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Abstract

The absolute absorption cross-section of OlO was measured from 558 to 578 nm by using cavity ring-down spectroscopy to measure the fractic
of OIO removed following absorption of a laser pulse of known fluence. This procedure yiglsls (1.5140.18)x 10~ cn? at 567.93 nm,
which is one of the prominent vibrational band peaks in the OIO spectrum. The recovery of ground-state OIO after a few microseconds indicate
that, after excitation from the grourf®, to the (first) excitedB, state, OlO undergoes rapid internal conversion onto high vibrational levels
of the ?B; state, followed by quenching collisions with the bath gas. A detailed kinetic model is used to show that the OIO yield from the 10
self reaction is 0.3% 0.10 at 40 Torr and 293 K. The rapid removal of OlO in the reactor is explained by the recombination of atomic | and
OIO with a rate constant of (140.3)x 10-°cm?® molecule s~1. Ab initio calculations combined with RRKM theory are used to show that
this rate constant is consistent with the addition of the | atom to the central I, rather than either of the terminal O atoms. The unexpectedly fas
disappearance of | atoms, and the corresponding formatiop & &xplained by iodine oxides such as 10, OIO as@;lacting as chaperone
molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The atmospheric chemistry of iodine is potentially impor- 'O T /O — other products (g.. 1010, 100l or 2l + O;)
tant in several ways, including the destruction of oz{ie3], (1b)
the activation of chlorine and bromine from sea-$2J4], the ) ) )
removal of nitrogen oxides in semi-polluted air mag@sand ~ Which has a yieldx (i.e. channe(1a)) of around 409412,13]
the formation of ultrafine aerosff—7]. The major sources of Ve have observed OIO in the temperate MBL at Cape Grim,
iodine appear to be iodocarbons of biogenic origin such ag CH Tasmanig14] and Mace Head, Irelar{8], using the technique
and CHl, which evade from the oced#], and b which is of_dlff_erentlal optical absorption spectroscopy (DOAS) oper-
released from macroalgae exposed at low f@le Following ~ &ting in the 540-585nm spectral region. During daytime the
photolysis of these species to yield atomic I, the iodine oxidd2!O concentration was consistently below the detection limit
radical (10) is then formed by reaction withsPand has been (~2 parts per tr|II.|on (ppt), using the new absolute cross-section
observed at several locations in the coastal marine boundaf£termined in this paper). If the absence of OIO during the day

layer (MBL) [9-11] iS caused by rapid photolysis, then the @struction potential
The iodine dioxide radical (OlO) is formed from the self Of the radical depends crucially on the pathway:

reaction of |0, OlO+hv— | 4+ Oy (2a)

IO + 10 — OIO + | (1la) OlO+hv— 10 + OCP) (2b)

Channel(2a) would enhance @depletion, since the combina-
T tion of reactiong1) and(2a)removeswo Oz, whereas channel
* Corresponding author. Tel.: +44 1603 593108; fax: +44 1603 593127.
# Corresponding author. Tel. +44 1603 593893: fax: +44 1603 502003,  (2P)would lead to a null cycle.
E-mail addresses: s.ashworth@uea.ac.uk (S.H. Ashworth), Several groupfl 2,15-17]have shown that OIO has a strong
j.plane@uea.ac.uk (J.M.C. Plane). absorption spectrum consisting of sequences of bands grouped in
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triplets between 480 and 645 nm. However, the bond dissociatio®10 in reaction(1), and also show that the fast decay of OlIO in
energy for Ol-0O has been calculated from quantum theory to bthe absence of §) which has been observed in previous studies
288+ 16 kI mot! [18], corresponding to a photo-dissociation [13,16], is most likely explained by the recombination of OIO
threshold via channgRb) of about 415 nm. Indeed, O atoms and atomic I.
were not observed from the photolysis of OIO at 532[d6].
In contrast, chann¢Ra)is close to thermoneutrfl7,18], sothat 2. Experimental
absorption in these visible bands could lead to | atom production,
although an upper limit to the efficiency for | atom production  The photochemistry of OlO was studied using the pulsed
of only 0.15 was recently report¢ti]. We are not aware of any laser photolysis/cavity ring-down (CRD) apparatus illustrated in
attempt to observe thesxproduct, which might be produced in Fig. 1 The ring-down cavity was incorporated into a slow flow
either the329* or 'Ag stateqd17]. reactor, with the cavity end mirrors placed in vacuum-tight gym-
We have previously described a high-resolution spectrobal mounts. The high reflectance mirrors (reflectance >0.999 at
scopic study of the visible bands of OIO from 542 to 605 nmaA =565nm and 2 m radius of curvature) defined a 1.55m long
[17]. The absence of rotational structure in the absorption spe@avity. The ring-down time for the empty cavity was typically
trum, and the lack of a laser-induced fluorescence spectrum, leg = 750 ns. This was routinely recorded at the start of a set of
us to conclude that absorption leads to photolysis via channexperiments and the standard deviationg®for an average of
(2a) This appeared to be supported by ab initio quantum calten laser shots was consistently less than 1%. A quartz entrance
culations showing that the visible absorption bands arise fromwindow for the photolysis lasers was offset from the main axis.
strongly allowed transitions from the grouf; state tothe first  This arrangement provided an overlap between the CRD and
2B, state. Photolysis would then result from intersystem crossphotolysis lasers in the reaction zone of about 0.4 m. The end
ing onto surfaces correlating with | +2G29‘ or 'Ag) [17]. sections of the cell attached to the mirror mounts included inlets
Here, we re-examine this conclusion by showing thatfor “curtain” flows of N, which were directed towards the cav-
although OIO is removed immediately after photo-absorptionjty mirrors to protect them from particle deposition or damage
enabling the absolute absorption cross-section to be determinefdom the reactants.
at longer times essentially all the OIO reappears. This is con- Thering-down signalwas generated using a Nd:YAG pumped
sistent with fast interconversion onto high vibrational levels ofdye laser (dye laser 1), tunable over the range 555-585nm
the ground electronic state, followed by quenching. From thiswith Rhodamine 590 dye. The light leaking out of the far end
we conclude that the photolysis yield (reacti(#a)) is very  of the cavity was detected with a photomultiplier tube after
small. A comprehensive kinetic model is then used to model thpassing through a 485 nm long-pass filter. The ring-down sig-
observed time dependence of OIO in these experiments. Fromal was captured using a digital oscilloscope (LeCroy LT262
this, we obtain a new estimate for the branching ratio to produc850 MHz bandwidth, 1 GS/s or LeCroy 9361C 300 MHz band-
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Fig. 1. Schematic diagram of the apparatus used to produce OIO by pulsed photolysis@fGFN mixture, with detection by time-resolved cavity ring-down
spectroscopy.
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width, 2.5GS/s), coupled to a computer which extracted thetomic | was monitored by resonance fluorescence at 178.3 nm
ring-down time constant using a weighted fit to the exponentia]l(5p*6sfPs/2)-5p°(2P3/2)] using a microwave-powered iodine
decay and performed signal averaging. The absorbance duedischarge lamp. The fluorescence was measured with a pho-
OIO and b (which absorbs in the same spectral region) is protomultiplier tube after passing through an interference filter at
portional to the difference between the ring-down time constant80 nm, and captured by photon-counting with a multichannel
measured in the presence of OIO, and the ring-down time corscaler. The resonance lamp and photomultiplier tube were mutu-
stant collected with just pin the cell. Before the dye laser beam ally orthogonalto the CRD cell. Both the input and output optical
entered the CRD cell, a fraction was picked off with a wedgedrains were flushed with pto allow transmission in the vacuum
quartz beamsplitter and directed into affiiorescence cell and ultra-violet.
a Coherent Wavemaster for wavelength calibration.

OlO was generated from the self reaction of 10 (reaction3. Results and discussion
(1a)). 10 was prepared by the pulsed photolysis GION(Air
Products, Atomic Absorption Grade) by an ArF excimer laser ag-1. OIO photolysis cross-section
193 nm. This yields GD) atoms, which are rapidly quenched to ) )
O(P) by collision with the N bath gas. G{P) then reacted with ~ The absolute cross-section for OIO absorption can be
an excess of G (Fluorochem Ltd., 99%) to yield 10, and hence obtained by dividing the fraction of OlO removed, when laser 2

OlO. Typical experimental conditions were [@F=3.2x Iistriggered, by the measured fluence of the laser: in the limit of
106 molecule cmr3,  [N20] = 1.6 x 1017 molecule cn3, ~ Weak absorption, application of the Beer—Lambert law gives

- 8 3 -
[N2] = 1._2 x 1018 molecule cm®  (total pressure = 40.3 Torr). A[OIO] ~ [0I0]go010 F ()
The excimer laser fluence at 193 nm was varied from 0.8 to

1.7 x 10* photon cnt2. whereA[OIO] is the change in OlO concentration when laser 2

When measuring the absorption cross-section of OIO, th&iggers, [O10}) the OIO concentration before laser 2 triggers,
OlO was interrogated using a second Nd: YAG pumped dye laseroio the absolute cross-section of OIO afids the fluence of
(dye laser 2), also operating with Rhodamine 590 and beaniaser 2. Thus,
expanded to a diameter of 20 mm. Both dye lasers employed A[OIO] 1
in this experiment had bandwidths of 0.2cthor better. This 9010 = [010], F
laser was triggered around 1028 after the excimer laser when
the OIO concentration had maximised, and was scanned over tée major advantage of using E¢) is that theabsolute con-
region 558-578 nm. The degree of OIO removal following dyecentration of OIO is not required to determiagio, only the
laser 2 was measured by monitoring the OO ground-state corftaction removed A[OIO]/[OI0]o. However, in these experi-
centration, using CRD with dye laser 1 fixed at 567.808 nm. Thighents the fraction of OIO removed approached 30%, and so
monitoring wavelength was selected to minimise interferencdhe weak absorption limit is not strictly applicable and 4.
from I, which absorbs over the same region and is generated B§ads taroio being underestimated by about 6%. This was cor-
recombination of | atoms (see below). The OIO concentratiof€cted for by iteratively fittingroio to the observed fraction
was monitored at various time delays after dye laser 2, rangf OO removedFig. 2 shows the resulting absorption cross-
ing from 300ns to 1Qs. Because of the temporal behaviour Section, which is the mean of four scans of laser 2 from 558
of OIO after absorption (see Secti@nl), the OIO concentra- 0 578 nm. The uncertainty in the cross-section, also shown in
tion was monitored at the shortest possible delay (300 ns) whefig- 2 is calculated from the standard deviation when averaging
measuring the OO absorption cross-section. the spectra, combined with the uncertaintyFofAt 567.93 nm,

The fluence of dye laser 2, which is required to determine

(I

the absorption cross-section, was measured at several points 1.8
across the dye tuning curve with a Molectron Power Max power _ 16
meter, through a 10 mm diameter aperture. The fluence data g 14
was then interpolated across the tuning curve by fitting to a  §
second-order polynomial. The calibration of the power meter g 121
was compared with a second identical meter, as well as a g 1.01
Molectron J50 pyro-electric joulemeter. All three meters agreed t” 0.8
within 5%. o 061
In a limited set of experiments, the time-resolved behaviour
of 10 was monitored by laser-induced fluorescence (LIF). IO & o4
was excited at 444.951 nm [IO&A3/>-X2T13/2), (2,0)] using a 0.2
dye laser with Coumarin 2 dye, pumped by a tripled Nd:YAG 0.0 ——— ————————
laser at 355nm. The non-resonant LIF signal at 458.6 nm 558 560 562 564 566 568 570 572 574 576 578
[IO(A2IT3/-X?T132, (2,1)] was recorded by a fast photo- Wavelength / nm

mUItIp“er tube perpendlcular to the CRD axis, after pass'Fig. 2. The absolute absorption cross-section of OlO between 558 and 578 nm

ing through a 455nm long wave pass filter, and recordeghiack line), with 1 error upper and lower limits (grey lines). Both pump and
using the digital oscilloscope. The time-resolved variation ofprobe lasers have bandwidths better than 0.2'cm
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Fig. 3. The absolute absorption cross-section of OlO between 558 and 578 nfig. 4. Fraction of OIO removed following absorption at 562 nm, as a function

measured in the present study with a resolution of better than 0:2cm of time after the laser pulse. The broken line shows a Monte-Carlo model pre-
(thick solid black line), compared with previous spectra scaled to a value ofliction of the recovery of ground-state OIO, using the exponential-down model

1.5x 10~ cn? molecule? at the 568 nm peak: Himmelmann etfdl5] (bro-  with (A Egown) = 120 cnT!. Because repopulation of the ground state occurs on
ken black line), Cox et a[19] (thin solid black line), Ingham et gl16] (dotted a similar timescale to the ring-down time, the recovery that would have been
line), Gomez Martin and Spietz, University of Bremen (solid grey line). observed experimentally is shown by the thick solid line, which should be com-

pared directly with the experimental points. These points show the fraction of

. . . . OIO removed at the time after the photo-excitation pulse when the CRD laser
which is one of the prominent band peaks in the spectrumysas triggered. The horizontal arrows indicate the two CRD sample lengths of
ooi0=(1.51+0.18)x 1017 cn?, ataresolution 0f0.006 Nm.  700ns and s used in these experiments when observing at their respective

This is in good agreement with the absorption cross-section gihortest times (300 and 600 ns) after the photo-excitation pulse.
(1.3+£0.2)x 1017 cn? at a resolution of 0.35nm determined
by P. Spietz and J.-C. Gomez Matrtin at the University of Bremerconsistent with an upper state lifetime of no more than 500fs.
(see accompanying paper in this issue). Band contour fits, using rotational constants for G from

Fig. 3compares the OlO cross-section from the present studg microwave studyf20], and approximate constants for the
with absorption cross-section spectra reported by Himmelmanapper?B; state from our ab initio calculatiorj$7], show that
et al.[15], Cox et al[19], Ingham et al[16] and the new cross- the Lorentzian component of the rotational lines making up
section from University of Bremen. The spectra have been scaldtiese bands is between 10 and 50¢émFollowing intercon-
so that their band peaks around 568 nm match the present studgrsion, the vibrationally excited OIO would have to lose about
(note that the Cox et al. spectrum is blue-shifted by about 0.4 nri7800 cnv? to return to the ground state and be observed in
with respect to the other four). Compared with the UEA spec-absorption by the CRD laser.
trum, the spectra of Himmelmann et al. and Ingham et al. (in The recovery of ground-state OlIO can be simulated by a
particular) exhibit significantly greater absorption around 559.0Monte-Carlo calculation using the exponential-down energy
561.5 and 572.5 nm, in between the vibrational bands. This ifansfer model[21]. Because the ground state of OIO is
mostlikely due to an underlying absorption by these spectra. repopulated on a similar timescale to the ring-down time,
As noted above, the CRD wavelength in the present study wabe predicted variation of OlO as a function of time must be
set to 567.808 nm to minimise Absorption. The new Bremen converted to the ring-down time that would have been observed
absorption spectrum hasdemoved by a multi-dimensional fit- in the experiment, before comparison with the experimental
ting routine in wavelength and time (P. Spietz and J.-C. Gomepoints. The best fit to the experimental data is obtained with
Martin, University of Bremen), anBlig. 3shows that this spec- (AEgown) =120c¢nT?, as is shown by the solid line iRig. 4
trum agrees much better with the UEA spectrum. This value of (AEgown) is a bit small for N [21], but the

The absorption cross-section in the present experimengxponential-down model is probably a rather crude description
(Fig. 2) was measured by fixing the time delay between laseof energy transfer over such a large energy range. The broken
2 and the CRD laser to 300 ns. In a second set of experimentine in Fig. 4 illustrates the actual recovery of OIO without
OIO loss was measured at longer time delays after laser Zncluding the effect of the ring-down time.
These experiments show that after abous3he OIO concentra- One point to note is that repopulation of the ground state
tion completely recovers. That is, the fraction of OO removedperturbs the signal in such a way that the apparent ring-down
decreases essentially to zero (0.5%), as showkign4. The  time makes the absorption between 1 ands2appear greater
recovery of OlO can be rationalised in terms of fast internathan when there is no removal of OIO. This effect can be
conversion from the excitetB, state onto high vibrational lev- visualised by considering a system which undergoes 100%
els of the2B; ground state, followed by collisional relaxation removal followed by 100% recovery with the recovery on a time
which repopulates the ground state. scale shorter than a single ring-down event. When the probe

The CRD spectra of the OIO vibrational bands certainly indi-delay is such that the recovery takes place within the ring-down
cate that OIO!B,) is short-lived: the linewidths of the bands are there is no longer a simple exponential curve. The ring-down is
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initially at the empty cavity rate and finally at the rate consistent 2.5e-4

with 100% absorption. Between these two extremes the gradient I, spectrum collscted at t = 1 ms
is steeper than at either end and a simple weighted exponential

fit to ring-down signals of this form distorts the retrieved 2.0e-4 1

ring-down time, making it appear that the absorption is higher
than physically feasible. Perturbation of the ring-down time was
investigated numerically by calculating the perturbed ring-down
at successively longer delay times from the photo-excitation
pulse using the modelled repopulation kinetics and extracting 1.0e-4
the ring-down using the same routine as in the acquisition
program. Zero delay between photo-excitation and ring-down
laser pulses corresponds to the ring-down measurement starting ~ 5.0e-5 = - - - - - T -
. e s 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
at the same time as the photo-excitation. The length of the

Absorbance
w
@
B

ring-down recorded in these experiments2(us) means that Time/ms
the reappearance of OlO in the ground state perturbs the decay ~ 2%¢*
even at short times after photo-absorptiéig. 4 also shows 1.86-4 -
that the OIO absorption cross-section measured at 300 ns would
have been underestimated by about 19%. 2 1.6e-4 1
Itis important to note, however, that the absorption spectrum g, .., |
in Fig. 2was recorded using a shorter portion of the ring-down £
— 700 ns — rather than almosp2 in subsequent experiments. § 1.2e-4 4
In order to take this into account we ran the model again to pro- 1 0ed - |
duce the equivalent of the solid curvehing. 4 using only the Il
first 700 ns of the ring-down decay. In this case, the repopula- 8.0e-5
tion dynamics do not have such a marked effect at short delays 6005 . . . ‘
between the photo-excitation and ring-down acquisition, so that " 560 562 564 566 568 570
the effect on our absolute absorption cross-section would have Wavelength / nm

been less than 5%, well within the quoted uncertainty. This is

illustrated inFig. 4 by the horizontal line showing the 700 ns Fig. 5 Upper panel: cavity ring-down absorbance data at 567.81 nm, showing
the time-profile of OlO and,lover 1.6 ms. Lower panel: a wavelength scan at

sample '_merval_ starting 300 ns after the photo-_exutatlon PUISE; 5 ms, taken 0.9 ms after the excimer laser pulse (at 0.1 ms), shows bands of |
Comparison with the OIO recovery (broken line) shows thatand no evidence of IO remaining in the cell.

almost no OIO would have reappeared during this sampling

interval.
times (>10 ms after the excimer laser), thenlixes radially in
3.2. Kinetic modelling of the temporal behaviour of OIO, 1 the reaction cell and the absorbance decreases to the pre-flash
and I, level.
We now apply a detailed kinetic model to explore both the fast
3.2.1. Description of the model decay of OlO and the rapid appearanceoThe model reaction

Fig. 5 (top panel) illustrates the typical raw time-resolved scheme is listed iffable 1 there are 38 reactions involving 28
variation of the CRDS absorbance at 567.81 nm. Most of thespecies, whose time-dependent concentrations are solved using
variation in the signal is due to the production and removal ofourth-order Runge—Kutta integration. For the products of the IO
OIO. There are two points to note. First is that while the rapidself reaction (reactiofl)), we assume that only two channels
rise of OIO is expected because react{®n)is fast, the rapid are important at the relatively low pressure of 40 Torr, formation
decay after about 10@s, which is approximately first-orderwith  of OlO +1 and 2|+ Q. There is recent evidence that formation
a decay rate that varied from 1800 to 6406 depending onthe of the IOIO dimer only becomes significant at pressures above
excimer laser fluences employed, is less easily accounted fat50 Torr (P. Spietz and J.-C. Gomez (University of Bremen), T.J.
Such behaviour has been observed previously in similar systeniZillon and J.N. Crowley (MPI Mainz), pers. comm.), and there is
[13,22] Second is that there is residual absorbance after 1 mspnsensus thatthg+ O, channel branchingratiois less than 5%
compared with before the excimer laser flash=a0.1 ms. The [13,19,23,24] The photolysis cross-sections at 193 nm e\
lower panel ofig. 5shows a spectral scan made at a time delayNO,, CFzl and I, were taken as 8.9%5 1020 [25], 2.5x 10-19
of 0.9 ms after the excimer flash. Comparison fitt). 2shows  [26], 2x 1021 [27] and 1.92x 10~17 [28] cn? molecule’?,
that the OIO bands have completely disappeared, and have besspectively at 295 K.
replaced with the absorption spectrumpMote that the growth In order to compare the model with the experimental data, the
of I, with a time constant of less than 1 ms is much faster thamexperimental CRD absorbance was converted to the apparent
the recombination of | atoms in the presence gfé&en making OIO concentration using the cross-section determined above,
appropriate allowance for the greater third-body efficiencies oaind the $ concentration predicted by the model was converted to
CRsl, N2O and b itself compared with M. At much longer equivalent OlO concentration, using the relative cross-sections
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Table 1

Model reaction scheme used to obtaifo andkoio+

Reactions BR Rate coefficiert Ref.
IO +10 - OO + 1 (1a) Fitted (0.31) 4. 10711 220 [13]
IO 4+ 10 — 21 + O; (1b) (0.68)

OCP) 4+ CRsl — 10 + CFRz  (3) 1.3x 1011 g(~266/) [37]
IO + NOz(+M) — IONO; (4) ko=7.7x 10731 (T/300) 5, koo =1.6x 10711, F.=0.4 [38]
IO + NO — | + NO, (5) 9.1x 10712 l240m) [25]
I + NO2 (+M) — INO2 (6) ko=3.0x 10731 (T/300) 1, koo = 6.6x 10711, F = ~7/650) 4 (26000 [38]
| + NOH+M) — INO (7) ko=3.0x 10731 (T/300) 1, koo =6.6x 10711, F = el=77650) 4 (~26001) [39]
INO + INO — 1,4+2NO (8) 8.4x 1011 (26200 [39]
INO2 4+ INOy — I +2NO,  (9) 2.9x 1011 g(~26000) [39]
0+ 10 > O,4+1 (10) 1.35x 10710 [40]
O+ l— 10 +1 (11) 1.4x 10710 [25]
L+ (M) = 1, (12) 6.1x 10-34(7/298)-073 (8941 [41]
O+ NO;— NO + O, (13a) 5.6x 10712 1801 1 =9 0x 10732 ¢l~2600M) . =66x 10711, F.=0.6 [25]
O + NOz (+M) — NOs (13b)

N20 + O(*D) — 2NO (14a) 0.58 1.% 10710 [25]
N20 + O(D) — N2+0, (14b) 0.42

N2+ O(@D) — Na+O@GP) (15) 1.8x 1011 (1100 [25]
O 4+ NO(+M) — NO, (16) ko=9.0x 10732 (7/298) 15, ks, =3.0x 10711, Fc=0.6 [25]
CF3+CFs— CoFs (17) 3.9x 10712 [42]
CF3NO + O — Products (18) 4.5 1012 ¢(—560) [43]
CF3+OCP) » CRO + F (19) 3.3101 [44]
CF3+NO; — CR0 + FNO (20a) 0.98 175101 [45]
CF3+NOp; - CRO + F + NO (20b) 0.02

CF3+NO(+M) — CRNO (21) ko=2.0x 1072° (1/298) 33, k., =2.0x 10~ F; = 0.6 [46]
CF3+0,(+M) — CR0, (22) ko=3.0x 10729 (7/298) %, koo =4.0x 10712 (1/300) 1, F. = 0.6 [25]
CR+1(+M) — CRsl (23) 3.0x 10-11(77298)-5 el~200m) [47]
CF3+1l,— CFsl + 1 (24) 4.32x 10712 [48]
CF3+N20 — CF0 + Ny (25) 2.32x 10711 g(~120770) [49]
CF3+ 03— CF0 + O» (26) 9.29x 10713 [50]
CF3+CRsl — CoFg+1 (27) <3.0x 10716 [51]
CF30; +NO; (+M) — CF30;NO, (28) ko=2.2x 10729 (7/298) 5, koo = 6.0x 10712 (7/300) 25, F; = 0.6 [25]
CF0 + NO — CR0 + FNO (29) 3.7x 10711 ¢110m) [25]
CF30,+NO — CF30 + NO, (30) 5.4x 10712 ¢(320M) [25]
F + CF3l > CRs+IF (31) 1.2x 10710 [52]
CF3+10 — CR0 + | (32a) 0.4 1.6<10° 1 [24,53]
CFR3+10 — CRO + IF (32b) 0.6

0IO + NO — 10 + NO; (33) 6.7x 10712 c

| + I0(+M) — IOl (34) 2.2x 10712 d
OlO + I (+M) — OI(NO (35) Fitted (1.1x 10-10) d
OIO + I0(+M) — 1,03 (36) 1.2x 10710 d
1,034+1 — 11010, (37) 1.0x 10710 d

| + 101 — I,+10 (38a) Single fitted value fq88a)—(38c)9.0x 10~12) e

| + OI()O — I,+0I0 (38b)
| + I(NOI02 — 1,+1,03 (38c)

2 Product branching ratio.
OUnits: cm® molecule! s~1 (bimolecular reactions), ctimolecule 2 s~ (termolecular reactions). For recombination reactiégss the low-pressure limiting rate
constantk,, is the high-pressure limiting rate constafi;is the broadening factor. The second-order recombination rate coefficient at total pressure [M] is given by
ko[MI/(L+ ko[MJ/ ko) FE (1 + (logro(koM]/ kec))?) ™).

¢ Measured in this laboratory.

d Calculated from RRKM theory, using ab initio calculations on 101 asfdsl

€ Fitted to model the observed growth ef |

of OlO and b. Because of the high concentration of®lin the  performing a separate integration of the chemistry in each one
reactor, the cell is optically thick at 193 nm and the excimer lasebefore the resulting time profiles are added to simulate the total
fluence is reduced by 38% over the length of the part of the celibsorbance. Another effect incorporated into the model is that
that is probed by the CRD laser. This effect is replicated in thehe gas mixture experiences five excimer laser pulses as it flows
model by dividing the reaction length into 1 cm intervals, andthrough the portion of the tube where the excimer and CRD
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lasers overlap.olis therefore allowed to diffuse radially in the The species OI(I)O in reactiof85a) describes a Y-shaped
tube and build up between flashes, generating the backgroumdolecule where the | atom bonds to the central iodine atom in
I> concentration that was observed experimentally immediatelp10, rather than I0IO (reactiof85b)) where the | atom bonds
before each excimer laser flash. The various parameters that @meone of the terminal oxygen atoms. The enthalpy changes in
fitted or estimated in the model are now discussed inturn.  reactiong35a) and (35bare in very good accord with the ear-
lier calculations of Misra and Marshdll8]. Note that atomic |
cannot abstract the central | in OIO directly to fosHO,. The
transition state for this reaction at the B3LYP/6-311 + g(2d,p)
The branching ratio to form OIO in reactiond.,is not well  level of theory is 65 kJ mott.
known. Previous published estimates are &:3808[13] and Rate coefficients for the recombination reactiof®5a),
0.44+0.20[24]. a can be estimated from the present exper-(35b) and (36)can be estimated from Rice—Ramsberger—
imental data without detailed knowledge of the reactions thaKassel-Markus (RRKM) theory. Here, we use the Master Equa-
remove OIO, because the OIO decay is very close to being firstion (ME) formalism developed by De Avillez Pereira et al.
order after about 20@s. The rate of the 10 self reaction can [31]. Since we will show below that the recombination of | with
be calculated by using the measured excimer laser fluence ©IO most likely accounts for the removal of OIO in our sys-

3.2.2. The branching ratio to form OIO in the 10 self
reaction

estimate the [IO] produced from photolysis of@®, and taking
a recent measurement bf [13]. The rate of OIO production

is then this rate multiplied bw. Since the absolute [OIQ] is

obtained from the observed OlO absorption aggb, a simple

tem, we describe the RRKM calculation on react{@3a) in
some detail. The reaction is assumed to proceed via the forma-
tion of an excited adduct (OI(1)Qwhich can either dissociate to
OIO + | or be stabilized by collision with the third body {NThe

balance between production and loss of OIO indicatesdhat adduct energy was divided into a contiguous set of grains (width
is about 0.3. This value was used for the initial model runs tB0 cnT 1), each containing a bundle of rovibrational states. Each

explore the decay of OIO and the production of |

3.2.3. Removal of OIO

grain was then assigned a set of microcanonical rate coeffi-
cients for dissociation, which were determined using inverse
Laplace transformation (ILT) to link them directly Qecpo,

There are actually few candidate species with sufficienthe high pressure limiting recombination coefficif8i]. kreco
concentration in the reactor to remove OIO at the observedas calculated using long-range capture the@3], which

decay rate, since a first-order removal rate of 6000would

is dominated by the dipole of OIO (3.89 D at the B3LYP/6-

require the species to have a concentration greater than abdt1 + g(2d,p) level of theory) and the polarizability of the iodine

3 x 103 molecule cn?, and to persist for at least 7Q® after

atom (5.35< 10~24cm?® [33]). krecpo Was then expressed in

the excimer laser flash. The possible species are |, IO and CFArrhenius formA exp(—E*/RT) before application of the ILT
radicals. However, the time-resolved LIF observations of I0formalism.
showed that this radical decayed at a faster rate than OIO, with The density of states of the adduct was calculated using a

an approximately first-order rate of (1-1610%s~1. Hence,

combination of the Beyer—Swinehart algorithm for the vibra-

this species does not persist long enough to be responsible fdonal modes (without making a correction for anharmonicity),

removing OIO at times longer than about 208 On the other

and a classical densities of states treatment for the rotational

hand, the decay of atomic | is much slower, with an approx-modes[21]. The ab initio rotational constants for OI(I)O are

imate first-order rate of 500-700% making it a more likely
candidate.

5.61, 0.807 and 0.750 GHz, and the vibrational frequencies are
128, 142, 209, 284, 852 and 886 th The two very low fre-

In order to explore which of these species could be respomguencies, which correspond to out-of-plane and in-plane rocking
sible for the removal of OIO, we carried out ab initio quan- modes of the OIO, were treated as a two-dimensional free rotor
tum calculations to determine possible reaction pathways. Th1].

Gaussian 03 suite of prograrn29] was used with a recently

The ME describes the evolution with time of the adduct grain

published basis set for[B0], and the standard 6-311 + g(2d,p) populations. The probability of collisional transfer between
basis set for O, F and C. Following geometry optimizationgrains was estimated using the exponential down m{zig|
and the determination of vibrational frequencies, the followingwhere the average energy for downward transitionggown),

results were obtained (empirical spin—orbit splittings-af7 and

was set to 500cmt for N» at 300K, with a7%° tem-

—5kJmot ! were applied to | and 10, respectively, by compar- perature dependence. The collision frequency between the

ing the ab initio and the experimental bond energies afid
10):

| + OI0 — OI()O, AHp= —79kJmof™ (35a)
| + OI0 — 1010, AHg= —59kJmol?! (35b)
IO + OIO — 1,03, AHp= —122kJImot? (36)

CF3+0I0 - CRO0+ 10, AHgo= —105kJmot? (39a)
CF3+0I0 — CROl + O, AHp= —58kJmof! (39b)

adduct and N was calculated using an intermolecular poten-
tial described by the parameters=5A and e/k = 300 K [34].
In order to use the ME to simulate irreversible stabiliza-
tion of OI()O", an absorbing boundary was set 24 kJndol
below the energy of the reactants, so that collisional ener-
gization from the boundary to the threshold was highly
improbable.

The ME was then solved to yielgec, the recombination rate
constant, over a range of temperature (200-400 K) and pressure
(0—1000Torr). The results were fitted to the Lindemann
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expression modified by a broadening factey [21], yield- 5.0
iNg: krec0=6.5x 10728 (77300 K)~2-54cm® molecule?s1,

krecpo = 2.4x 10~ %exp(—0.42 kI motY/RT) cm® molecule? £, ]
sl and F.=0.48. Under the conditions used in the 2
present experiments (40Torr and 293 KYec=1.1x 2 S0
10~ 19¢cm® molecule1s™1, so reaction (35a) is predicted %
to be close to the high pressure limit. g &l
RRKM calculations on reactiof35b), treating the 1010 ?2 o
adduct as having two internal free rotors, indicates that &Z '
krec=2.9x 10~ cm® molecule ! s71 at 40 Torr Ny and 293 K. @ 40

Reaction (35b) is slower than 35a because the binding

energy of the | atom to one of the terminal O atoms is 1.0
smaller than to the central iodine of OIO. RRKM calcula-

tions on reaction(36) indicate that this reaction is close to

the high pressure limiting rate constant at 40 Torr and 293 K:
kree=1.2x 1072%cm molecule ! s~1. Since this reaction can-

not be primarily responsible for OIO removal (because of the
observed rapid disappearance of 10), it was not treated as a vari-

able parameter and setto this value in the kinetic madsdig J). Fig. 6. Upper panel: cavity ring-down absorbance data converted to effective
Finally, although there are two exothermic reaction channels fo!O concentration (grey dots), fitted by the kinetic model (black line). Lower
the reaction between GRnd OIO (reaction§39a) and (391) panel: residuals between experiment and model, showing no systematic devia-
the products are 10 and O (+@lF 10), which would recycle tons.

back to OIO and not cause the rapid removal of OIO that is_ ) o o ) .
observed. We therefore conclude that reac(B5®)is the most Fig. 7shows the tllme var.|at|on of QII the |od|r}e species predicted
likely cause for OO removal in our system, and so the rate conP the model. This confirms the tight coupling between 10 and
stant ks was treated as an adjustable parameter in the kineti®!O: the rapid decay of 10 means that reacti@) cannot

Lai1ya

200 400 600 800 1000
Time / ps

o

model. account for the near first-order removal of OlO. Note also the
much slower disappearance of atomic | and corresponding rise
3.2.4. Conversion of I to I, of Ip.

The rate of 4 formation in the 1 ms interval after the excimer The fits to the data were consistent in quality across the range

laser, and the decay of atomic | observed by resonance flu§f €xcimer laser fluence?, employed. Furthermore, the best fit
rescence, are not explained by termolecular recombination of2!ues Ofe andkssa are within error independent @. This is

I, even enhanced by the presence o§CN»0 and b as third shown inFigs. 8 and 9where the fluence varies by a factor of
bodies. Following the suggestion of Harwood et[aR], we more than 2.

therefore allowed the iodine oxides in the model to act as chap- 1he average filt(;[ed values awe= 01'31i 0.10, andssa
erones for | atom recombination. For example: is (1.14 0.3) x 10~ 1%cm® molecule'* s~1. These uncertainties

combine an estimated 10% uncertainty in the excimer laser flu-

| +10 - 10l, AHo= —103kJmot? (34) ence measurement, the 12% uncertainty in the OlO cross-section
| + 101 - I,+10, AHo= —46kJmol? (38a)
10

An RRKM calculation on reaction(34) indicates that
krec=2.2x 10712 cm® molecule? s71 at 40 Torr Ny and 293 K. .
The analogous cycles involving OlO angDg are: g

o
Reaction (353)then| + OI()O — 12+ OIO, §
AHo= —70kJmot? (38b) E

2
Reaction (37)then| + 1(1)OIO2 — 12+ 15,03 (38c) =

o]
A single rate coefficienksg, describing the abstraction of an =
| atom attached to any of these iodine oxides, was fitted as a )
variable parameter in the model. 0 200 400 600 800 1000

Time / ys
3.2.3. Fitting the experimental data Fig. 7. Predicted time-profiles of five iodine species, following the 193 nm pho
The three fitted parameters I_n the kinetic moqel were éhus tolysis of a mixture of NO and CEl. The excimerylaser fires at=0. The
kssaandkzg. An example of a satisfactory model fit to the CRDS concentration profiles are: [010] (—), [I0J/10 (=), [I/10 (--)2[[10 (---),
time-profile, judged by minimisation, is illustrated iffFig. 6. [1203] (= —).
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0.38 Of course, the treatment of the higher iodine oxides in this
0.36 model is probably simplistic, since®s may not be the terminal
' oxide, and polymerization must occur since there was a slow
0.34 - build up of a fine white solid on the interior wall of the reactor.
) Note that visible particle formation occurs much more readily
2 0321 [ { * if even a trace of @ (~1 x 10°cm3) is present. When the
O o300l "~ - - i D G N solid was removed and dissolved in distilled water, the solution
© | was found to contain 1© ions (A.R. Baker, University of East
028 1 - Anglia, pers. comm.). This indicates that the white deposit was
026 | 1203, 1205 or 1409, as discussed originally by Cox and Coker
[35].
0.24

0.6 0.8 1.0 1.2 1.4 16 1.8
Fluence @ 193 nm /10" ¢ cm™

4. Conclusions

Fi . . . . The absolute absorption cross-section of OlO has been deter-
ig. 8. Branching ratia for OIO production from the IO self reaction, plotted . . .
against excimer laser fluence. The broken line indicates the average branchilrfﬂmed between 558 and 578 nm, using cavity rlng-down spec-
ratio. The determination of the error bars is described in the text. troscopy and a method that requires the laser fluence rather than
the absolute OIO concentration. Time-resolved measurements
o ) demonstrate the recovery of ground-state OIO on a timescale
(see above), and the smaller uncertainties in the photolysis crosst 5 few microseconds, consistent with internal conversion of
section of O and the pertinent rate coefficientsTiable 1that  gycited 010 and quenching by the bath gas. The upper limit for
lead to the production of 10, and the pressure and mass flow rat@ge photolysis yield of OIO at 562 nm is 10%, in accord with
in the reactlo_n cell. The value afthus agrees within error with 5 previous upper limit derived from observing an insignificant
the two published values of 0.380.08[13] and 0.44:0.20  yjeld of | atoms[16]. It should be noted that this result is con-
[24]. It should be noted that these previous studies were ma‘éstent with the photochemistry of OCIO, where the yield of
at 760 and 2 Torr, respectively, which may indicate th&not | 4+ Oy is less than 4% between 365 and 450[54.

very pressure-dependent. Furthermore, the best fit valig®f  Although a small amount of 010 photolysis may occur, these
is in very good accord with the value calculated earlier usingegy|ts indicate that the cycle involving production of OIO from
RRKM theory. the self reaction of 10 (reactiofila)), followed by photoly-

Finally, .the best fit value of the rate cor)stant describinggs to I+ (reaction(2a), should not play a significant role
the formation of 4, by an | atom abstracting the weakly i, ozone removal in the MBL. Instead, the stability of OIO
bound | atom from various iodine oxide—l atom adducts, isagainst photolysis means that this molecule is probably of central
k3g=9.0+2.0x 10-*2em? molgcule‘l st The magnitude of  jmportance in the formation of ultrafine iodine oxide particles,
this rate constant was determined from the fit of the tail of theﬁhrough the reaction of 10 and OIO to forpQs [36]. A recent
CRD decay, where the observed absorption is mostly due tgyqqelling study indicates that this reaction is fast enough to
2. Note that sincetzg is about an order of magnitude slower gynnress the OIO concentration to below the detection limits of
thankssa the OIO concentration is suppressed at longer reachoAs instruments, thus explaining the apparent absence of 010

tion times, as observed experimentally. during daytime when there are elevated concentrations of 10
[36].
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