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Abstract

The reaction @P) + CFsl L] products was monitored by the detection of the product 10 using laser-induced fluorescence at 445 nm,
with generation of GfP) via 248 nm photolysis of ©or 193 nm photolysis of ND. The temporal evolution of 10 as a function of
[CF3l] was used to determine the rate coefficidqt,in the temperature range 223-523 K at a variety of pressures. At 223K, a pressure
dependence df; was observed, indicative of an association channel, andfdiath gas the third-order rate coefficient was estimated as
kassoc= (5.5+ 2) x 103 cnmf molecule!s™1. ForT > 223K, k; was found to be independent of pressure and was described by the
Arrhenius expression:

(19304 800)

k1(T) = (9.9+1.0) x 10712 exp{ -

} cm®molecule ts™1

The rate coefficient for the reaction KONO-2 products was measuredt= 294 K to bek, = (1.82+0.1) x 10~ cm® molecule s,
and independent of pressure.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 10 + hv — | +OCP) (5)

The principal source of iodine atoms in the marine bound- 10 +NO — 1 + NGO (2)
ary layer (MBL) is the photolysis of biqgenic species such | plays an important role in the gas-phase chemistry of
as Chlz and CHBrl that have absorption spectra extend- he MBL [2]. Recent observations of 10 using differential
ing into the visible regior{1]. lodine atoms react rapidly  qptical absorption spectroscopy (DOAS) in concentrations
with ozone to form the iodine oxide radical, 10. Direct pho- ¢ up to 7 ppt at Mace Head, Ireland; Cape Grim, Tasmania
tolysis of 10, and reaction with NO establishes a dynamic and on the coast of Tenerife, in conjunction with periods of
equilibrium for the partitioning of reactive iodine in the at- |5\v ozone concentrations has provided a fresh impetus to
mosphere: elucidate fully the chemical cycles involving I3-5]. The
CHoly + hv (A < 380nm) — CHol + | A3) destruction of @ can be catalysed by iodine species, for
example, as a result of the reaction between 10 ang HO
or the 10 self-reaction yielding | atonj6—10]. Destruction

| +03— 10+ 02 ) of ozone from iodine mediated chemistry can be similar in
* Corresponding author. Tel44-113-3436471; magnitude to HQ chemistry in the MBL[9].
fax: +44-113-2336565. The reaction between €R) and trifluoromethyliodide
E-mail address: dwayneh@chem.leeds.ac.uk (D.E. Heard). (CRsl):
1 Present address: Max Planck Institute for Chemistry, Division of X
Atmospheric Chemistry, Mainz, Germany. OCP) + CF31-310 + CF3 (1)
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has been used as a convenient source of 10 for laboratoryerate radiation at 445nm (2@@/15ns pulse). The phase

studies. The reaction of @R) with I, is often avoided as a
source of 10 as4 is photolabile and undergoes a number

matching angle was controlled using an autotracking sys-
tem (Spectra Physics, WEX). The radiation at 445 nm was

of undesirable secondary reactions. Prior to 1995 only two used to excite the IO radical via excitation of thél',Pg/z

(contradictory) determinations of the rate coefficikntfor
reaction (1) had been mafiel,12] In 1996, Gilles et al13]

<~ X21'I3/2 (2, 0) band, using a glass cut-off filter (Schott
Glass,A > 495 nm) to transmit fluorescence from 10 whilst

reported a temperature dependence described by an Arrhediscriminating against scattered laser light. The LIF was
nius expression, in agreement with a 1998 study of Holscher collected using a photomultiplier tube (PMT) with the axes

et al. [14]. Gilles et al. reported a branching ratio for the
formation of 10,®,0 = 0.83+0.09, and speculated that an
association channel leading to the formation ofslCFor
CRs0l was responsible for up to 10% of the product yield
at room temperaturgl3]. Other possible exothermic prod-
uct channels are+ CR0, IF+ CR0 and I+ F 4+ CR0,

but little is known about their importance. The valuedgt
was determined by comparison of the 10 yield from the
O(CP) + CFsl reaction with that from the G- I, reaction,
for which @0 = 1 [13]. Despite this suggestion, there was

of the two laser beams and the fluorescence collection axis
mutually perpendicular to minimise the collection of scat-
tered laser light. The PMT signal was amplified using a fast
pre-amplifier (SRS-445) and captured by a boxcar integra-
tor (SRS-250) whose output was digitised and recorded by
a personal computer together with the output of two pho-
todiodes that monitored the relative energies of the pump-
and probe-laser pulses. The excited state of 10 is highly
pre-dissociative, with the 200 ps lifetime oPHgV = 2

[17] being much less than thel5 ns laser pulse, and hence,

no evidence presented in either study for an association pro-the integration gate of the boxcar was set directly over the

cess, such as a pressure dependencégforhe value of
@0 reported by Gilles et a[13] has been used in the de-
termination of the absorption cross-section for K, by
Harwood et al[15]. For measurement of 10 by absorption,

temporal profile of the probe-laser pulse. Due to the short
lifetime of the excited state, the LIF signal from 10 was not
significantly quenched even when air was used as the bath
gas. The temporal evolution of 10 following the photolysis

either in the laboratory or in field experiments, the value of laser was determined by incrementally changing the delay
oo is required to convert the measured optical absorption between the firing of the photolysis- and probe-lasers and

into an absolute concentration. In additieng is required

to calculate the photodissociation lifetime of 10. Hence, at-

recording the LIF signal.
The reaction cell (a six-way cross) and surrounding cool-

mospheric concentration measurements of 10, or laboratorying box were manufactured from a single (40 g0 cmx
measurements of the rate of the 10 self-reaction (for which 40 cm) block of black PTFE. Temperatures in the range

[10] is required) depend critically upos,o, and hence, the
value of® o from reaction (1) reported by Gilles et §L.3].
In this paper, we report the rate coefficiéatfor the O+

223K < T < 294K were regulated by a cooling probe
(LabPlant RP-100-CD) and a curtain of Mas flowed over
the cell windows to prevent icing. For experiments above

CFsl reaction as a function of temperature and pressure, and300 K, a stainless-steel reaction cell of dimensions 15cm
present evidence for the existence of an association channell5cmx 15 cm was used, with temperature control achieved
for this reaction, but only at the lowest temperature studied by a series of three cartridge heaters coupled to a calibrated
(223 K). The implications of this result in terms of the yield thermocouple situated at the centre of the cell. A glass vac-
of 10 for this reaction,®@ o, are discussed. We report also uum line was used for preparation, storage and supply of
a measurement of the rate coefficidatfor the 10+ NO the reagents used in these experiments. The gases, together
reaction (2) at room temperature. with the suppliers’ stated purities were as follows: NO, Air
Products, Technical Grade 99.9%>®, BDH, Research
Grade 99.5%; C#l, Fluorochem, 99%; Mand He, Air Prod-
ucts, Premier Grade 99.999%; Synthetic Air, BOC, BTCA
178. N O and NO were purified via trap-to-trap distillation,
Flash-photolysis coupled with laser-induced fluorescence whilst CRr;l was degassed by repeated freeze—pump—thaw
(LIF) detection of IO was used to investigate the kinetics of cycles. These reagents were then diluted in He and stored in
reactions (1) and (2). The experimental set-up has been de-one of six 10 dr glass bulbs. All other gases were used as
scribed beford16] and so a brief description is given here supplied. The reagents were combined with a much larger
except for details pertaining to the generation and detectionflow of N2 or synthetic air and mixed in a steel manifold
of 10. An excimer laser (Lambda Physik MINex) operating prior to entering the reaction cell through a 2m length of
at 193 nm (ArF) or 248 nm (KrF) (5-15mJcrhin a 15ns PTFE tubing. All gas flows were regulated by mass flow
pulse) was used to initiate the production of 10. The second controllers (Tylan General FC280).
harmonic of a YAG laser at 532 nm (Quanta-Ray 300) was The volumetric flow rate (3000—7500 sccm) and the laser
used to pump a dye laser (Spectra Physics PDL-3) operatingpulse-repetition-frequency (5 Hz) were such that there was
at 765 nm (Styril-8 dye, Radiant Dyes) to generate a 10 mJ, no accumulation of products in the photolysis cell. Laser
10ns laser pulse that was sum-frequency mixed in a KDP excitation spectra of the %4‘13/2 <« X21‘I3/2 (2, 0) band
crystal with the depleted 1064 nm YAG fundamental to gen- of IO between 445 and 446 nm were recorded with a fixed

2. Experimental
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time delay between the two laser pulses (= 1 ms), and 3. Results and discussion

comparison made with experimental and simulated spectra

from the literature to ensure that the LIF signal originated 3.1. The reaction O(3P) + CF3l — 10

solely from 10. In the majority of experiments, the photolysis (+ other products)

of N,O at 193 nm was used to generate'D) atoms, that

were collisionally relaxed on a short timescale<{ 1 p.s) to Fig. 1 shows the temporal evolution of 10 following the
ground-state GP) atoms by the bath gas £Mr air). The  formation of OFP) in the presence of an excess ofsCF
photolysis of @ at 248 nm was used as an alternative source gt 294K, using M as the buffer gas, andJ® as the O

of O(lp)/0(3p) (with subsequent relaxation of &) to  atom precursor. The LIF signal was recorded at 100 values
OCP))inone deterrr_unatlon of the rate cgeffluent of regctlon of the delay between the photolysis and probe-laser pulses,
(1). Low concentrations of ©(<1 x 10"¥molecule cn) and the signal for each time delay was normalised for the

were generated by passing the main flow of synthetic air variation in laser pulse energies. A series of experiments
over a mercury pen-lamp (Oriel, 6035/6060), and quantified was performed at various [GF in the range 1.4 — 18 x
by measuring the attenuation of the 248 nm laser output over10l4 molecule cn3. The data were analysed by fitting a

a path length of 40 cm. |0 was formed by the rapid reaction two-parameter single exponential growth functi&e to the
of O(P) with CRsl (or CHzl as used in one determination temporal profile of the 10 LIF signal:
of the rate coefficient for reaction (2)):

Sio = A{l — exp(—k't)} (E1)
N2O + hv (193nm — O(*D) + No (6)

wherek' is the pseudo-first-order rate coefficient for the pro-
O(*D) + N2 — OCP) + N» 7) duction of 10, given byk’ = k1[CF3l], and A is a scaling

factor. Experiments using considerably longer delay times
OCP) + CF3l — 10 + CF3 (1) than shown irFig. 1 determined that in the absence of any

other reagents the decay of 10 occurred on a timescale of
At the concentrations and laser fluences used in this work approximately 20 ms, much longer than the risetime, and ig-
the concentration of IO generated by this scheme was noring the slow decay of IO made no difference to the value
~10" molecule cn3, considerably lower than used in some  of K retrieved from the fit of (E1) to the datRig. 2 shows
previous studies. At 295K and 760 Torr, the rate constant a plot ofk’ against [CEl], the gradient of which yields the
for the 10 self-reaction is @ x 10~ cm® molecule1s~1 bimolecular rate coefficient for the reactio®®) + CFsl at
[18], and thus, the half-life of 10 by self-reactionig0.1s 294K, k1 = (4.6+£0.3) x 102 cm® molecule 1 s71 (20), in
and can be ignored as a loss for 1O on the timescales ofexcellent agreement with the result obtained by Gilles et al.
these experiments. IO was also generated using the reactiorfseeTable 2. Implicit in this analysis is the assumption that
of OCP) with either b or CHgl, with O(P) generated from  there are no processes other than reaction (1) that generate
NO, photolysis at 193 or 308 nm, or from a microwave [0 (v = 0). The value ofk; was also measured at 294 K
discharge of @. For kinetic experiments, 10 was detected using 248 nm photolysis of £as the O atom source in the
after excitation at the (2, 0) bandhead at 445.054 nm. presence of CH# using synthetic air as the buffer gas. A

Sio/ arb.

0 s . . |
0 500 100 150 200 250

t/us
Fig. 1. Exponential growth of the 10 laser-induced fluorescence sigw/,following production via the GP) + CFsl reaction. The solid line is a

non-linear least squares fit &f. (E1)to the data yielding’ = 2921+ 221 s1. The experimental conditions used wefe= 294K, [CRsl] = 4.3 x 1014
and [NO] = 1.9 x 10" molecule cn1?, total pressure 18.0 Torr in N Each of the 100 data points has been averaged over 10 laser shots.
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Fig. 2. A plot of K vs. [CRl] at 294 K. The line is the weighted least squares fit to the data and yields the rate coefficien{4.59 + 0.3) x
10-12¢cm® molecule ! s~1. The experimental conditions used were;( = 1.9 x 10'° molecule cn® and total pressure 25 Torr 6N

value ofk; = (4.440.5) x 10~ 2cm® molecule 1 s71 (20)

[14], although the range of temperatures studied is wider in

was obtained, in excellent agreement with the value using this work. The less than unity branching ratio for 10 from

N>O as the precursor. When using @s the precursor, the

plot of k' against [CEl] was characterised by a significant

intercept due to the competing®) + O, +M — Oz +M

reaction (1) has been postulated as due to an association
channel leading to the formation of an [O—IJFadduct
[13], but none of the previous studi§sl-14,19]report a

process. This observation, together with the fact that somepressure dependence of the reaction. Similarly, we do not

| atoms are formed at 248 nm as a result of;gphotoly-
sis (248 = 2.5 x 10-1°cmP), potentially complicating the

see a pressure dependence of the rate coeffikiefior any
experiments (20 Tork p < 200 Torr) undertaken at ambi-

study of 10 reactions, resulted in the use of 193 nm photol- ent temperature. However, at the lowest temperature stud-

ysis of NbO as the source of 10 in all further experiments.

However, the consistent value kf obtained using the two

ied (223 K), there was a ca. 40% reduction in the intensity
of the 10 LIF signal compared to that at 294 K, in contrast

IO sources gives confidence that there are no secondary reto the study by Gilles et al. who observed no reduction in
actions that significantly complicate the kinetic analysis. Ex- fluorescence intensity down t6 = 254 K [13]. Recently,
periments were repeated at five different temperatures overBloss et al. reported a pressure dependence of the 10 yield

the range 223 k< T < 523 K, and the values & obtained
are listed inTable 1, and plotted in Arrhenius form, together
with those obtained by Gilles et 4L.3] and Hdlscher et al.
[14]in Fig. 3

at 220K, observing ca. 20% reduction in yield between 100
and 760 Tor{18]. No pressure dependence of the yield was
observed at 295 KK18]. At 223 K, we have observed a weak
pressure dependencel@f as shown irFig. 4, indicative of

A comparison of the results from this work with all the an association channel in competition with the channel gen-

previous studies of the GP) + CFsl reaction is given in

erating 10. The two channel reaction can be expressed by

Table 2 The room temperature data are in very good agree- the scheme:

ment with the result of Gilles et a[13], and the activa-
tion energy ofE; = 1930+ 800 Jmot?! agrees well with
the values reported by Gilles et §L.3] and Hélscher et al.

Table 1

Temperature dependence laf for the reaction between €®) and CEl
T (K) ki (x10~22cm? molecules1)

223 3.67+ 0.4

263 3.97+ 0.3

294 440+ 0.5

294 4.59+ 0.3

423 551+ 0.2

523 6.72+ 0.8

2Photolysis of @ used as source of O atoms.

O + CF3l — [CF3l0]* — 10 + CFs,

O+ CFsl — [CF3l0]* 2 CF310 or CR0I (1b)

The absence of a pressure dependence at 298 K suggests
the initially formed complex is weakly bound, but there are
insufficient data to estimate the enthalpy of formation of the
O-CRsl adduct. Assuming the reaction is at the low-pressure
limit, the intercept from the linear fit to the data Bfg. 4
yields k12 = (3.5 + 0.4) x 10 2cm®molecule s 1,

the rate coefficient for the non-association channels
(principally 10 + CFz formation) at 223 K. The gradi-

ent of the fit shown inFig. 4 gives the termolecular
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Fig. 3. Arrhenius plot showing the temperature dependenég with [N,] held constant at.8 x 1017 molecule cnt3. The diamonds with error bars are the
experimental data and the solid line is a linear least squares fit to the data yiEldiad 930800 J mot? andA = (9.9+1.0) x 10~ 2¢cm® molecule 1 s~1.
The short-dashed and long-dashed lines show the Arrhenius behaviour observed by Gill§s33teadd Holscher et al14], respectively.

Table 2
Arrhenius parameters for the reaction®@) + CFRsl — products

Pressure (Torr) ki (298K) (cr? molecules™1) A (cm® moleculels™1) Ea (Jmol1)
This work 25 (N) 46+ 0.3 99+ 1.0 1931+ 800
Gilles et al.[13] 50 (N2) 44+ 04 7.9+ 0.8 1455+ 335
Holscher et al[14] 51 (Np) 5.3+ 0.25 13.0+ 4.9 2212+ 708
Watson et al[11] 10 (\Np) 6.5+ 15 - -
Addison et al.[12] 6.0 (\Nb) 11+ 3 - -
Atkinson et al.[19] 9.4, 30.1 (Ar) 5.8+ 1.5 - -

a295K.
70 r

1

6.0

-1

123
k{/ 107" cm” molecule " s
(98]
[==}

50

0.0 1 1 1 1 J
0 10 20 30 40 50

[Nyl / 10" molecule cm™

Fig. 4. Pressure dependencekafat 223 K. The range of [N on the x-axis is equivalent to 0—100 Torr at 223 K. The gradient gives a third-order rate
coefficient ofkassoc= (5.54:1.9) x 10~31 cmP molecule? s~1 and the intercept yields a valuelaf at zero pressure @8.5+0.4) x 10~12cm® molecule ™t s~1.
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Fig. 5. Temporal evolution of 10 following production in the presence of NO together with a non-linear least squares fit of the bi-exponential
expression given byEq. (E3) The experimental conditions arf = 294K; p = 64Torr (Nb); [CH3l] = 1.3 x 10, [N,O] = 4.5 x 10" and
[NO] = 2.67 x 10" molecule cnT3. The fit yields a decay constaidt = 1107 s1.

rate coefficient for the association reaction /agsoc = sources and sinks or 10 are neglected, and assumingl][CF
(5.5+1.9) x 1032 cm® molecule 2 s for M = N,. How- > [0(®P)] and [NO]>> [IO], a kinetic analysis yields the
ever, the range of pressures at whigh= k14 + k1p Was following bi-exponential expression for the temporal profile
determined is clearly not wide enough to establish whether of 10:
the reaction is at the low-pressure limit or not, and hence,

3
no attempt is made to estimat®o = kia/k1 from these  [10](1) = k1[OCP)o (exp(—k1[CF3l] 1)
results. k2[NO] — k1[CFsl]o

The other thermodynamically favourable channels of re- — exp(—k2[NO]1)) (E2)

action (1) (ignoring the production of spin—orbit excited |

atoms) ard13,14] For a given [CEI] and [N>O] (and hence [Gf)]o), the tem-

poral profile of the 10 fluorescence sign8ly, was recorded
OCPP) + CF3l — | + CF30, A;Hjqg = —209 kJ mol for a range of NO concentrations, under pseudo-first-order
conditions of [NO]>»> [I0], and Fig. 5shows a typical pro-
(1c) file of So for a given [NO], together with a non-linear least

OCP) + CFRsl — IF + CHO. ArHbgq = —362 kI mol squares fit td&§p using the function:

(1d) Sio = A{EX[X—Bt) — exp(—Ct)} (E3)

The data are described well Byg. (E3) and the parameters
3 o _ _

OCP) +CRal > 1+ F+CRO, - ArH g5 = —84kJmol A, B andC can be related to the rate coefficiekisandk;
(1e)  via the expressions:

and although IF can be observed with good sensitivity us- p = k; x [CF3l]o
ing cavity ring-down spectroscog$7], it was not observed

as a product of this reactidi9]. Therefore, at room tem- C = k2 x [NO]
perature, it would appear that the non-l10 forming product 1 [0CGP

channel is most likely to be that forming | atoms (1c and A = M

1e), although Gilles et al. reported a yield of {CFof <0.01 C-B

[13]. Further studies with direct detection of the products are |t should be noted that under the experimental conditions
clearly necessary to quantify the branching ratios of product used,B > € and the decay of 10 is associated with parame-

channels other than the channel forming 10 (1a). ter C. The above analysis assumes that the rate of loss of 10
by other reactions or by diffusion is negligible compared to
3.2. Thereaction IO + NO — | + NO2 loss by reaction with NO. The values Gfobtained follow-

ing the analysis 0§p at various [NO] are plotted ifrig. 6
When NO is added to the reaction mixture the |10 radicals for 294 K. A weighted linear-least squares fit yields the bi-
generated by the reaction betweer?®)and CEl (reaction molecular rate coefficierty for the 10+ NO reaction as
(1)) are removed by reaction with NO (reaction (2)). If other the gradient. The weighting for each point at a given [NO]
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Fig. 6. A plot of the paramete€ from Eq. (E3)vs. [NO]. The gradient yields, = (1.80 + 0.15) x 10~ cn® molecule!s~1. The experimental
conditions are given irfrig. 5.

was determined from the statistical error in the fitting of the ground states” = 0 that is probed by the laser. The pro-
bi-exponential expression to the data, added in quadratureduction of the laser-probed level, and hence, the temporal
to the ca. 5% systematic error in the measurement of [NO]. profile of the IO LIF signal, is therefore not only controlled
The absence of a significant intercept460s1) confirms by reaction (1) but also by vibrational relaxation of 10.
that reaction with NO is the dominant loss process for 10. Attempts to detect IQ” = 1 by LIF through laser exci-
Table 3lists the values ok, obtained via this analysis for tation of the (2, 1) band at 459.1 nm were unsuccessful.
a variety of initial NO and CEl concentrations at 294K.  However, Turnipseed et g21] reported that the LIF sig-

It can be seen that within the uncertainty of the experiment nal from IO when exciting LIF via the (2, 1) band was an
the value ofky is independent of the initial concentration order of magnitude weaker than for excitation in the (2,
of CRsl and NbO, and the total pressure. A weighted av- 0) band, leaving open the possibility that there was indeed

erage ofky using all the conditions employed givés = IO v > 0 generated but that a lack of sensitivity in our

(1.82+0.1) x 10~ cm® molecule 1 s71, in good agreement  experiment (due partly to low laser fluences at 459.1 nm)

with previously reported data. precluded its detection. All the experiments for which rate
Preliminary attempts to study this reaction using He as coefficients are reported in this work employed & syn-

the bath gas, with a small amount of Mdded to facili- thetic air as the bath gas to ensure the rapid relaxation of

tate the quenching of D) to OFP) following photolysis, any vibrationally excited 10. As shown ifable 3 the value

yielded values oky that were dependent upon{NDaykin of k» was independent of the total pressure, suggesting that

and Wine reported a similar findin@0] and ascribed the  although the channel to form IONO is thermodynamically
behaviour to the production of vibrationally excited 10 favourable, the decomposition of the initially formed IONO
from reactions of G{P) or O&D) with the precursor fol- complex to form |4+ NO2 is much faster than collisional
lowed by vibrational relaxation of” > 0 to the vibrational stabilisation.

Table 3
Rate coefficientk, at room temperature for the reaction 4ONO — | + NO»

[N,OJ? [CFsl]2 [NOJ2 p (Torr) ko (x10~cm® moleculets™1)
This work 20 70 0-50 66 1.93 0.15
This work 30 130 0-50 130 1.74 0.13
This work® 45 130 0-130 64 1.80+ 0.15
This work (weighted average) 64-130 1.820.1
Atkinson et al.[19] 9-30 1.90+ 0.5
Daykin and Wine[20] 40-200 2.08+ 0.2
Turnipseed et al[21] 5-100 1.90+ 0.3
Inoue et al.[22] 0.4-0.8 2.80+ 0.2
Ray and Watsori23] 2 1.67+ 0.162
Holscher and Zellnef24] 10-99 1.68+ 0.11
Knight and Crowley[25] 1-2 2.05+ 0.57

aUnits of 10 molecule cnm3.
b CHsl used as | atom donor.
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