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Abstract

The absorption cross-section of the IO radical was determined at a wavelength of 427.2nm and at a resoiu@id¥8 oin at room
temperature (29& 2 K) using the technique of laser photolysis combined with transient absorption spectroscopy. Three previously unteste
chemical schemes were used to generate calibrated amounts of 10 and two of these were used to derive a crossesgetign=of
(8.55+ 0.35) x 10" cr? molecule™. The value ofray, at the peak of the 4,0 band (locatedat27.08 nm, wavelengths given in air)48%
larger than at 427.2 nm. This result is compared with previous determinations and evaluations. As part of this study the branching ratio (at 298 K
10 formation from the reactions of @®) with CR;l and CH;l were measured as 0.900.05 and 0.38: 0.05, respectively. Data on the formation
and relaxation of vibrationally excited IO in the chemical systems used in this study were also obtained.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ReactiongR2) and(R5) do not lead to net ozone loss, as O
atoms formed directly ifR2), or indirectly via photolysis of
Recent observations of the 10 radical in the marine boundariNO, formed in(R5) react with G to reform the @ lost in (R1).
[1-3] layer provide evidence for the important role of iodine In contrast, the HOI product iR4) is rapidly photolysed to
chemistry in the atmosphere. The release by marine algae &rm OH and | with a quantum yield of unif{.0], which when
organic and inorganic iodine compounds such as e.gl,CH combined with(R1) and(R4), represent a catalytic loss 050
CHal2 and b is believed to be the major source of iodine into [11]. Net, gas phase reaction schemes that destroy ozone can
the tropospher,5]. Degradation of these species by photolysisalso be written for reactiof(R3) (depending on the identity and
[6,7], reaction with OH8] or Cl atomg9] results in the release photochemical fate of the produdte?]), and(R6) (depending
of | atoms, which react almost exclusively withh@ form the  on the photochemistry of ION£). In addition, both HOI and
10 radical(R1). The 10 radical is removed by photolygiB2)  IONO; are known to interact with sea salt to release photolabile,
and by reaction with itselfR3), HO, (R4), NO (R5) and NOQ iodine containing, halogerj&3,14]

(R6). The lifetime of 10 with respect to photolys{®2) and thus
the partitioning of reactive iodine between 10 and | depends on
| + O3— 10 + Oy (R1)  the absorption cross-sections in the visible part of its absorption
O4hv— | 4+ O (R2) [S]l_:)oe(]:_téﬁjm and on the quantum yield, which is close to unity
IO + 10 — Products (R3) The main_ features of the 10 absorption spectrum are the
strong vibrational bands of th€?I1 < X2I1 transition between
I0 + HO, — HOI + Oy (R4) about400and 470 nm, the first observation of which is attributed

to Coleman et al[16]. The vibrational bands show varying

IO + NO — I + NO; (RS) degrees of rotational structure, dependent on the predissocia-
tion lifetime of the upper state. The strongest features in the

| N M ION M R . .

O+ NO+M — IONO, + (R6) spectrum are the vibrational band head @66 nm and further
transitions within the same progression at (approximate wave-

* Corresponding author. Tel.: +49 6131 305 436; fax: +49 6131 305 436. lengths) 456 nm (1,0), 445nm (210?1 436nm (3,0), 4_27 nm (_410)
E-mail address: crowley@mpch-mainz.mpg.de (J.N. Crowley). and 421 nm (5,0). The 2,0 band displays substantial rotational
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structure[17] and has been used to detect 10 by laser induced Monochromator
fluorescencgl5,18] and cavity ringdown spectroco¥9,20]
In contrast, the (4,0) band has no rotational structure. For this Monochromator M v
reason, and also because it is one of the strongest transitions xenon |4 Pur [ <
at moderate resolution, the 4,0 band has been the most fre- "™ MM
quently employed for absorption spectroscopy. The presence b
of strong vibrational features in the 10 spectrum has allowed PMT 2 ‘
measurements of 10 in the atmosphere using the technique of P “heke
differential absorption spectroscopy, which relies on accurate {normalio/page} Ly om _om
values of absorption cross-sections to convert measured col- \Dh}? L % %\\\Q /
umn optical densities into concentrations. In addition, several AM v D-“ @ J AM
laboratory studies of the important atmospheric reactions of 10 \|/ A A
(especially its self-reaction) have utilised absorption spectro- Pumps
scopic detection of IO, and have required absolute cross-sections Excimer-Laser /
to derive kinetic parameters. oM

Clearly, there is an urgent need for accurate cross-sections of
the 10 radical in order to assess its role in the chemistry of the N-YAG 20 B %m

marine boundary layer. However, as detailed below, there are o ) o o
significant discrepancies in the literature determinations of thg'&' 1&;;25 Eﬁi%f%ﬁ;gg tfh; ig%ﬂggm:: Z?i‘;&:%;":\;n&n';rgvz;gg‘
cross-section of 10 close to the maximum of the 4,0 band, Comr'nirr’or; PMT1, 250-600 nm photomult’iplier;, PMT2, Vac-UV |:’)hotomultiplier;
monly given as 427.2 nm. The cross-section at this wavelengthpa, linear diode array; J, joulemeter; P, pressure gauge.

has been used to place the relative spectrum of 10 betw8&0

and 460 nm onto an absolute basis. It is unclear whether thef ~0.05nm. The effective resolution of the monochromator
causes of this poor agreement are spectroscopic in nature (ewgas determined by measuring the shape and half width of the
resolution effects), or are related to uncertainties in the chemi435.8 nm line from a low pressure mercury lamp at various
cal schemes used to generate 10. The goal of the present studgitrance and exit slit widths.

was to develop novel, quantifiable generation schemes for I0 After transmitting the cell, the analysis light could also
in order to extend the database on this important photochemiclk directed to a 25 cm monochromator, equipped with a 600

parameter. lines/mm grating and a linear diode array detector. In this con-
figuration, the concentrations of stable species flowing through

2. Experimental the cell (e.g. 4) could be monitored over a wavelength range of
~160 nm.

Several features of the experimental set-up were described Pulsed photolysis at 193, 248 or 351 nm was provided by an
in a previous publicatioffi10,21] In brief, the central compo- excimer laser (Lambda-Physik LPX/Novatube); 355nm pho-
nent of the experimental set-upi§. 1) was a~130cm long tolysis was provided by a frequency tripled Nd—-YAG laser
Pyrex tube (i.d=4 cm) which served as reaction vessel. QuartZQuantel-Brilliant B). Careful alignment along the central axis
end-windows were used to transmit light from the xenon lampof the cell ensured that the volume swept out by the laser light
and the lasers. A small flow of gas purged the insides of theseompletely encompassed that of the analysis light. Typical flow
windows to prevent built up of solid deposits (often encounteredates in the cell were 5-6 L (STP) mihso that the contents of
in photochemical studies involving iodine oxides) which other-the reaction vessel were replaced between laser pulses (typically
wise caused slight drifts in the transmitted light intensity. Theat~1 Hz) during measurement of transient absorption along the
lasers were coupled into the reaction cell via dielectric mirrorscell length.
which were transmissive at the analysis light wavelengths (see For the transient absorption experiments, the PMT signal was
caption toFig. 1 for details). The analysis light was provided amplified and transferred via a low-pass filtet)(1 MHz) to a
by a 75W, high pressure xenon lamp, which was collimateddigital oscilloscope for averaging, before transfer to a PC for
and apertured down te’5 mm before being directed (counter storage and analysis. Typically, 128, 256 or 512 profiles were
propagating to the lasers) on the main axis through the cell. Thaveraged to improve the signal-to-noise ratio.
transmitted light was focussed onto the entrance slit of a 50cm A limited set of experiments were carried out to examine
monochromator equipped with a 1200 lines/mm grating and #he role of vibrational excitation of 10 using laser induced flu-
photomultiplier tube. This set-up was used for the detection obrescence. These experiments were carried out in a set-up that
transient absorption signals at discrete, selected wavelengthzas been used previously for OH kinetic measuremgzty
In these experiments it was important that the monochromataand recently adapted to detect [@3]. Briefly, vibrationally
could accurately and reproducibly scan to the required waverelaxed 10¢ =0) was detected by exciting the {2 0) transi-
length. The calibration of the monochromator was therefordion at ~445.0 nm and 1Q(=1) was detected by exciting the
regularly checked by using the nearest line of a low pressure HfR <— 1) transition at 458.8 nm. These wavelengths were pro-
Penray-lamp at 435.8 nm. Use of a relatively highly dispersivevided by a Nd—YAG pumped dye laser operating with coumarin
grating resulted in a wavelength reproducibility and accuracyt7 dye. Fluorescence from 10 was detected by a photomultiplier
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screened with a 490 cut-off filter. The reader is referred to Dillon  These experiments were designed primarily to investigate the

et al.[23] for more details of this set-up. shape of the 4,0 band of 10 and the effect of spectral resolution,
and not to derive absolute cross-sections. They were charac-
2.1. Materials terised by a very high chemical stability, which was achieved

by generating @in a constant flow of @ over a low pressure
Ozone was prepared in situ by passing a flow of puge O mercury “pen-ray” lamp.
over a low pressure “pen-ray” mercury lamp. A flow of | Note that we did not use the 193 nm photolysis @ENn the
was generated by passing khrough a U-tube containing |  Presence of C#f or |2 to generate 10, as this scheme has been
at ambient temperature. @Fwas added directly via a flow con- Widely used before (see Sectidh
troller. The stated purities of the chemicals used werg9.8%,
Aldrich), CFsl (99%, Aldrich), CHsl (99.5%, Aldrich), Chl, 3. Results
(99%, Aldrich), He (99.996%, Messer)Mind & (99.996%,
Messer), NQ (99.5%, Aldrich). The4 was re-distilled priorto  3.1. Shape of the 4,0 band and the effect of resolution
use, CRl was passed though a cold trap to remove aniD,

was purified by degassing at 195K to removg &, and NO. As mentioned above, most determinations of the IO cross-
section have been made in the 4,0 band. Harwood ¢28].
2.2. Generation of IO measured the shape of this band at high resolution using atunable

diode laser, and found it to possess no rotational structure. The
A number of 10 generation schemes were employed in oufame authors found the maximum of the asymmetric_bapd to
studies of the absorption cross-section of 10, all of which used® located at 427.2nm, the quoted wavelength of their diode-

the reaction of G{P) with either b or CFsl: Ias:er, measured in vacuo. As our experiments were conducted
using an air filled monochromator at atmospheric pressure, we
OCP) + 12— 10 + | (R7)  expecta shift of-0.12 nm in the position of the maximuf29].

3 As the 4,0 band is asymmetric, the effect of resolution on the
O(P) + CRsl — 10 + CFs (R82)  measured value of the cross-section will depend on the central
— Other products (R8b) wavelength. We, therefore, examined the shape and position of
this band by stepping our monochromatoriB0 discrete steps
Reaction (R7) has a large rate coefficienf24] of  between 425 and 434 nm, with measurements of IO decay traces
1.2x 10-19¢cm® molecule st and only one reaction chan- at each wavelength. For these experiments, the monochromator
nel, so that the amount of 10 formed can be equated to thavas setataresolution of 0.1 nm. The IO generation scheme used
of OCP) lost. For(R8) the rate coefficient at room tempera- was the photolysis 6&10" molecules cm? of Oz at 248 nm in
ture is 4.3x 10~ 12cm molecule* s~1 [25,26]and a number of  the presence a£5 x 10 molecules cm? |, at a total pressure
reaction channels exi§26]. The yield of 10 per OtP) reacted  of 60 Torr air or N (R12), (R13), (R7).
therefore depends on the branching ratig/ks, which was also IO profiles thus obtained at each wavelength were then anal-
checked as part of this study. The amount oi)(generated per ysed by least-squares fitting to the one obtained at 427.2nm
laser pulse was measured in back-to-back experiments in whictg extract the relative absorbance, which is directly propor-
under otherwise unchanged conditions of laser power and optiional to the relative cross-section. Experiments at 427.2nm
cal path, $ or CFsl were replaced by @ and the yield of @  were repeated intermittently in order to obtain a measure of the

(R9) measured. chemical stability of the 10 generation scheme, which was better
3 than 5% and showed no systematic drift with time. The results
OCP) + O2+M — O3 +M (R9)  of these experiments are summariseig. 2, which plots the

The amount of @ formed was calculated from the mea- relative absorbance at each wavelength. Once the data of Har-
surement of optical density using a cross-section at 254 nm d’f’oc’d et al.[28] has b_een Sh'ﬁ?d by the thegreucal value
1.16x 10~ cm? molecule' [27]. of —0.12nm, and a suitablg-scaling factor applied, the two

Eatasets show reasonable agreement. Improved agreement could
e obtained either by shifting our dataset by +0.04 nm or the Har-
wood et al. dataset by a further0.04 nm. As the wavelength

The OfP) atoms were generated either by the photolysis o
02 (193 nm) or NG (351 or 355 nm):

Oz 4 hv(193nm) — 2 OCP) (R10)  accuracy of the diode laser used by Harwood ef2d] should
3 be considerably better than that of our monochromator system,
NOz + h1(351/355 nm) — O(°P) + NO (R11)  we choose to apply the +0.04 nm correction to our data, which is

within the expected wavelength accuracy of our monochromator.
rom this datasetHg. 2), we see that the cross-sections at the
minima between the 5,0 and 4,0 band€d25 nm) and between
the 3,0 and 4,0 band (a4 33 nm) are very close to zero, with val-
O3+ 248nm — O, +O(*D) (R12)  ues of <4% that obtained at the 4,0 band maximum. This is con-
sistent with the spectra obtained by Bloss €ll#l] and Laszlo et
O(D) + N2— OCP) + N3 (R13)  al.[30], which have relative cross-sectionssaks nn{o 427 nmof

In addition, some experiments were carried out in which th
photolysis of @ at 248 nm was used as¥,) source as described
in (R12)and(R13).
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Fig. 2. The 4,0 band measured by Harwood e{28] and in this work. The  Fig. 3. Dependence of raw 10 signal (absorbance) on spectral resolution at
Harwood etal. data, initially presented as in vacuo wavelengths have been shifta$7 2 nm. Raw data obtained at resolutions of 0.11nm (noisy, grey trace),
by —0.12 nm to enable comparison to the present dataset (see text for detailsp,19 nm (upper black trace) and 1.1 nm (lower trace).

. the maximum. Measurements closeitgax would sample the
NO'O?’W’(bUt IS sTglllerutgin tzﬁgggzrr\gog e;{(i?(])vmVZ?erreg?g”arrapidIy decreasing cross-section on the short wavelength side
0433 nm{0'427 nm= 1. 9 Y sP ' of the maximum to reveal a stronger dependence on resolution.

\?vk:/irl\é?]tl(t)r?;m%ubn? or:‘]?r?: Af%r tt)gi dcrzziﬁjnggj ;?r;hesszg_ onversely, measurements on the long wavelength side of the
9 ' - X Y SPEC, o ximum will display a weaker dependence. This could be con-
trum of Harwood et al[28] was obtained at a higher spectral

. firmed by showing that at 427.3 nm, the same absorbance trace
resolution than that O.f BIo;s et §l.2] (0'44 M VErsus 1.9 nm), Lﬂlvithin experimental scatter) was recorded for resolutions of 0.1
the larger cross-sections in the band minima cannot be a result

; . nd 0.4 nm.
of poor resolution, but imply that the 10 spectrum of Harwooda d 0. . . -
. . . This result, and the fact that many previous investigations of
et al. was contaminated with a broad, underlying absorber.

Having established the band shape. we went on to investhe cross-section quoted measurement wavelengths of 427.2 nm,
tigate thg effect of resolution on thg (;ross—section Usin guided our decision to make all subsequent cross-section mea-
9 ' 9 Turements at 427.2nm and at a resolutiom6f08 nm in the

similar scheme to generate IO as described above, 10 trac . 9
were obtained at different resolution, but fixed central Wave?\?eakly resolution dependent plateau as showffign 4.

length of 427.2 nm. At this point it is useful to note that, for the

asymmetric band, the position of thg,ax will shift to longer 2r
wavelengths as the resolution is decreased. I

Raw data from a set of experiments are displayeHiin 3. 0| N é—é—i—_l_\;\ »»»»»»»»»»»»»»»»»»
As can be seen, the only change in the signals when varying the [ : \

resolution from 0.11 te=0.19 nm is an increase in the signal-to-
noise ratio owing to the increase in the light throughput. Within
the scatter, which is determined by the chemical stability of the

My

relative absorbance

system, there is no reduction in the height of the initial optical 0.6F
density, nor the time dependence of the decay trace. In contrast, I
the 10 trace obtained at a resolution of 1.1 nm has a signifi- o4l

cantly lower absorbance, indicating a change in the effective
cross-section, which is accompanied by further improvementin [
the signal-to-noise ratio. Results obtained at a number of differ-  0.2-
ent resolutions are plotted Fig. 4in which the relative optical [
density (obtained by least squares fitting of data sets to each ok

other) is plotted versus resolution. Only when the resolutionis 564 6.06 010 Y Y N
degraded to worse than 0.2 nm do we see a measurable decreas resolution (nm)

in optical density. The observation that the effect of resolution_. -
. Fig. 4. Dependence of the absorbance of a constant amount of IO on variation
is rather Weak supports th_e fact that the central Wavelength Qrﬁ the spectrometer resolution at a central wavelength of 427.2 nm. The error
427.2nm is not at the maximum of the 4,0 band, but rather 0Rars represent an estimate%) of the chemical stability of the system (i.e.

a monotonically declining wing on the long wavelength side ofthe reproducibility of the IO concentration).
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3.2. Branching ratio for O + CF3l Table 1
Yields of 10 in reactions of G{P) + Ckl and OfP) + CHsl at 298 K

Use of reaction(R8) to generate known amounts of 10 o@p)+CRl (R8) OCP) +CHsl (R14)
requires knowledge of the branching ratigy/ks. Gilles et al. Pressure (Torr ) 10 yield® Pressure (Torr By 10 yield
[26], using LIF detection of IO, compared its formation(R7)
(yield of 10 is assumed to be unity) with its formation(iR8)to 312 8-3@8-82 ;‘3 g-gi 8-8;‘
derive kga/kg =0.83+ 0.09 at 298 K and 100 Torr Nbath gas. 0.90% 0.06 97 0.38.0.03
No variation in branching ratio was found between 250 and, 47 093007 o

370K at this pressure, and a temperature independent value ef
_ P . P . P a Average of up to three determinations at each pressure. The uncertainties are
ksalks =0.87 may be obtained from a weighted average of th%(7 statistical errors
data presented in their Table 6.
Bloss et al12] examined the yield of IO fron{R8), and

: : 10 detection employed, these results are in satisfactory agree-
founditto be independent of pressure between 50 and 760 Torr %?ent with those of Gilles et aj26], who obtainedg/ks = 0.87

295 K. They did not carry out control experiments with reaction
(R7)as external standard, thus the yields are presented relativef&r_| CRsl (see above) and 0.440.04 for kiadkia for

the yield at 100 Torr. In those experiments, a decrease in yield o st

~20% was observed as the pressure was increased from 100 to

760 Torr at 220 K, leading to speculation that a stabilised adduc§'3

CRslO, could be formed. )
In order to strengthen the database on this branching ratio, we Altogether three chemical systems were used to generate 10

have conducted back-to-back experiments in which the yield of"d détermine its cross-section at 427.2nm. In each case, con-

10 from (R8)was compared to that fro(R7). This is essentially cen_tratlons of r_eactants in the c_eII were determmeg by in situ

the same procedure as employed by Gilles ef28], but is  Ptical absorption. N@was monitored at 400 nmefgg,, =

complementary in the sense that UV absorption spectroscogy? X 10~ *° cm? molecule™) [31], 1> was monitored at 500 nm

rather than LIF was used to detect 10. For these experiments tH8500nm = 2-19 x 10~*8cn? molecule ) [32] and CRl was

photolysis of N@ at 351 nm was used as 3) sourcqR11), ~ monitored at 260 nmusls! = 6.31 x 10~ 1cm? molecule ™)

and back-to back experiments were carried out to determinel$3]. The concentration of ©was calculated from its flow and

the 10 yield in(R8) relative to(R7) as a function of bath gas the total flow and pressure in the reactor.

pressure. We also conducted some experiments on the formation

of 10 via reaction with CHI (R14). 3.4. Scheme 1: (R11)+ (R7)

. 10 cross-section at 427.2 nm

OCP) + CHzl — 10 + CHa (R14a) A set of four experiments was conducted using photol-
— Other products (R14b) ysis of NO» (R11) as OfP) source and reaction with |
(R7) to convert OfP) rapidly to 10. Typical data from an
The experiments were carried out with adjustment of theexperiment at 300 Torr total Npressure and 298K are dis-
relative concentrations ofpland RI such that the rates of played inFig. 5. Initially an IO trace was obtained at 427.2 nm
reaction of O¢P) with RI (i.e. either CEl or CHsl) and b by photolysing~10* molecules cm?® of NO, in the presence
were roughly equal. This ensured similar production rates 0bf (6—20)x 10 molecules cm? I,. This results in rapid 10 for-
|0, and, importantly, the same fractional loss offB) due  mation with conversion of GP) complete in <3Qs. 10 then
to reaction with NQ, which was (1Gt 3)%. Under these decays on a ms time scale largely due to its self-reaction, with
conditions, the relative 10 signals obtained using either | a small contribution from reaction with NONote that the data
or Rl are directly proportional to the relative yields of 10 collected within 50-6(.s after the laser pulse were influenced
from these reactions. Although GHwas not employed as by scattered laser light, which prevented measurement of the
an 10 source in the cross-section determinations, owing to itsise part of the 10 signal. In addition, a time independent, post-
low yield, the study of this reaction allowed us to test ourlaser offset from loss oflor NO, (OD ~2 x 10~%) could be
methodology by providing the possibility for further compar- observed by measuring the optical density change at 434 nm, an
ison with the data of Gilles et gJ26], who also measured this 10 absorption minimum adjacent to the 4,0 band. For this rea-
parameter. son, each measurement at 427.2 nm was accompanied by one
The raw data obtained for both glFand CHsl are qualitati-  at 434 nm, which was subtracted. Note that the cross-sections
tively similar to that shown irFig. 3, and as expected revealed obtained are therefore differential cross-sections between the
smaller 10 signals when &)+ CRl or OCP)+CHsl were 4,0 band and its nearest, long wavelength minima, although we
used to generate 10 compared t6B)(+ l,. The branching ratios have shownFig. 2) that the absorption cross-section of 10 at
at different pressures are listedliable 1 No significant depen- 434 nm is very close to zero.
dence on pressure was observed, and a weighted average ofln a back-to-back experimeng,Was then switched out of the
the data results in branching ratios (and associated statisticedactor and the main flow of Nreplaced with @. The experi-
errors) ofkgalks and k144k14 of 0.90+0.05 and 0.3& 0.05, ment was repeated and the formation affdm reaction(R9)
respectively. Given the different modes off®] generation and was monitored at 254 nm (lower experimental trac&im 5).
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The pseudo first-order loss rate coefficient for 3R)
due to reaction with N@ is given by k35[NO>]. Using
k15=1.0x 10~ cm® molecule 1 s~1 at 298 K[34] and a typ-
ical NO, concentration of (6—16) 10" molecules cm?, this
results in a loss rate coefficient of between 600 and 1660's
By comparison, the loss rate coefficient for reaction with O
was close to 13,0004, resulting in a maximum correction of
~(10+ 2)%. The errors associated with this correction factor
are based on uncertainty in the room temperature rate coef-
ficients for (R15) and (R9), which are very well known, and
the NO and Q concentrations, which are known to better
than 10%.

In conditions wherek7[l 2] > k15[NO3], the initial concen-
i tration of OPP) generated in the laser pulse can be equated to
O-O—W’h the initial concentration of 10 and thus used to convert opti-

7 T cal density measurements to a cross-section of 10 at 427.2 nm.

time (108 s) Typically, concentrations of (4-12) 10'* molecules cm?® of I
. . . _ were used, resulting in &p) loss rates of (5.7-16.%)10* s 1.
Fig. 5 Optical density changes due to the formatlpn af (@54 nm,_lower The loss rate of éP) with respect to reaction with N@present
experimental trace) and 10 (427.2 nm, upper experimental trace) in the reac-
tions of OBP) with O, and b, respectively. The ozone trace was fit to a kinetic at between (6—14) 10*3 molecules cm3) was at most 1% of
expression describing the pseudo-first order production (see text). The smoothat due to(R7) and thus can be neglected. However, a com-
lines on the IO trace are numerical simulations using 10 cross-sections dhination of non-instantaneous 10 formation with a rapid self
3.3x 107 em? molecule™ (lower) 3.6x 107 e molecule™ (centrah and e 4ction and the fact that data could not be obtained directly
3.9x 10~ c? molecule’® (upper), respectively. . L -
after the laser pulse makes extraction of the initial optical den-
The G; trace was recorded at reduced resolution (0.4 nm) toSity due to 1O rathgr uncertain. This i.s further compounded by
. . : increased uncertainty from extrapolation of second-order decay
improve signal-to-noise. _ S o .
tor=0, especially if the decay is mixed order due e.g. to reaction

As found at 427.2 nm, correction had to be applied to reMoVvE&t 10 with NOs. For these reasons we have conducted numer-

the effects of laser stray light. This was carried out by measurin% : : :
. : . ' . ._Ical modelling of the reaction scheme to generate synthetic 1O
optical density changes at 254 nm in an experiment in which

no O, was present, and nosJormation was possible. In both traces with which to compare our experimental data. The input

experiments the laser fluence (averaged over 100 laser sho{)s rameters were the initial &) concentratlon, the Il£anq .
was monitored at the exit of the cell to confirm that no drift in 2 concentrations, and the set of reactions and rate coefficients

| . listed in Table 2 Fig. 5 shows the result of three such simu-
intensity had occurred.

The amount of @generated was obtained by fitting the cor- lations, in which the cross-section of 1O is set to 3.3, 3.6 or
9 y hiting 3.9x 10 7 cnm? moleculel. The simulation faithfully repro-

rected qptlcal de.n§|ty ltrace at 254 nm to a first-order I(meucduces the initial height and time dependence of the 10 radical
expression describing its formation:

trace when a cross-section of k@017 cnm? molecule’? is
[03], = [03]ini(1 — exp(=ko[O2]7) (i)  used. Four experiments conducted at three different pressures

) ] ) (100-300 Torr) and using initial &) and thus 10 concen-
where [Q], is the concentration of £at time = after the laser trations that varied by a factor of 2.6 gave similar results,

flash [Gs]int is the G concentration after the reaction has gone toyhich are listed inTable 3 The average value of the cross-

completion and, in the absence of loss processes fifJ@ther  section from experiments using this chemical system is thus
than(R9), is equivalent to the initial 3P) concentrationkg is (3.640.3)x 10~17 cn? molecule L.

the rate coefficient for reaction of €R) with O; at the pressure
of the experiment (100, 150 or 300 Torr) and 298 K and][® Table 2

the oxygen Concentratl(?n' The relatlonShlp betweeih@d the Reaction scheme used to simulate the experimental data
measured optical density changes at 254 nm is given by Beer’s

1.0F
08l

0.6k

optical density (10-2)

0.4l

02f

law: Reaction Rate coefficieht Reference

N OCP)+lhb— 10+ 1.2x 10710 [24]
_ o
OD2s4nm= [O3]l 0584 nm (i) o@EP)+CRI— 10+ products 431012x087  [25.26]
. . . OCP)+NG; - NO+0, 1.0x 1011 [34]
O3 -

whereosg, ,mis the absorption cross-section of @ 254nm,  5epy 410, 40, 1.4% 10-10 [34]
and was taken to be 1.3610~ cnm? molecule’® [27]. The  10+10— products 9.9¢ 10711 [34]
amount of @ formed cannot however be exactly equated tolO+NOz+M — IONOz +M (1.5-2.4)x }fﬁm [44]
the initial amount of O{P) as some will be lost in reaction with 10} NO—1+NO; 1.95x10 (34]
NO, O@BP)+ 3 +M — O3 +M 5.8x 10734 [M] [34]

3 a Units of cn® moleculets1,
O( P) + NO2— NO + Oz (R15) b Depending on pressure.
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Table 3 Some of this was most likely due to photolysis of air at 193 nm,
Summary of cross-sections derived in the present experiments which generates §outside of the absorption vessel. The subse-
Scheme Pressure (Torr) 03 075’ quent correction introduced significant error into the calculation
NO/l, (351 nm) 100 233 3203 pf the initial OP) concentration, .and t.herefore? only a lim-
300 4.86 365- 025  ited set of data were recorded using this technique. Once the
150 2.39 3.6+ 0.4 O(®P) concentration had been established by photolysingtO
150 1.83 3.4:0.25 193 nm, CRl was added and the monitoring wavelength shifted
NO,/CFsl (351 nm) 150 253 38 055 t0427.2nm.Withunchanged laser energy, an 10 profile was then
150 1.86 3.5 05 obtained.
150 1.86 3.6+ 0.55 The data were then simulated using the reaction scheme
NO,/CFsl (355 nm) 150 1.16 3.8 06 listed in Table 2 which takes into account the partition-
150 1.38 335045 ing of OPP) between reaction with GF and &, and
150 171 3305  galso the branching ratio of 10 formation from reaction
0,/CFsl (193 nm) 105 4.85 3.3 04 (R8). High concentrations of GJF were used to scavenge
90 4.43 4.0+ 04 most of the OtP). Typical initial concentrations of GF of
100 6.22 32£03  (12-1.8)x 10%moleculescm® and & pressures of close
2 Units of 10 molecules cm®. to 100 Torr, resulted ir~90% of the OFP) reacting with

b Errors include estimated systematic uncertainty as discussed in the text. CRsl. The results of these experiments are also summarised
in Table 3 The limited data set shows more experiment-to-
3.5. Scheme 2: (R11) + (RS) experiment scatter that those obtained using, N@otolysis,
but returns an average value of %80~ cm? molecule’?,
A further set of six experiments were conducted at 150 Torin good agreement with the other determinations of the cross-
and 298K using the same scheme to generafP(ither  section.
using an excimer laser at 351 nm or a YAG laser at 355nm The errors quoted iTable 3include the upper and lower
to photolyse NQ@, but using reactior{R8) as the IO source. bounds of the numerical simulations, as showrkig. 5, and
The extraction of the initial GP) concentration was iden- also include an estimate of systematic error, which differs
tical to that described above, and the determination of thérom one type of experiment to the next. In all experiments,
cross-section differed only in that the numerical simulationuncertainty in the 10 cross-section determination arises from
contained the 298K rate coefficient and 10 yield for reactionthe error associated with the ¥®) measurement, which is
between O{P) and CEl instead of OfP) with I, and was ini- mainly related to uncertainty in thes@ross-section at 254 nm
tialised with the measured @Fconcentration rather than that (<5%) and the statistical error on measuring the optical den-
of I». sity change at 254 nm, including post laser pulse stray light
The concentrations of GF and NGO were typically, correction (4%). Errors that are related to the use of a numer-
(5-10)x 10'%moleculescm® and (6-10)x 103 molecules ical simulation to extract the cross-section of 10 are largely
cm~3, respectively. Using the rate coefficients listedable 2  determined by the branching rattgJ/kg in those experiments
this implies that in all experiments >97% of the 3] where CRl was used. Given the good agreement with the
would have reacted with GE The O; and 1O traces mea- present studykgy/kg =0.94-0.05), and with that of Gilles et al,
sured in these experiments were qualitatively similar to(ksy/kg=0.874 0.06) which were conducted using completely
those using GP)+l, and are not shown. The values of different 10 formation and detection schemes, we estimate the
oLCZ’Zan derived are listed inTable 3 and seen to vary overall uncertainty okgy/ks to be about 10%. Uncertainties at
between 3.3 and 3.810 1" cn? molecule’!, with an aver- the 20—-30% level associated with the rate coefficients listed
age value of 3.5% 101/ cn? molecule’ . This result is in  in Table 2 are insignificant for the N photolysis experi-
excellent agreement with that obtained usi(7) as 10 ments as the partitioning of €®) between the reactant or

source. CFRsl and the NQ@ is very strongly in favour of 10 forma-
tion (see above) and changes of even a factor of two in e.g.
3.6. Scheme 3: (R10) + (RS8) the rate constant for reaction of ) with I, or NO, would

not be significant. This is slightly more critical for the 193 nm

Experiments were also carried out using the photolysis,of O experiments, as only 90% of the ¥ reacts to form IO.
at 193 nm as GP) source, as described above. In this case, onljHowever, as discussed above, the rate coefficients f8P)O(
CRsl was used to convert @@) to 10, as 3 would be photol-  with CFsl and OfP)+ O, are well known as are the reactor
ysed strongly at 193 nm. On paper, this is a rather chemicallgoncentrations of G and G&. Having established the obvi-
clean source of IO as no extra reactive species are involvedus sources of uncertainty, we present an average value of
however, as in the experiments at 351 and 355 nm, a post lase}2,, = (3.55+ 0.35)x 10~17 cm? molecule? obtained in the
pulse offset was observed in the absence pfi@. in N» bath  experiments using N©Ophotolysis as G) source. The data
gas where no @production is possible). This was especially obtained from the 193 nm photolysis ob@re considered less
large at 254 nm, the wavelength at which @as monitored, reliable, and show more scatter, but are consistent with this
where it amounted to up to 50% of the overall change in ODresult.
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4. Discussion 0.15F
4.1. Role of vibrational excitation of 10

Readily identified potential sources of systematic error such
as e.g. uncertainty in the {cross-sections or the branching
ratio for 10 formation in reactiorfR8) (which both propagate
directly through to the 10 cross-section) have been discussed
above. We now also consider the potential role of formation of
vibrationally excited IO in the reactions used to generate it, i.e.
(R7)and(R8). This would pose a problem if a significant fraction
of 10 is formed vibrationally excited, and if it were sufficiently
long-lived to sequester 10 on the time scale of our experiments.
In this case, equating the initial O atom concentration to the ini-
tial 10 concentration would lead to an underestimation of the ok
true cross-section of I@E 0). We first note that, according to 45236- :
the Boltzman expression, and using a IO vibrational frequency (A) '
of ~700 cnt ! [35], the equilibrium concentration of IQE 1)
at 298 K is expected to be of the order of 3% of 1&(0). Using
evaluated enthalpies of formatigB84] we calculate the reac- - .
tion enthalpies fofR7) and (R8a)as —88 and—10 kJ mot1, 0201 . . L s
respectively. By comparison, the reaction of | atoms with O - ORI o U ) :
is exothermic by 134 kJ mot. For reaction(R8a) the excess I )
energy available (10 kJ mot 800 cn1 1) is barely greater that
required to form 10¢=1), and it is unlikely that a significant
fraction of the 1O product is formed in a vibrationally excited
state. However, as noted above, the yield of I(RB) (or ksa/ks)
has been derived by comparison to the yield of IO in the reac-
tion of O@P) with I, which may generate significant amounts
of I0(v>0). If this were the case, then the branching ratio of
kgalkg thus derived is too low.

In order to investigate this possibility we employed a
separate experimental set-up to directly detectvtl) by
laser induced fluorescence (LIF) (see Sect®)n IO(v=1i) e
was generated by the 351 nm photolysis of N® the pres- 0 0.5 1 15 2 2.5 3
ence of p in He or N, bath gas and IG@(=1) was detected (B time (104 s)
by exciting the (2—1) transition. Typical reagent concen- fig 6. (a) Fluorescence excitation spectrum of #@(L) with detection at
trations were: [NG@]=(0.3-1.7)x 10 molecule cm?, [I2]= A >~490 nm. (B) Formation and decay of 3¢ 0) and 10¢ = 1) using~445.0
(0.8-4.7)x 10" molecule cm® at pressures of 10—60 Torr. and~458.7 nm as excitation wavelengths, respectively. The solid lines are fits

The 10 (211) excitation spectrum, which was measured af° th(_e data using a bi-_exponential functian=0) and a multiple-exponential

. . . i . . function @ = 1), respectively.
part of this work, is displayed ifig. 6A and is in qualitative
agreement with the spectrum presented by Turnipseed &84l.
The relative shape of the spectrum showed no variation witlis indeed formed in the reaction of ) with I, in the present
time delay €10-500us) after generation of GP), and was chemical system and that its quenching lifetime is of the order
thus rotationally thermalised. of 100ps. The lifetime of 10¢ =1) was independent of using

Atypical example of atime resolved 1€ 1) trace, obtained He or N; bath gas or the concentration of NGuggesting that
by excitation at the bandhead=458.7 nm), is displayed in quenchingbydwas dominantandimplyingacloseto collisional
Fig. 8B. I0(v=1) is generated rapidly, at a rate which wasquenching rate constant. Whatever the nature of the quenching
consistent with its formation in the reaction of%®] with I,  process, this data clearly shows that in the experiments described
and decays withirz150us to a steady concentration, presum- above to measure the cross-sections of |0, which were conducted
ably determined by its equilibrium with vibrationally relaxed under similar conditions, only thermally equilibrated amounts
I0(v =0), which does not decay significantly on the time scale obf I0(v=1) were present. A close examination of the data in
these experiments. For comparison, ad©0) profile, excited Fig. 6shows that neither the I©@€ 0) nor the 10¢ = 1) kinetics
at~445.0 nm and measured back-to-back withd©() isalso  are well described by simple exponential expressions at short
displayed. The poor signal-to-noise ratio for i&{0) is partially ~ reaction times, suggesting that excitation of higher vibrational
due to use of a laser dye that favoured excitation at 459 nm rathégvels occurs, and that these are sequentially quenched (i.e. via
than 445 nm. From this dataset we can conclude thai¥Qj v=2,v=1 etc.) to the groundstate.
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We also conducted similar experiments to search for formaresearch. The literature values for 10 cross-sections are listed
tion of vibrationally excited 10 in the reactions of 8®) with  in Table 4 which separates the measurements into those con-
CRsl, CHsl or CHzl2 and also in the reaction of | with4  ducted at 427.2 nm, and those conducted at the peak of the 4,0
In none of these experiments were we able to observed noand. Early studies on 10 were able to identify its absorption
equilibrated amounts of vibrationally excited IO. This does notspectrum and assign transitiojg8—40] These were followed
imply that it was not formed, but that that the quenching pro-by the first quantitative determination of the absorption cross-
cesses in each chemical system were significantly more rapgection by Cox and Cokg#1] in 1983, who used the 254 nm
that the formation of 10O. modulated photolysis of CHl in the presence of ©as source

In addition to the experiments on 1O€ 1) described above, of IO ((R15)and thenR1)).

a number of further indirect observations confirm that perturba-
tions due to 10¢>0) are unlikely to be significant. Using the CHal +7v— CHz+I (R15)

reaction of O¢P) with l,, we have recorded 10 decay traces Determination of the cross-section Oﬂg_g%g % 10~17 o

that closely obey second-order kinetics, at pressures between ?r%lecul@l was by kinetic analysis of the 10 absorption trace at

and 690 TQ” M. This would appear to preclude th_e presence, guoted wavelength of 426.9 nm (resolution of 0.27 nm). These
of a significant amount of vibrationally hot 10 which relaxes

. . o authors also scanned through the 10 spectral features to find the
on the same time scale as the chemical lifetime of 10. We als g P

fhaxima of the vibrational bands between 415-470 nm. They

note that experimental studies of the 10 +NO reaction carried)p .\ .« the maximum of the 4.0 band at the quoted wave-
outin at low pressures of for using He bath gas have indeed length of 426.9 nm, indicating a monochromator wavelength

reported unexpected behaviour, presumably due to slow Vibr%'ffset of about 0.2 nm. For this reason, we cite their result in
tional relaxation of 1(36,37] These same studies report that '
this problem is removed by usingzNbath gas as pressures of

>60 Torr.

Table 4as having been taken at the maximum of the 4,0 band.
This work was followed by similar experiments using a dif-
ferent photochemical source of 10, the photolysis of J\N&
350+ 50 nm, with OBP) scavenged efficiently by [42] i.e.
4.2. Comparison with literature reactiongR11)and(R7). A more straightforward determination
of the rate of OYP) production (and thus the rate of 10 produc-
In this section, we compare our absorption cross-sectiotion) from NO, photolysis led the authors to prefer the cross-
at 427.2 nm with other measurements that have been reportséction thus obtained (2420.5) x 10~17 c? molecule ® over
for the 4,0 band, and which span more than two decades dhe earlier work. It appears that in this study, the wavelength

Table 4
Previous determinations of 10 cross-sections
Reference 0(427.2) (107 cm?) o (4,07 (10~ cn?) Resolution (nm) (fwhm) 10 source Calibration
Cox and Cokef41] 3.17%2 0.27 Chl + hv/O3 Kinetic analysis
Jenkin and Co¥42] 22405 0.27 NG + hvll, ANO,
Sandef43] 31+03 3.3+0.3 0.17 G +hvllo 0+0,— O3
Stickel et al[17] 3.1+0.6° 0.01 QG+l Laser fluence
Laszlo et al[30] 2.8+ 0.5 3.8+0.7 0.3 NoO +hvllp Al
3.6+ 0.67

Harwood et al[28] 3.3+ O.?f‘ 0.14 NoO v/l Aly

3.6+05 0.14 N O +hv/CRsl 0+0,— 03

3.4+04 Diode laser Q+hvlly HNOg3 + hv — NO»
Bloss et al[12] 1.9+0.1% 1.13 NoO +hv/CRsl 0+0;— O3
This work 3.55+ 0.3%° 3.8+0.4 0.08 NG + v/l 0+0,—> 03

NO, + hv/CFRsl O+0;— O3

@ The maximum of the 4,0 band is at 427.2 nm in vacuo, or 427.08 nm in air. Note that at reduced resolution, the apparent positiovilloinove to longer
wavelength.

b Errors are & (random).

¢ Errors are 2 (random + systematic).

d Cross-section at 427.2 nm multipled by 1.08 to obtain cross-sectiopaat

€ Using a tunable dye laser.

f Errors are & (random).

9 Recalculated using the spectrum of Tellinghuise[82] to calibrate the 10 concentration and after correction for resolution effects.

h Errors are & (random + 15% systematic).

' Errors are & (random + 10% systematic).

I Errors are & (random).

kK Errors are & (random + systematic error on yield of 10 from3®{) + CRl).
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quoted (426.9 nm), was taken from the previous investigatiotration (determined by monitoringgdormation when CEl was
and potentially subject to an non-quantified drift in the wave-replaced by Q) and knowledge of the branching ratio to 10 for-
length offset (personal communication with Jenkin and Cox)mation in reactior{R8), which was taken as 0.86 from a study
This would help to explain the differences in cross-sectiorof the same grouf®26]. Similar to the present experiments, anal-
reported in these two studies from the same laboratory. ysis of the 10 profile using numerical simulation also took into
Sandef43] determined 10 cross-sections at 427.2 nm usingaccount the formation kinetics of 10 to yield a cross-section of
the flash photolysis of ©to generate Gf) (R10), which was  (3.6+0.5)x 10~ cm? molecule'® at a resolution of 0.14 nm.
then scavenged by to form 10 (R7). Calibration of the initial Experiments were also performed in which @as dis-
O(CP) concentration was achieved by replaciagsith suffi-  sociated at 248 nntR12) to form O@P), which then reacted
cient O to stoichiometrically convert GP) to @ (R9). The  with I» (R7). In this case 10 was monitored at high resolution
cross-section obtained was (3D.3) x 10~17 cm? molecule? using the diode laser (at the maximum of the 4,0 band) and
at 298 K, and displayed a significant, negative dependence aalibration of the laser fluence was carried out by photolysing
temperature. A similar value for the cross-section was obtaineHINO3 at the same wavelength and monitoring N@rmation
by Stickel et al[17], who employed the 248 nm laser photoly- (using the same diode laser), resulting in a cross-section of
sis of Q3 to form O@P) and usedslto convert itto 10 (R12)  (3.4+0.4)x 10~17cm? molecule™l. These experiments were
followed by(R7)). Calibration of the initial OfP) concentration  carried out using low concentrations of @nd OP) to avoid
was by measurement of laser fluence at 248 nm, and knowledgeoblems with aerosol generation upon mixingadd b. In con-
of the O concentration. Laszlo et gl30] also used the reac- trastto the work of Sandg43], Harwood et al[28] did not find
tion of OCP) with I, to generate 10, but employed a different a measurable dependence of the cross-section on temperature.

source of OP), the 193 nm photolysis of /D in N, bath gas Bloss et al[12] made measurements of the 10 cross-section

to generate GP). using a monochromator/CCD set-up that enabled measurement
of transient absorption at multiple wavelengths to be made

N2O+ 72v(193nm)+ N — No+ OCP) (R16) simultaneously. IO was generated usingONphotolysis and

reaction of OfP) with CRl ((R16) followed by (R8)). These
Calibration of the initial IO concentration was obtained authors adopted a branching ratio /@f/ks =0.845 from the
by equating its initial concentration to the loss of | work of Gilles et al[26]. Bloss et al[12] measured the relative
(R7) which was monitored simultaneously at 530 nm (usingyield of IO under various conditions and found it to be pres-
o(l2) =2.56x 1018 cn? molecule’ ). These authors report a sure dependent at low temperatures, but not at 295K, implying
value of (2.8:0.5)x 10-1"cn? molecule® for the cross- a temperature dependence in the value of the branching ratio
section of IO at 427.2 nm at a resolution of 0.3 nm. ksalks. The cross-sections of 10 determined by these authors
Harwood et al[28] used three different chemical schemestherefore showed a temperature dependence, which was much
to generate and calibrate 10 and determine its cross-section imeaker than that observed by Sanpid] but still inconsistent
the 4,0 band. The experiments were carried out using eitherwith the temperature independent cross-sections of Harwood et
monochromator operating at a spectral resolution of 0.14 nral. [28].
or using a diode laser with a 161z bandwidth as light source The data summarised ifiable 4 reveals significant dif-
and a photodiode as detector. Before discussing their data fierences in the cross-section determinations in the various
is important to note that, when using a monochromator, andtudies reported, with values between 1.9 and<316-1/ cn?
similar to the works of Cox and Cokgt1] and Jenkin and Cox molecule ! reported. The origin of this apparent poor agreement
[42] these authors generally scanned around 427.2 nm to finehay be spectroscopic or chemical in nature. An examination of
the wavelength at which the absorption due to IO maximisedFig. 2shows that the 4,0 band is rather asymmetric, with a very
i.e. they always measured at the peak of the 4,0 band (persorsgteep short-wavelength flank. A wavelength error can thus have
communication with J. Burkholder). As we have seen abovea significantimpact on the cross-sections obtained, especially if
in an air filled monochromatornax Will be at 427.08 nm, and the offset is to smaller wavelengths. As discussed above this is
not at 427.2 nm. Thus, although these authors quote 427.2 nenpotential explanation for the low value obtained by Jenkin and
as the measurement wavelength, it was most probably closer ©@ox [42]. The cross-section of Bloss et §l2] is even lower,
427.08 nm. and this can be only partially attributed to the effect of spectral
In essentially identical experiments to Laszlo et al.resolution. As shown ifig. 4, when using a central wavelength
[30], using NO photolysis at 193nm in the presence of 427.2 nm, the effect of reducing resolution from 0.1-0.2 to
of I, Harwood et al.[28] obtained a cross-section of 1.13 nm would be to decrease the cross-section at 427.2 nm by
(3.310.4)x 10" cnm? molecule? at 0.14nm resolution. >30% although we recognise that the correction factor would
These experiments required substantial correction to the changary between optical set-ups due to different entrance slit func-
in I, following the laser pulse, which was due not only to thetions and the use of either diode array or photomultiplier located
reaction of O¢P) with I, but, in some experiments, predomi- behind an exit slit as detector.
nantly due to direct photolysis at 193 nm. A correction of this size would however still leave the cross-
The photolysis of MO in the presence of GFwas also used sections of Bloss et aJ12] rather low, leaving us to conclude
by Harwood et al[28] to generate IO(R16)followed by(R8)),  that chemical effects may also have played a role. In this con-
but with its concentration defined by the initial ¥) concen-  text, we note that the experiments of Bloss e{H2] generally
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used significantly higher initial concentrations of 10 than e.g.firms the results of selected recent studies, and strengthens the
Harwood et al.[28], Laszlo et al.[30] or the present study, spectroscopic database on this radical. Disagreements in the
which will lead to a more rapid decay of IO and probably to literature values for 10 cross-sections have largely been resolved

a complex chemical situation. The origin of the apparently lowand the most reliable studies identified, thus enabling a recom-

cross-section of Laszlo et dB80] may be found by examin- mendation to be made.

ing the calibration scheme, which used the change in optical
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