pectra within the window is likewise reduced. As a clear d
ack this directly reduces the range of the obtained spectr

he excluded sections another extraction needs to be perfo
ossibly compromising on quality of the extraction. Spectr

ull coverage are obtained by joining the partial spectra from
ndividual spectral windows accordingly.

.2. Reliability of an obtained solution

To estimate the reliability of an obtained solution, in fi
lace the aforementioned standard error obtained forsM is a good
easure for assessing the extent of possible multicollinea
ith respect to the shape of the obtained solutions, the

egativity condition for absorption spectra needs to be che
s long as emission can be excluded, all absorption sp
ust be purely positive. The situation is slightly different, if d

s centred to pre-flash conditions, i.e. optical density obse
efore the flash is averaged in time and then subtracted fro
ptical density data recorded in time. The resulting differe
efore the flash is equal to zero except for noise andafter the
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flash describes changes in optical density – i.e. concentration
of precursors as well as products formed by reaction – relative
to pre-flash concentrations. This also eliminates long term lamp
drift very effectively. Due to this procedure also negative absorp-
tions can occur as a result of pre-cursor consumption, but they
must bepurely negative. Spectra with mixed positive and nega-
tive sections are impossible. If such mixed solutions occur in any
of the estimated spectra, this indicates systematic problems in
the whole separation as such. Likewise systematic structures in
the remaining residuals contained inE indicate similar problems
while residuals distributed normally are a necessary indicator of
a good separation. The quality of separation is further verified
by comparing spectra obtained from different data sets recorded
under significantly different conditions.

3.3. Uncertainty estimate for obtained spectra

The uncertainty stated for the extracted spectra is based on
the estimated error of observations, i.e. optical densities. It was
determined from the absorption measurements obtained during
the pre-flash interval after subtraction of the pre-flash average in
time, see above. In an artificial way this data is free of absorp-
tions except for noise. The standard deviation determined in this
data array was used as an estimate of the observational error,
which was needed as input for theseparation of time curves and
the estimation of their error[23]. In the extraction of spectra
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was determined accordingly. The method used for the deter-
mination of absolute absorption cross-sections in[23] required
broad spectral coverage so that as a trade off resolution had to
be low at 1.3 nm FWHM.

Absorptions from ground state IO(ν′ ←0), vibrationally
excited IO(ν′ ←1) (denoted as “IO* ”) and IO(ν′ ← ν′′), ν′′ > 1
(“IO** ”), OIO, and three further absorbers with unstructured,
continuous spectra labelled “X”, “Y”, and “Z” were found to be
relevant in our experiments (nomenclature as defined in[23]).
Vibrationally excited IO dominantly occurred in low pressure
data. Also “X” and “Y” displayed clear dependence on con-
ditions. Therefore in general the mixing matrix was defined
asA = [aIO, aIO∗ , aIO∗∗ , aOIO, aX, aY, aZ]. But depending on
the individual experiment and the selected spectral interval the
columns inA had to be chosen appropriately.

3.4.1. Ground state IO(ν′ ← 0)
3.4.1.1. Other overlapping absorptions and extraction proce-
dure. From the studies of Durie et al[11] the position of the
IO(0←0) transition is known to be at 465.5 nm marking the end
of the ground state IO absorption spectrum towards the red side.
The observations by Himmelmann et al.[12] showed that in that
region the absorptions of OIO already overlap with those of IO.
Furthermore significant absorptions arising from vibrationally
excited IO(ν′ ← ν′′) with 0 <ν′′ < 7 reach far into the OIO region
[21,23]. The temporal behaviours of concentration of differently
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this work) by multiple multivariate linear regression two va
nts of errors were calculated. Firstly the error estimate oaM

the curves of temporal behaviour of optical density as obta
n [23]) was used to vary the entries into the mixing matriA
nto both directions by addition and subtraction of this e
hen the regression was solved for each case. The effe

he solutionssM (spectra) obtained for the different variatio
as used as an estimate for the error propagated into the
ated spectra. Secondly an error estimate for the spectr
etermined without any a priori estimate of the error assum
onstant unit weight for all coefficients of the mixing mat
his error estimate is therefore a purely statistical error
ate based on the condition of the normal matrix. Which
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or the resulting estimated spectra. A relative uncertainty
alculated as the ratio between the estimated uncertaint
he determined spectra. Wherever the spectra are of ze
ear zero absorption, the relative uncertainty increases c
pondingly. For such cases theabsolute uncertainty will be
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.4. Extracted spectra

In the visible and NIR 53 data sets of time resolved flash
olysis experiments recorded under various conditions (Ta
n [23]) were analysed covering two different spectral ran
f 280–600 and 340–660 nm. Focussing on unknown
bsorbers two further data sets were examined, which
10–410 nm. Spectra obtained from different data sets
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ibrationally excited species of IO depended on the ex
ent’s conditions and the largest difference occurs betw
′′ = 0 andν′′ > 0. IO in ground state and in vibrationally excit
tate therefore have to be treated as two individual sp
ather than a composite, averaged IO spectrum. As diff
ehaviour in time is the key to separation, it was promi

o try a separation of ground state and vibrationally exc
O spectra even though the similarity of the temporal pro

both displaying similar rise and decay times – is a limi
actor with respect to collinearity. The temporal behaviou
verlapping OIO always showed a slower formation than
O species. Contribution of I2 present in the same region
nproblematic as the temporal behaviour of I2 is totally different

rom that of the transient absorptions of the iodine oxide
ollinearities between ground state and vibrationally excite
aused problems in the extraction of aground state IO spectrum
limitation of the spectral window to 467 nm on the red s

lways was a suitable measure, just including the last gr
tate band IO(0←0) and excluding the majority of IO(ν′ ← ν′′),
′′ > 0. The same collinearities could also be reduced and
voided by analysing only data sets obtained at high pres

n which excited IO was significantly reduced by collisio
uenching.

Towards the UV the IO absorption ends in the vicinity
20–330 nm. Varying the UV side of the extraction inte
elped to verify this. Starting from 460 nm towards the

he smooth absorption of “Z” becomes more and more im
ant, which slowly rises in time indicating that it is caused b
roduct of the IO and OIO consumption mechanism. Its tem
al behaviour could be obtained directly from the range aro
20 nm, where no other absorptions were detected. In some



54 P. Spietz et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 50–67

its contribution did not become important above 420 nm due to
the flat tail of its spectrum.

3.4.1.2. Anomalous behaviour of IO(2← 0). In a large number
of measurements apparent temporal behaviour of the IO(2←0)
absorption band differed significantly from that of all other bands
of the (ν′ ←0) progression in that the peak of IO(2←0) at
maximum IO concentration appeared weaker than the remain-
ing bands. It appeared smallest in low pressure experiments
and recovers systematically when proceeding to higher pressure
experiments. Strong UV-photolysis (no filters between vessel
and flash lamps) weakens the apparent height of the IO(2←0)
band further. This weakening is strongest near the time of max-
imum concentration. Later on the deviation dies off.

The observed difference in temporal behaviour complicated
extraction of spectra. It could only be achieved by subdivid-
ing the extraction window such that in one version the (2←0)
band was included and in another not.Fig. 3 shows the uncor-
rected extraction for IO(ν′ ←0) including ν′′ = 2 (top, solid
line, all extraction windows joint) and the separately extracted
IO(2←0) band with traces of IO(3←0) (middle). In the bottom
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graph the relative error for the extracted spectrum of IO(ν′ ←0)
is plotted.

Even without knowing the origin of the observed deviation,
it is possible to estimate the correct peak height of IO(2←0)
relative to that of IO(4←0). Calculation of the ratio of tempo-
ral behaviour of both bands verifies that the deviation dies off at
times beyond the half-life of IO so that in that time range the cor-
rect ratio between peaks is obtained. The corrected IO(2←0)
band is plotted inFig. 3(top, dotted line at (2←0)). After cor-
rection IO(2←0) fits well within a common envelope of the
(ν′ ←0) progression.

3.4.1.3. Uncertainty and reproducibility. For the spectrum of
IO(ν′ ←0) the obtainedrelative error from above 360 nm was
generally less than 2.5%. Within the band maxima is of the
order of 1–2%. Between the bands, where the absorption goes to
zero, theabsolute error is of the order of (0.5–2)×10−3 in units
of optical density compared to 0.45 in the band maximum. It
increases systematically within the range, where the most serious
collinearities between the different species occur.

The reproducibility of the successful extractions of spectra
obtained for more than 40 data sets was very high. Systematic
contradictions occurred only whenever the spectral window for
the extraction was inadequately chosen and included absorptions
causing collinearity or being unaccounted for by the chosen
curves of temporal behaviour. Another source for systematic
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eviations between extractions was the build up of deposit d
he flash photolysis experiments. The deposit increased w
he accumulation from flash to flash and also was changed b
ash itself. In such cases the spectral window had to be red
n the UV side. Nevertheless in some extractions of the IO s

rum systematic deviations occurred relative to the large nu
f consistent spectra obtained from other data sets. In sp

he deviations the UV tail of these spectra returned prop
o zero. The deviations were always located at the UV sid
he IO continuum. Still all extractions were introduced into
veraging for the final IO spectrum, because the origin o
eviations could not unequivocally be attributed to a gross e
ut as the estimated errors of the problematic extractions
enerally poorer due to the lower quality of the extraction,
ntered with a lower weight into the final averaging.

.4.1.4. Wavelength calibration. The calibration of waveleng
xis had been obtained by calibration to the known positio
ercury and cadmium lines from a line source. Used were

ines well separated from others under the low resolving s
roscopic conditions of the experiment (1.3 nm FWHM).
avelengths are converted tovacuum wavelengths. The accu

acy of the calibration was always better than 1 pixel, whic
.32 nm/0.26�m geometric pixel size with the 150 grooves/m
rating. This was also verified by the wavelength offsets fo
etween spectra of IO obtained from different data sets. In
ases the scatter in wavelength was of the order of 0.1 nm
ess and of 0.2 nm as worst case. The calibration in the gr
tate bands was verified by comparison to the Cavity Ring-d
CRD) spectra reported by Newman et al.[14]. Their (vacuum
RD spectra were convoluted and integrated (binned) to th
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olution and detector geometry of our measurements and used as a
calibration standard within the interval covered by them. Devi-
ations between our spectrum and the convoluted bands from
[14] ranged from−0.08 to +0.07 nm for the isolated (0←0) to
(4←0) bands. The (5←0) band was ignored, as it is likely to
be distorted by the neighbouring IO continuum absorption. The
instrument’s function used in the convolution was only approxi-
mated by a gaussian of 1.2 nm FWHM (not gaussian half width).
This was estimated from the FWHM of the apparent line shape
obtained from a line source measurement. Therefore the differ-
ences between the convoluted CRD spectra and our spectrum
were not used for re-calibration. Nevertheless the differences
lying clearly below 0.1 nm justify a conservative (but neverthe-
less sub-pixel) estimate of wavelength uncertainty of 0.2 nm.

The apparent positions of band maxima will differ more or
less strongly depending on the difference in resolution and bin-
ning, e.g. IO(4←0) in the CRDS study by[14] at 427.2 nm
(vac.) versus 427.5 nm (vac.) from this work at 1.3 nm FWHM.
This is explained by the fact that lower resolution and binning
cause the peak of an asymmetric band to be shifted away from
the steepest ascend. This can be verified by corresponding sim-
ulations and was also verified by the convolution and binning of
the data of[14].

3.4.2. Vibrationally excited IO(ν′ ← ν′′) with ν′′ > 0
3.4.2.1. Other overlapping absorptions and separation proce-
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Fig. 4. For vibrationally excited IO a spectrum was obtained by joining three sec-
tions from three extraction intervals (top). The continuum absorption (labelled
“X”) is of unclear origin, to be discussed below. Band assignments are accord-
ing to [11]. The relative uncertainty of the extracted spectrum is shown in the
bottom diagram. Open circles indicate the relative uncertainty at band maxima.
Between bands and at the ends of the spectrum theabsolute uncertainty is of the
order of (2–5)×10−4 with maximum absorption at IO(3←1) of 0.025, both in
units of optical density.

hand by the characteristic function in time (defined by the mask-
ing of the chip and the vertical slit width of the mask). The
characteristic function has a half width of 5–7 pixels in different
regions of the chip. The variations are caused by mechanical
imperfections of the laboratory-made masking of the chip. The
difference between temporal behaviour of excited IO and that
of the found absorption “X” is visible only in a time interval
of 10–12 pixels in time – roughly twice the width of the instru-
ment’s characteristic function in time – and very close to the
flash. The large remainder of both curves is nearly identical.
Therefore it is possible that the observed continuum belongs
to excited IO. But on the other hand it cannot be excluded
that it originates from a further not yet identified species.
This can only be decided after further analysis of spectra, see
below. The full spectrum extracted for vibrationally excited IO
obtained by joining the three different sections is shown in
Fig. 4. In the bottom graph the obtained relative uncertainty is
plotted.

3.4.2.2. Uncertainty and reproducibility. The reproducibility
of the spectrum was highest in the range from 480 to 600 nm.
The shape of the bands and zero absorption in the troughs was
always reproduced. Depending on the mixture changes in rela-
tive height between groups of bands from differentν′′ occurred.
When the window was extended down to 467 nm and below, the
different behaviour of IO(ν′ ←1) and IO(0←0) reduced the
r ared
i spec-
t ise
t e the
u aks.
I the
b
o

ure. In the spectral window from 467 to 600 nm the contri
ions of vibrationally excited IO(ν′ ← ν′′), ν′′ > 0, of OIO and o
2 could be separated from each other with low errors whe
he individual spectrum has significant absorption. Collin
ties with the ground state of IO were avoided by exclud
he IO(0←0) at 465.5 nm from the spectral window. By lim
ng the spectral window to 480–600 nm this could be impro
ven more, because then IO(ν′ ←1), the temporal behavio
f which differed from that of IO(ν′ ← ν′′), ν′′ > 1, was also
xcluded. Especially the low pressure data sets containin

argest concentrations of excited IO yielded clear spectra
he bands falling between those of the ground state of IO
elow 467 nm, the separation proved to be more difficul

here the similarity of temporal behaviour of the ground sta
O in general, that of IO(2←0) and that of excited IO produc
ulticollinearities and imperfect extraction of individual sp

ra. On the other hand the temporal behaviours were suffici
ifferent to inhibit a reduction of free parameters. In this inte

he noise in the extracted spectra is larger and negative tra
he ground state of IO remain. Below 440 nm again the ab
ion of absorber “Z” needs to be taken into account. Also
umber of data sets the absorption caused by “X” found bet
20 and 420 nm (see[23]) proved to be significant. Due to

emporal behaviour being similar – but not completely the s
to that of IO(ν′ ← ν′′), ν′′ > 1, its spectrum was in many fi

xtracted together with the bands of excited IO as a single
rum with acceptable residuals, seeFig. 4. Its spectrum display
smooth continuum located in the region of the ground sta
ontinuum.

The temporal resolution of our set-up is defined on one
y the shifting time per row of the CCD chip and on the o
-

eproducibility in that traces of the ground state of IO appe
n the spectrum or a continuous background disturbed the
rum. In the continuum (“X”) in spite of the low signal to no
he reproducibility was good. Based on the error estimat
ncertainty of the spectrum is approximately 2–3% in the pe

n the continuum range it is of the order of 5–10%. Between
ands theabsolute error is of the order of (2–5)×10−4 in units
f optical density.
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3.4.2.3. Wavelength calibration. The wavelength calibration
for vibrationally excited IO is the same as described for the
ground state of IO.

3.4.2.4. Assignment of transitions. In 1958 Durie and Ramsay
[10] recorded bands of IO inabsorption, where only ground
state IO(ν′ ←0) and the IO(2←1) band were visible. In 1960
Durie et al.[11] carefully examined theemission spectrum of
IO using a 21 ft grating spectrometer in second or higher order
and observed a large number of transitions from vibrationally
excited IO. They performed a thorough rotational and vibra-
tional analysis, which enabled determination of the bandorigins
of both ground state and vibrationally excited IO. From the band
origins they determined vibrational constants for IO, with resid-
uals generally better than 0.005 nm. Only overlapped bands were
reproduced with larger residuals of 0.02–0.03 nm.

In our low resolution measurements for the first time a large
number of vibrationally excited bands are observed inabsorp-
tion. In our extracted absorption spectrum 22 bands of excited
IO are present out of 34 observed by Durie et al.[11] in emis-
sion, seeFig. 4with the assignments according to[11]. As our
measurements were aimed at broad and simultaneous spectral
coverage, high resolution was not the point of our work. Given
the limited resolution of 1.3 nm FWHM and 0.35 nm/pixel of
our measurements, our bandmaxima are in reasonable agree-
ment with their accurate bandorigins.
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Fig. 5. The spectrum of OIO was extracted from three different sections and
then joined to form a contiguous spectrum. On both sides it shows a clear and
smooth return to zero. Band triplets and the envelope of the spectrum show
a systematic form. The bottom diagram shows the relative uncertainty of the
spectrum. At the ends of the spectrum theabsolute uncertainty is of the order of
(0.3–1)×10−3 with maximum absorption at OIO(0, 5, 1) of 0.08, both in units
of optical density.

the data quality in that range in spite of the absence of collinear-
ity problems is lower than in the 460–600 nm range. Still the red
tail of the spectrum is quite well determined.

3.4.3.1. Uncertainty and reproducibility. As for vibrationally
excited IO the reproducibility of the spectrum was highest in the
range from 480 to 600 nm. From 470 to 600 nm the relative error
is clearly below 5%, in many parts even at and around 1%. Larger
errors occur at wavelengths, where bands of vibrationally excited
IO are located. Above 600 nm the error estimate varies strongly
between a few percent and up to 15% due to the lower data
quality. Below 470 nm theabsolute error was always of the order
of a few percent of the maximum absorption in the (0, 5, 1←0,
0, 0) band. The shape of the bands and especially the depth of
the absorption minima between bands were always reproduced,
strongly supporting the assumed quality of separation of no more
than±3% foreign contributions from other absorbers[21].

3.4.3.2. Wavelength calibration. As the spectra were all
obtained from the same data the wavelength calibration for OIO
is the same one as described above.

3.4.4. Further UV–vis absorbers “X”, “Y”, and “Z”
The extraction of absorber “X” was described in the context

of vibrationally excited IO. Its origin remains to be clarified,
s in
t ribed
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d .
T tions.
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m ssum-
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Examination of band height of individual progressions sh
hat in the IO(ν′ ←1) similar as in theν′′ = 0 series again the tra
ition leading to the A2�3/2, ν′ = 2 appears to be weakened
omparison to the neighbouring bands of the same serie
ig. 4). This agrees to the observed anomaly being linke

he A2�3/2, ν′ = 2 state. A more quantitative statement ab
his was not possible, because firstly collinearities impede
eparation of temporal behaviour of IO(2←1) from the remain

ng IO(ν′ ←1) bands. Secondly the time scale of formatio
hese excited species was at and below the temporal reso
f our set-up. The other interesting feature is the strong
egular presence of the IO(0← ν′′) transitions. Starting with th
arely visible (0←6) band, the bands increase steadily unti
0←2) band, before decreasing in the (0←1) band again.

.4.3. OIO(0, ν′2, ν
′
3← 0, 0, 0)

Between 480 and 600 nm the spectrum of OIO could
xtracted without problems, as no collinearities between
O(ν′ ← ν′′), ν′′ > 1 and I2 occurred. Below 480 nm the pro
ems of extraction were those described above for vibratio
xcited IO. The quality of the extracted spectrum is co
pondingly lower than between 480 and 600 nm. Neverth
he blue end of the OIO spectrum is well defined, seeFig. 5.
ome negative contributions caused by imperfect sepa

rom IO(2←1) and IO(3←1) remain, but the pattern of ba
riplets caused by the OIO angle bend of vibrational leveν′3
anging from 0 to 2 up to OIO(0, 10, 1←0, 0, 0) is clearly prese
notation: ν1, ν2, ν3: asymmetric stretch, symmetric stret
ngle bend). To the red the interval from 600 to 660 nm
overed by a limited number of experiments of at the same
imited signal to noise due to technical imperfections. There
n
ee below. Absorbers “Y” and “Z” were already obtained
he separation of curves of temporal behaviour as desc
n the accompanying paper[23]. Fig. 6 compares the spect
btained for “X”, “Y” and “Z” obtained from the majority o
ata sets, which were centred on the visible range (λ > 300 nm)
hey are already scaled to absolute absorption cross-sec

n [23] these were determined per iodine atom contained i
olecule. The spectra presented in this section are scaled a

ng a stoichiometry of I2O2 for “Y” (see [23]). Also for “Z”
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Fig. 6. Three further absorptions were found in the UV and visible, labelled
“X”, “Y”, and “Z”. Absorption “Y” was smoothed (scatter of original data:
±1.2×10−18 cm2/molecules). Spectra are scaled to absolute cross-sections
according to[23] and assuming two iodine atoms per molecule for “Y” and
“Z” and one iodine atom per molecule for “X”. Further to the UV an absorption
was extracted from measurements, which is likely to be a superposition of “Y”
and “Z” and possibly a third absorber. This is scaled at the red end to “Z”.

a molecule that contains only two iodine atoms was assumed,
on the grounds that it appears on a similar time scale as “Y”,
see temporal behaviours in[23]. For “X” only one iodine atom
was assumed for reasons to be discussed below. Even with hav-
ing this factor of two in mind the absorption cross-section of
“X” clearly is the smallest of the three spectra found in this
analysis.

From the two further data sets covering 210–410 nm a com
posite spectrum of an UV absorption was separated from th
underlying ozone absorption using the DOAS technique in the
Hartley band and multiple multivariate linear regression. There
is evidence that the obtained spectrum (Fig. 6, λ < 300 nm) is
a superposition of two absorbers, possibly “Y” and “Z” not
excluding the presence of possibly a third one.

All spectra obtained in this work are available as supple-
mentary data alongside the electronic version of this article a
published in Elsevier Web Products.

3.5. Discussion

3.5.1. Ground state and vibrationally excited IO
The spectrum obtained for ground state IO(ν′ ←0) is free of

negative absorptions proving that no systematic problems in th
extraction exist. Only in the absorption minima some negative
sections exist, clearly originating from incomplete separation
from excited IO. The negative values are of the order of 2%
r
u f the
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u ging
t ear
3 o th
r rting
f nm.
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vibrationally excited IO(ν′ ←1) are present due to the separa-
tion method used in our analysis.

Given the width of the spectrometer’s slit function of 1.3 nm
FWHM the continuum up to the (6←0) band can be regarded as
free of resolutional effects. The same holds for the main parts of
the absorption minima and the red flanks of bands thereby clari-
fying the extent of continuous absorptions under the vibrational
bands of the IO A←X transition.

In Fig. 1 the previously published spectra of IO[5,6,9] are
compared. At the maximum of the (6←0) band near 410 nm
they have been scaled to unity, which takes into account that
below that wavelength the absorption by higher oxides and above
that wavelength that by (depending on the mixtures) I2, vibra-
tionally excited IO and OIO becomes important. The (6←0)
band is sufficiently broad to avoid complications caused by dif-
ferent resolution.

There is disagreement among[5,6,9]with respect to the con-
tinuous background contained in the spectrum. This indicates
the presence of additional continuous absorptions in their deter-
mination. The disagreement in the absorption minima (crucial
for the correct differential absorption cross-section needed for
DOAS) is especially remarkable. There, also peaks originat-
ing from vibrationally excited IO are found. The partitioning
between ground state and vibrationally excited state bands is
different among them.

Fig. 7 compares the spectra individually to the IO(ν′ ←0)
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round state spectrum obtained in this work. In each case
pectrum lies in most parts clearly below the other ones
ating uncorrected background absorption in the latter. Th
mallest but not negligible in the spectrum of[9], which also
hows bands from vibrationally excited IO(ν′ ←1).

The spectrum of Laszlo et al.[5] was obtained by a sca
ing monochromator and photomultiplier set-up. There i
ention of any correction of background absorption excep

he section below 430 nm was recorded with O + I2 as sourc
f IO and the section above with O + CF3I to avoid interferenc

rom I2 absorption. The slit function of the monochromator
.3 nm (2365 grooves/mm, 200�m slit) and the step size 0.6 n
elow 400 and 0.3 nm above. Reproducibility was high exc

ng non-systematic effects like light source drift or instab
f the chemical mixtures. Harwood et al.[6] obtained thei
pectrum with a 270 mm focal length spectrograph and p
iode array by comparing 50�s averages obtained before a
fter the photolysis flash. The experiment was performed i
+ CF3I system. The slit function was of 0.44 nm FWHM w

.12 nm/pixel. A correction for background absorptions was
erformed. Bloss et al.[9] used an arrangement similar to o
ith a 250 mm spectrograph, 300 grooves/mm grating a
CD camera for time resolved absorption spectroscopy. S

ral coverage was 65 nm. The slit function had 1.13 nm FW
xperiments were performed at atmospheric pressure, s
ibrationally excited IO should be in thermal equilibrium w
round state IO. A continuous absorption spectrum (lab
P”) was determined, which arose as a product of IO and
onsumption. A separation of this absorption into different
ributions was not performed. An upper limit to the IO spect
as obtained from spectra recorded immediately after the
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Fig. 7. The available spectra for IO (thick line) are compared to the spectrum
determined in this work (thin line). While discrepancies between those by Laszlo
et al.[5] and Harwood et al.[6] and our spectrum are strongest in the absorption
minima, the spectrum by Bloss et al.[9] shows a much better agreement. This is
in line with the fact that only in the determination of that spectrum a correction
of background absorptions was performed. But still traces of uncorrected other
absorptions are present.

at maximum [IO]. Product absorptions were assumed to being
minimised by that. A lower limit was determined by subtraction
of the scaled absorption spectrum “P” by assuming that absorp-
tion below 340 nm originated dominantly from “P” and not from
IO.

As [9] is the only previous study, in which a correction
for unaccounted foreign absorptions was performed, it is not
surprising that the agreement between their spectrum and our
IO(ν′ ←0) ground state spectrum is much better than between
that of[5,6] and ours. The remaining discrepancies between the
spectrum of[9] and our spectrum presumably result from (a)
the approximations required by their step-wise correction, (b)
the fact that the product spectrum “P” used for correction mos
likely is a composition of differently evolving product spectra
(see above: possibly “Y” and “Z”, compare also Fig. 6 in[9]),
(c) the contributions of vibrationally excited IO present in their
spectrum and possibly (d) the necessity of having to join the fina
spectrum out of different sections obtained in different experi-
ments due to the limited spectral coverage of 65 nm.

Fig. 8gives an example of the different data quality achieved
in the continuum absorption of IO. As our spectrum is the prod-

Fig. 8. A section of the IO spectrum near the vibrational feature in the absorp-
tion continuum is shown. Comparison of the IO(ν′ ←0) from this work to the
available spectra illustrates the difference in data quality. The spectrum obtained
in this work shows significantly less noise due to the extraction method, which
uses practically all optical density data of measurable signal. Also the large
number of available individual spectra (53 data sets), which had been averaged,
reduces noise.

uct of analysis of 53 different data sets, the signal to noise is
significantly better than in the spectra determined from less data.
The vibrational structure at 380 nm is clearly resolved and the
neighbouring ground state bands are clearly visible.

With respect to wavelength calibration the spectrum of Las-
zlo et al.[5] shows disagreement to all other spectra (including
ours) with deviations of different direction between neighbour-
ing bands. The stated high reproducibility rules out any deviation
caused by limited reproducibility of wavelength during scans.
Therefore these contradictions cannot be resolved. Between the
spectra of[6,9] and ours the disagreement is of similar magni-
tude of the order of 0.1–0.5 nm in the flanks and of 0.1–0.3 nm
in the band maxima increasing to the red. Both calibrated their
spectra with the lines of a mercury lamp. Our spectrum was cali-
brated with a mercury–cadmium lamp having additional lines in
the region of interest and the band positions agree within better
than 0.1 nm with to the convoluted and binned bands determined
by the CRDS study of Newman et al.[14], see above. This indi-
cates that the disagreement between the spectra of[6,9] and ours
could be caused by the lower number of calibration lines used
in their calibration.

Summarising all aspects discussed, it is concluded that in all
regions, where spectral resolution is not an issue, the spectrum
obtained in this work determines the instrument independent
shape of the IO ground state spectrum more accurately than
the previously published spectra. In comparison to the 1.13 nm
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WHM spectrum of[9] the difference to our 1.3 nm FWH
pectrum should not be a dominant effect. As by our study v
ionally excited IO is for the first time explicitly determined
n independent species, this provides the possibility of ta
on-equilibrium conditions dedicatedly into account.

.5.2. OIO
The OIO spectrum determined in this work has cle

efined ends towards the blue and the red, both dying off tow



P. Spietz et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 50–67 59

zero. Apart from two inverted features originating from incom-
plete separation from vibrationally excited IO no systematic
negative sections appear. This indicates that no systematic prob-
lems in the separation of spectra were present. The general
pattern of band triplets is regular and also the envelope is free
of irregularities.

Relative to the width of the spectrometer’s slit function of
1.3 nm FWHM the most narrow bands are two to three times
wider (width at half the height measured from peak to peak). The
flanks are in general less steep than in the case of IO, covering
roughly one FWHM. Owing to the trade-off enforced by the
requirement of simultaneous coverage[22,23]the OIO spectrum
is therefore close to but not yet fully instrument independent. The
study of effects of resolution (MIntAS) showed that changes of
the order of 14% have still to be expected in the peak absorption
at OIO(0, 5, 1←0, 0, 0)[22,23,25].

Fig. 2 compares the previously available spectra for OIO
[8,9,12,16]. They have been scaled to unity in the top of the
(0, 4, 1←0, 0, 0) transition, which is the broadest maximum
included inall spectra. Similar as for IO significant discrepan-
cies exist in the OIO spectra with respect to uncorrected foreign
background absorptions. Here the effect on differential ampli-
tude is even more striking. This could be due to the fact that OIO
absorption in most experiments is significantly smaller than that
of IO (being a product of IO consumption). Uncorrected back-
ground absorptions therefore introduce correspondingly larger
e
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Fig. 9. The spectra available for OIO (thick line) are compared to the spectrum
determined in this work (thin line). All spectra but the “single triplet”-section
by Ashworth et al.[16] show considerable disagreement being caused by uncor-
rected background absorptions. Especially the overlap with IO bands is clearly
present in the spectra of Himmelmann et al.[12] and Ingham et al.[8]. In the
spectrum of Bloss et al.[9] also strong background absorption occurs even in
the narrow window available.

Fig. 9compares the available spectra individually to the one
obtained in this work. Both spectra of broad coverage[8,12]are
superpositions of IO and OIO. The IO bands on the blue end
of the spectrum are significantly stronger than the OIO bands.
The blue end of the OIO spectrum is not determined. In the IO
absorption minima strong interference from a further additional
continuous absorption is present in both spectra. The regular
pattern of band triples is disturbed in both. In the spectrum by
[12] inversed lines originating from the xenon photolysis flash
and I2 bands are present. In the spectrum by[8] absorption min-
ima appear to be irregularly filled. Regular structures in flanks
of OIO bands indicate that interference from I2 bands is pos-
sibly present. To the red the bands are significantly reduced in
strength.

The partial spectrum by[9] shows strong interference from
background absorption on its blue end. Only the triplet near
560–580 nm is in reasonable agreement with our spectrum.

The partial spectrum by[16] is in good agreement with the
band triplet from our work. Disagreement exists with respect to
the depth of the absorption minima or rather – due to the selected
rrors in the scaling.
The spectrum of[12] was recorded with a 500 mm grati

pectrometer, a 300 grooves/mm grating and a 1024 pixel
iode array with sequential readout. The latter causes a
hift of 16�s from pixel to pixel and therefore roughly 16
etween first and last pixel of a spectrum. The half-life of O
as of the same order of magnitude. The spectrum was obt
y subtraction of appropriate spectra. A correction for b
round absorptions was not performed. Wavelength calibr
as obtained from the lines of a mercury–cadmium line so
he spectrum by Ingham et al.[8] was recorded with a 500 m
rating spectrometer, 300 grooves/mm grating and agated diode
rray. Spectral resolution was 0.7 nm FWHM. The spectrum
alculated based on a ratio of pre-flash to post-flash inte
he spectrum was corrected for change in I2 absorption due to I2
onsumption. There is no mention of correction of other b
round absorptions. Wavelength calibration was obtained
mercury line source. The OIO spectrum published by B

t al. [9] was obtained under the conditions already descr
or IO. A correction of foreign background absorptionin the
IO spectrum is not mentioned. Ashworth et al.[16] recorded

he 540 to 605 nm section of the OIO spectrum by CRD s
roscopy at 0.2 cm−1 (≈0.006 nm). The spectrum was obtain
t 100�s delay between photolysis and probe pulse. Empty
el CRD spectra were used to correct for instrumental effec2
bsorptions were corrected. Further corrections are not

ioned. A low resolution spectrum was also recorded wi
00 mm grating spectrometer, a 600 grooves/mm grating
CCD camera. Resolution was 0.6 nm FWHM. There is
ention of correction of other background absorptions in

pectrum.
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Fig. 10. A section of the OIO spectrum near the peak absorption is shown.
Comparison to the available spectra illustrates the difference in data quality.
The spectrum obtained in this work shows significantly less noise due to the
extraction method, which uses practically all optical density data of measurable
signal. Also the large number of available individual spectra (53 data sets),
which had been averaged, reduces noise. Regular structures in the spectra by
Himmelmann et al.[12] as well as Ingham et al.[8] indicate the presence of
uncorrected absorptions caused by I2.

scaling – with respect to the amplitude of differential structure.
This is most likely a result of the significantly higher resolution
of their CDRS measurement.

Fig. 10gives an example of the different data quality achieved
for the absorption spectrum of OIO. As our spectrum (with the
exception of the red end) is the product of analysis of 53 differen
data sets, the signal to noise is significantly better than in the
other spectra.

The effects associated to the lower resolution of our spectrum
(14% between 1.3 and 0.35 nm FWHM at OIO(0, 5, 1←0, 0,
0), see above) are less significant than the systematic effec
present in[8,12]. The same holds for[9]. In addition a broader
spectral range is covered. Within its narrow range of spec
tral coverage the CRD spectrum by[16] definitely provides an
instrument independent differential spectrum. But the scaling o
theabsolute differential absorption cross-section to be derived
from that spectrum remains affected by the possible presenc
of foreign background absorption, which cannot be completely
excluded.

3.5.3. Absorbers “X”, “Y”, and “Z”
To our best knowledge the spectra obtained for the absorber

“Y” and “Z” are the first absorber-specific gas phase UV–vis
absorption spectra reported for – what they most likely are
– higher iodine oxides formed in the consumption of IO and
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with the aerosol spectra reported by Harwood et al.[6] does
not seem appropriate, as these were determined at time scales
of 10–300 s and as a product of I2 + O3 ‘dark’ reaction without
photolysis. Bloss et al.[9] report a product spectrum (see above:
“P”), which displays a general shape very similar to “Z”. The dif-
ference between their product spectra obtained in the O + CF3I
system and in O + I2 could be possibly caused by “Y” indicating
dependence of formation of “Y” on the presence of I2.

For the spectrum of “X” no prior reference exists. Being
among the earliest absorptions observed in the I + O3 photol-
ysis, it is clear that “X” can only be caused by an early product
such as e.g. I + O2 + M→ IOO + M or I + O3 + M→ IO3 + M or
possibly part of the IO absorption spectrum not originating from
IO(ν′ ←0). This will be clarified in the following analysis of the
IO absorption spectrum.

4. Analysis of the IO spectrum

4.1. Absorption continuum of ground state IO(ν′ ← 0)

The extraction of a full range spectrum for ground state IO
being practically free of other absorptions for the first time
enables a clear statement about the shape and the extent of the
IO continuum absorption. It starts near 330 nm and extends to
the (4←0) band. Important are the band structures, which are
superimposed to it. Among these the localised increase of ampli-
t
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IO. They are free of negative sections indicating abs
f systematic problems in the separation and extractio
pectra. Scaled to the absolute absorption cross-section
ated in[22,23] they display a maximum absorption arou

2–2.5)×10−17 cm2/molecules which is in reasonable agr
ent with the absorption cross-sections known for chlorine
romine oxides. This also verifies that no gross error is pre

n the shape of the spectra, as the absolute cross-section
etermined in the flanks of the observed spectra. A compa
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ude near 380 nm is of special interest.
Given the high quality of extraction it is promising to exam

he origin of the observed continuum absorption. The pres
f a continuum absorption indicates the existence of at leas
ptically active repulsive potential intersecting with the up
inding electronic A2�i potentials of the IO molecule. This
upported by the change of shape of the bands of ground
O (Fig. 3): From (0←0) to (4←0) the bands display an asy
etry with pronounced steep flanks towards the blue. In

roughs absorption returns to zero. But starting with (5←0),
and shape steadily becomes more symmetric, width incr
nd height decreases and wings become more prominent

ng from overlap of broadened, Lorentz shaped rotational l
he troughs between bands (starting betweenν′′ = 4 and 5) no

onger return to zero. So in principle the continuum could
aused by overlap of bands, which are broadened by pre
iation. At and around the (10←0) band the width of band
educes significantly and height is increased again. Broad
f the vibrational bands and therefore predissociation of the
esponding upper states must be smaller than in the neighbo
tates. Further towards the UV broadening increases again
o further visible changes.

The occurrence of a region of less predissociation
10←0) indicates that at least two repulsive potentials, w
ntersect with the IO(A2�3/2) potential, must be of relevan
o the observed continuum. One coupling dominantly to s
rom ν′′ = 5 to approximatelyν′′ = 9 and another coupling dom
nantly to statesν′′ > 10. This is in agreement with findings
14], who concluded from their ab initio work on ClO and fro

igner–Witmer correlation rules that a larger number of re
ive potentials is likely for IO.
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4.1.1. Simulation of observed continuum: multi-parameter
fit

To get an insight into the origin of the observed continuum and
of the broadening of bands, it was examined, how the observed
spectrum can be reproduced based on different assumptions. As
this study will also involve energy considerations, the spectra
from here on will be represented on a wavenumber axis instead
of wavelength. Two hypotheses were considered:

Hypothesis 1. The observed continuum is caused solely by
overlap of broadened vibrational bands from bound–bound
transitions. Where predissociation and therefore broadening is
strong, the band shape is approximated by a Lorentz profile. If
necessary,asymmetric band profiles will be allowed. The latter
is likely for the (5←0), (10←0) and possiblyν′′ = 10±1.

Hypothesis 2. The observed continuum is caused by overlap
of broadened vibrational bands from bound–bound transitions
and two continua originating from two bound-free transitions
into two independent repulsive states. As above, asymmetric
profiles will be allowed, where necessary.

Multi-parameter fitting routines were used to test the two
hypotheses. With both it was possible to reproduce the shape
of the observed continuum with reasonable residuals. For both
cases the magnitude of individual bands relative to each other
– band strength determined by the area under the band –
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Fig. 11. The continuum of ground state IO was reproduced by assuming Lorentz
shaped bands within the range of the continuum absorption. Band strength was
constrained to the systematic behaviour of calculated Franck–Condon factors.
In addition, two gaussian continua (green) representing two hypothetical bound-
free transitions had to be included to reproduce the observed continuum. Only at
bands, for which the asymmetric band shape cannot be reproduced by Lorentz
bands the residuals (absolute scale) show significant structure.

factors. The corresponding fit also reproduced the observed con-
tinuum absorption with good residuals (Fig. 11). The structure
near the (10←0) transition is somewhat poorer reproduced,
which is a result of the formal limitation of the constrained fit-
ting routine, which only allowed symmetric, Lorentz shaped
bands. This is a good approximation away from the centre of
bands, where the wings of Lorentz shaped rotational lines are
dominant. Asymmetries in the observed bands resulting from
the intensity distribution of rotational transitions near the band
centre were suppressed in the model. Nevertheless the observed
continuum as a whole is reproduced accurately with only small
residuals.

The properties of the deduced bound-free transition continua
are summarised inTable 1. They differ significantly in strength,
i.e. area under the curve. The band strength was scaled relative
to the calculated Franck–Condon factors for the bound–bound
transitions. As they originate from the IO(X2�3/2) at ν′′ = 0,
their origin in terms of internuclear distance is the equilibrium
distance of the ground state. The value shown inTable 1is that
published in[11].

4.1.2. Deducing repulsive states from observed continua
Using the internuclear equilibrium distance atν′′ = 0 and

the centre of a spectroscopically found bound-free absorption
continuum we have determined a point of the corresponding

T
T erve

B 18)
B 27)

A ker o lted
f s esti
b treng
c (0) pro
as determined. For comparison Franck–Condon factor
he IO A2�3/2←X2�3/2 transition were calculated in Mor
pproximation[26,27]. This is based on the fact that the a
nder each band is to a good approximation proportion

he Franck–Condon factor of the corresponding transition.
otentials were defined viaωe andωexe with the results from
urie et al. [11]. The dissociation energyDe was not used
hereby it is guaranteed that the term values, the turning p
nd the shape of the state functions for low to mid vibrati

evels agree with experimental data. Only the small effect o
eye term is neglected.
In comparison to the calculated Franck–Condon factors

her of the two series of band strength obtained from the fi
east roughly approximated the expected systematic behavi
ad to be concluded that the numerical fit in both cases was
arameterised. But alsoHypothesis 1could be discarded. Th
bserved continuumhas to contain contributions from bound

ree transitions. Discarding the second fit only implies tha
trength of bound-free continua was overestimated. To over
his problem the strength of bands in the fit was constra
o the systematic behaviour of the calculated Franck–Co

able 1
wo bound-free transitions are inferred from the constrained fit to the obs

Area (cm−1) Centre (cm−1)

ound-free 1 0.258±0.008 25101±100 (±
ound-free 2 0.023±0.002 27202±100 (±
strong one with its maximum located near the (8←0) transition and a wea

rom the constrained fit indicating its stability. For the centre the error wa
y a gaussian into account, uncertainties from fit in parentheses. Band s
alculated Franck–Condon factors of the bound–bound transitions of theν′ ←
d absorption continuum of ground state IO

Half width (cm−1) Origin: re(X2�3/2) (Å)

1544± 37 ν′′ = 0, 1.8676
570± 55 ν′′ = 0, 1.8676

ne nearly coinciding with (12←0). Stated uncertainties are those, which resu
mated conservatively by taking the approximation of a most likely asymmetric curve
th estimates (area) obtained from the area under the gaussians are scaled relative to the
gression.
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Fig. 12. By use of the reflection method two tangents to the hypothesised repulsive potentials were constructed (solid black lines, open circles). Their origin from
the observed continua (left graph) and the state function atν′′ = 0 (bottom) is indicated. Note the break of the vertical axis from 8000 to 21,000 cm−1. The energy
scale of the left graph has its origin in theν′′ = 0 of IO(X2�3/2).

repulsive potential. With the reflection method according to Con-
don (see e.g.[27,28]) it is furthermore possible to construct a
tangent to the repulsive potential in that point, seeFig. 12. This
approach assumes that the symmetric bell shaped ground state
ν′′ = 0 state function can be graphically “reflected” at the repul-
sive potential to produce the observed bell shaped absorption
continuum. A necessary pre-requisite to this is that curvature of
the repulsive potential can be neglected. In that case the state
functions obtained for the considered repulsive potential and
determined at different energy levels do not differ much. Due to
their maximum at the turning point and by consideration of the
Franck–Condon principle this leads to effectively “sampling”
the ν′′ = 0 state function as a function of internuclear distance
r. Which can be approximated by the cited graphical reflection
method. Note that in comparing the wavenumber axis of the
spectrum to that of term energies, the energy of the lower level
(ν′′ = 0) needs to be taken into account. The obtained coordinates
for the tangents are listed inTable 1.

Considering the inclination of tangents and the atomic
asymptote of possible dissociation products I(2P3/2) + O(3P)
and I(2P1/2) + O(3P) enables a qualitative but plausible associ-
ation of both, with the higher and less inclined one leading to
I(2P1/2) + O(3P) and the other to I(2P3/2) + O(3P). In Fig. 13an
exponential decay was used to approximate this.

Intersection of the extrapolated lower repulsive potential in
the middle of levelsν′ = 2 andν′ = 3 seems to fit to the observed
l
t ar
c ave
f ng
p arge
l
ν state
f o be

higher. Theν′ = 0 state does not intersect at all with the hypo-
thetical repulsive potential, and consequently the overlap of state
functions has to be small. This again is in agreement with the
observations of[14], who report, that the (0←0) band shows
small predissociation.

4.2. Origin of absorption continuum “X”

The continuum absorption “X” was extracted using the tem-
poral behaviour of vibrationally excited IO(ν′ ← ν′′), ν′′ > 0. But
in spite of that the assignment of “X” to excited IO is not unequiv-
ocally, see above. Apart from the clear continuum “X” with
maximum at about 27,700 cm−1 there is some weak evidence
for a further smaller one below (4←1). Both were fitted by a
gaussian, seeFig. 14and then considered in the scheme of the
reflection method, seeFig. 13. By starting from the continuum
“X” as plotted on the energy scale on the left and consider-
ing reflection at any of the two repulsive potentials one ends at
vibrational levels in the IO(X2�3/2) which are high above the
highest populated levelν′′ = 7. Assuming that transitions from
ν′′ > 0 should dominantly couple to the same repulsive poten-
tials as transitions from the ground stateν′′ = 0 it is obvious that
”X“cannot have its origin in vibrationally excited IO(X2�3/2,
ν′′ > 0).

An alternative plausible explanation of “X” is the sub-band
system A2� ←X2� According to ab initio work by
R ll.
I tion
o ting
t
t is
o
c n be
c . The
ow predissociation of these levels. Newman et al.[14] proposed
hat the low predissociation ofν′ = 2 may be a fortuitous ne
ancellation of the overlap of bound and repulsive state w
unctions at that energy. Levelν′ = 1 intersects near a turni
oint, where overlap of state functions will in any case be l

eading to large predissociation, as observed in[14]. Levels with
′ > 3 intersect closer to the inner turning points, where the
unction has larger values and the overlap is also likely t
-

1/2 1/2.
oszak et al.[29] the A2�1/2state does not form a potential we

n fact, they predicted a very difficult spectroscopic observa
f this state due to its very strong predissociation. By reflec

he wave function of the vibrational ground state of X2�1/2 into
he A2�1/2 potential calculated by[29], a featureless spectrum
btained, which peaks near 27,000 cm−1. Whether the X2�1/2
ould have been populated in our experiments or not ca
hecked to a first approximation by energy considerations
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Fig. 13. The tangents constructed by the reflection method were extrapolated to plausible dissociation products. This extrapolation is based solelyon geometric
considerations and illustrates that the inclination of both tangents is plausible. The location of intersection of the lower repulsive potential with the different levels
of the A2�3/2 state fits to the observed pattern of predissociation reported by[14]. Applying the reflection method to the absorption “X” (upper left) proves that
this cannot have its origin in vibrationally excited IO, as excitation of levels clearly above the last observed levelν′′ = 7 would be required. For the small continuum
possibly present underneath IO* no contradiction is encountered.

X2�1/2, ν′′ = 0 state has an energy between that of IO(X2�3/2),
ν′′ = 3 andν′′ = 4[15]. On the other hand IO(X2�3/2) of ν′′ = 6–7
were populated according to our observations. Therefore, in
principle there was enough energy available to form X2�1/2.
Also its temporal behaviour being so similar to that of vibra-
tionally excited IO A2�3/2←X2�3/2, ν′′ > 1 makes a transition
in the 2�1/2 system plausible. But the source of its formation
needs to be clarified.

Other explanations for the observed absorption of “X” could
assume that “X” is a different molecule. Having its origin only
very shortly after the flash limits the available possibilities. IOO
as a product of I + O2 can be ruled out as in I2 + O2 flash photoly-

F ur o
v ugh
o a sec
o ing to
F

sis experiments no evidence for a similar absorption was found.
Reaction of I + O3 + M→ IO3 + M with “X” being IO3 could be
a plausible alternative, especially as there is some correlation
between the temporal behaviour of free iodine atoms observed
by resonance absorption and the temporal behaviour obtained
for “X”. But the observed negative pressure dependence with
“X” occurring dominantly at low pressure requires thermal dis-
sociation of IO3 to explain the observed behaviour in spite of
the pressure-dependent formation.

For the small continuum, which is possibly present in the
spectrum of vibrationally excited IO(A2�3/2←X2�3/2, ν′′ > 0)
energies fit to bound-free transitions fromν′′ = 1 or 2 to the lower
of the two repulsive states. Transitions to the upper one would
fall into the flank of the larger observed continuum and would
be covered by this. Their existence cannot be excluded.

4.3. Determination of relative Franck–Condon factors for
IO

Using the extracted spectra for ground state and excited
states of IO relative band strengths were determined by inte-
gration of individual bands. Within each progression (common
ν′′) all bands have the same temporal behaviour. Therefore the
extraction of spectra from the overlapped time resolved data
does not influence their relative band strength. Correct scaling
of band strengths within one progression is preserved. But not
b sions
w pec-
t
o t
i -
s tained
f

ig. 14. In the spectrum extracted by usage of the temporal behavio
ibrationally excited IO one strong continuum (”X“) was found. Even tho
verlapped by artefacts from incomplete separation from ground state IO
nd and smaller continuum could be inferred from the data, which accord
ig. 13could be caused by vibrationally excited IO.
f

-

etween different progressions, because different progres
ill in general have different temporal behaviour. As the s

rum for vibrationally excited IO was obtained for allν′′ > 0 in
ne extraction and without discrimination between differenν′′,

n the resulting spectrum the relative scalingbetween progres
ions is not preserved. Because of that, band strength ob
or bands ofdifferent progressions is not comparable.
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Integrated optical density as a measure of band strength can
be related to Franck–Condon factors (see[27]) and – by using
the Franck–Condon principle – the dependence of the electronic
transition momentRnm on r can be neglected. By ignoring
all other factors a proportionality between band strength and
the squared overlap integral, i.e. the Franck–Condon factor for
vibrational transitionn→m is obtained:∫

bandnm

A(λ) = 8π3νnm

3hc
·Nm · R̄2

nm ·
[∫ ∞

r=0
φn(r) · φm(r) dr

]2

∝
[∫ ∞

r=0
φn(r) · φm(r) dr

]2

As the scaling of band strengths between different progressions
is not preserved by our extraction method, which produced
the spectra, for each progression the relative band strengths
within each band were scaled to the Franck–Condon factors pub-
lished by Rao et al.[30]. Fig. 15compares their values to those
obtained from our measurements. Results forν′′ = 0, ν′ > 4 are
those obtained earlier from the constrained fit to the IO(ν′ ←0)
continuum absorption. All others were obtained by direct inte-
gration of optical density across the band and subsequent scaling
of the progression to the values by[30]. Also shown are the
Franck–Condon factors obtained from our calculations based
on a Morse potential approximation. In general the systematic
behaviour of band strength obtained from our spectra is in good
a le
a n.
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a partial population inversion of these states. If a considerable
number of IO molecules is formed in the IO(A2�3/2), ν′ = 2 and
ν′ = 3 with sufficient life time, then stimulated emission could
compete with absorption (thanks to one of the reviewers for help-
ful comment on this). The observed absorption in these bands
would be weakened. This hypothesis is in line with the structure
found for these bands in the CRDS measurements reported by
Newman et al.[14]. Their measurements showed clear rotational
structure and smallest predissociation for the (2←0) transition
and slightly larger for the (3←0) transition. All other bands but
the IO(0←0) are without rotational structure and are strongly
predissociated. IO molecules formed in the A2�3/2 state at
ν′ 	=2 andν′ 	=3 will therefore dissociate rather while molecules
in ν′ = 2 and 3 have sufficient life time to undergo stimulated
emission.

4.4.2. Possible source of IO in A2�3/2 state
The comparison of temporal behaviour of IO(2←0) and

the remaining IO(ν′ ←0) bands shows that the source of
IO(A2�3/2) as the origin of the hypothesised partial population
inversion is strongest during the initial period while towards the
end both curves (after appropriate scaling) coincide accurately.
Reversing the argument and subtracting the scaled IO(2←0)
from the IO(4←0) produced a time curve which is a direct
measure for the presence of IO undergoing stimulated emission
from the A2� state.
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greement with the ones predicted by[30]. Results are availab
s supplementary data alongside the electronic publicatio

The results within theν′′ = 0 progression agree well wi
oth the results from[30] as well as those obtained using
orse approximation for bandsν′ < 4 (scaling was performed f
′ = 3). But for largerν′ – where no results by[30] exist – our esti
ates for Franck–Condon factors obtained from the constr

t fall systematically below those from Morse approximat
his indicates some unresolved issues either in the constr
t or in the Morse approximation. The former is quite likely
he constrained fit is still prone to uncertainties. Also the
ated factors do not behave as smoothly as one would ex
For ν′′ = 1 the agreement between all three series

ranck–Condon factors is strikingly good, while for largerν′′
due to the smaller number of data points available – the a
ent is less clear. But still the systematic pattern is follo

losely by the estimates obtained from integrated bands
agnitude of Franck–Condon factors of (4←0) compared t

2←1) and (3←1) can also give a measure for the rela
agnitude of absorption cross-section of these bands, be

hey all are outside of continuum regions and therefore
imilar shape. This comparison indicates that the maxim
ross-section in theν′′ = 1 progression will be roughly 30
igher than that of the (4←0) band, see[23].

.4. Anomalous behaviour of IO(2← 0)

.4.1. Partial population inversion of IO(A2�3/2) at ν′ = 2
nd ν′ = 3

The observed different temporal behaviour of the IO(2←0)
nd in parts also of the IO(3←0) can be explained in terms
d

d

t.

-

e

se
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The lifetime of IO(A2�3/2), ν′ = 2 andν′ = 3 with respec

o radiative relaxation to the ground state and in the abs
f stimulated emission is of the order of 10–100 ps, while
nomalous behaviour of IO(2←0) is observed over rough
.5 ms. This implies that a chemical source of IO(A2�3/2)
ust be present for the same order of time. Possible are
+ I2 as well as I + O3. Consideration of enthalpies of fo
ation proves that only O(1D) + I2 is barely capable to form

O in the A2�3/2 state, with the enthalpy of formation f
O according to Chase[31]. Strong chemiluminescence w
irectly observed by Miller and Cohen[15], which indicate
ignificant population of the IO(A2�3/2) state. They used rea
ion O + I2 at pressures at and below 1 mbar as source fo
nd used the brightness of chemiluminescence as a dia

ic of successful IO production. In their experiment oxy
toms were produced in an O2 discharge. At the reported lo
ressures a large fraction of O atoms had to be expect
(1D).
Opposed to these arguments is the short lifetime of O1D)

nder the conditions of our experiments. Quenching of O1D)
ith N2 takes place at a rate of 2.6×10−11 cm3 molecules−1 s−1

and 4.05×10−11 cm3 molecules−1 s−1 with O2). At an over-
ll pressure of 40 mbar concentrations of [N2] and [O2]
ere both of the order of 1017 molecules/cm3. This gives
(1D) a lifetime of less than a microsecond. But accord

o the observation the source for IO(2�3/2) should be prese
ver 2.5 ms. So even though a partial population inver
nd stimulated emission could provide an explanation o
bserved anomalous behaviour of the IO(2←0) transition, the
ource of IO(A2�3/2) remains unclear and requires furt

nvestigations.
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Fig. 15. In our spectra of ground state and excited IO band strength was estimated by integration across individual bands. After appropriate scaling they could be
compared to Franck–Condon factors published by Rao et al.[30] as well as to those obtained in Morse approximation (see above). The agreement is good. Forν′′ = 0,
ν′ > 4 inconsistencies remain between the results from a constrained fit and a Morse approximation.

5. Summary

Based on separation of absorber-specific temporal behaviour
of optical density as obtained in the accompanying paper[23]
and by use of multiple multivariate linear regression, spectra
of iodine oxides formed in the photolysis of I2 + O3 have been

obtained. For the first time overlapped spectra of ground state
IO(ν′ ←0), vibrationally excited IO(ν′ ← ν′′) with ν′′ > 0, and
OIO could be separated from each other and from other under-
lying absorptions of other iodine oxides. The separated spectra
could be shown to be free of other absorptions to better than±3%
[21]. The relative error of spectra in the regions with non-zero
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absorption is of the order of 1–2% for the main absorbers IO and
OIO as well as for the band peaks of vibrationally excited IO.
For IO the critical issue of unidentified background absorption
is thereby solved. Its continuum is well determined. Between
the IO(4←0) and (0←0) bands it was shown that absorption
clearly returns to zero thereby removing the previously present
uncertainty in differential absolute absorption cross-section. The
same holds for the differential absorption cross-section of OIO.
Even though our spectra have been recorded at low resolution
of 1.3 nm FWHM only it was shown that in the previously pub-
lished spectra systematic uncertainties dominate over resolution-
dependent effects.

By the separation of the ground state IO spectrum from that
of vibrationally excited IO the accuracy of spectroscopic mea-
surements under non-equilibrium conditions is improved.

Three further absorber spectra labelled “X”, “Y” and “Z”
have been extracted from the data recorded in the 200–600 nm
window. “Y” and “Z” are likely to being caused by I2O2 and
I2O3, respectively[23] thereby providing part of the missing
link between IO and OIO consumption and the formation of
higher oxides and possibly aerosol. But a definite identification
requires a careful study of the chemical mechanism, which is
to be performed as the next step in this series of experiments.
In any case the observed absorbers are part of the missing
link between IO and OIO consumption and the formation of
higher oxides and possibly aerosol. All spectra obtained in
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IO(A2�i), but the source of the hypothesised inversion remains
unclear.
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