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Thermal Decomposition of CIOOCI
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CIOOCI was prepared in situ in a temperature controlled photoreacter420 L) by photolyzing OCIO/
mixtures in the wavelength range 36800 nm at temperatures between 242 and 261 K and total pressures
between 2 and 480 mbar. After switching off the lights, excess W& added, and IR and UV spectra were
monitored simultaneously as a function of time. By spectral stripping of all other known UV absorbers (in
particular, other chlorine oxides and chlorine nitrate), we determined rate coristaotshe reaction CIOOCI

(+M) = CIO + CIO (+M) from the first-order decay of the residual UV absorption of CIOOCI at 246 and
255 nm.k_10=[N2] x 7.6 x 107° exp[(—53.6 & 6.0) kJ moi/RT] cm® molecule® s (20) was derived

for the low-pressure limiting rate constant. Application of Troe's expression for the limiting low-pressure
rate constants of unimolecular decomposition reactions leals 10 AH%(CIOOCHCIO+CIO) = 66.4+

3.0 kJ mot™. k-, o started to fall off from the pressure proportional low pressure behavipraB0 mbar;
however, reliable extrapolation to the high pressure limit was not possible. The decomposition rate constants
of CIOOCI were directly measured for the first time, and they are higher, depending on temperature and
pressure, by factors between 1.5 and 4.2 as compared to experimental ¢atabgriNickolaisen et al.J.

Phys. Chem1994 98, 155] which were derived from the approach of ClO to thermal equilibrium with its
dimer CIOOCI. Combination of the present dissociation rate constants with recommended temperature and
pressure dependent data on the reverse readtiprd¢monstrate inconsistencies between the dissociation
and recombination rate constants. Summarizing laboratory datk; @md k-; above 250 K and field
measurements on the CH® CIO < CIOOCI equilibrium in the nighttime polar stratosphere close to 200 K,

the expressioi. = ki/k_1 = 3.0 x 10?7 exp(8433 KI) cm?® molecule is derived for the temperature range
200-300 K.

Introduction Thus, the actual concentrations of CIO and CIOOCI at sunset,
during the night and in the early morning are also controlled

The formation of CIOOCI by recombination of CIO in the by thermal decomposition of CIOOCI,

cold polar stratosphere is, in addition to the presence of polar
stratospheric clouds, a prerequisite for the formation of the
Antarctic “ozone hole”. CIOOCI is the key intermediate of an
ozone destroying catalytic cycle?

ClOOCI (+M) = CIO + CIO (+M) (-1)

Because the nighttime concentrations of ClO in the Arctic
stratosphere are at measurable levels (typically a few tens of
CIO + CIO (+M) = CIOOCI (+M) @) ppt) 2710 CIO concentrations (and, newly, also CIOOCI con-
CIOOCI+ hv=2CI+ O, (2) centration%19 measured in the polar stratosphere can be used
to test laboratory data on the kinetics of CIOOCI formation and
2CI+20,=2CI0+ 20, @) decomposition. Most of the recent field measurements of CIO
nett 2Q—=30, and CIOOCI were in general agreement with modeled concen-
trations based on laboratory data. However, discrepancies
between measured and modeled CIO concentrations were also
reported for both daylight2and nighttime measurements. In
particular, several of the recent nighttime stuglfe’$-121¥avor
values of the equilibrium constanks/k—; that are lower than
the currently recommended val@dsee also the discussion by
Plenge et al?).
In the laboratory, the rate of reaction 1 has been extensively
studied in the past in experimena?? and theoreticdf work,
and a consistent data &étas been achieved from the data of
several studié82022over a wide range of temperatures and
pressures. These data are thoroughly discussed in reviews and
" Part of the special issue “daen Troe Festschrift” data compilation82425Thermal decomposition rate constants
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To a lesser extent, this catalytic cycle also takes place in the
Arctic stratospheré, and recently CIO and CIOOCI were
simultaneously measured in the polar nighttime stratosphere for
the first time® In the polar spring, CIOOCI is rapidly photolyzed
during the day, and the CIO concentration is then controlled by
CIOOCI photolysis and CIG- CIO recombination. At and after
sunset, ClO recombines to form CIOOCI. Because the thermal
lifetime of CIOOCI is on the order of hours at the temperatures
and pressures of the polar stratospifetes CIO concentration
approaches thermal equilibrium with CIOOCI during the night.




Thermal Decomposition of CIOOCI

of ClO2%21 and the equilibrium CIOOCt CIO + CIO was
studied in the temperature range 2303 K26 The equilibrium
(1,—1), however, may be affected by other channels of the CIO
+ CIO reactioR®2728(see also refs 6, 24, and 25):

ClO+ ClO=Cl,+ O, (4a)
CIO + CIO= Cl + CIOO (= Cl + 0,) (4b)
ClO + Clo= Cl 4+ OCIO (4c)

Because the data dq, k-1, andkiy/k—; are only in fair agreement
and the majority of field measurements on the equilibrium
between CIOOCI and CIO suggest lower than hitherto recom-
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relative CICIQ yields with decreasing total pressure observed
in our reaction system suggests that wall reactions are involved
in its formation.

After the concentration of CIOOCI has reached its maximum,
the lights are switched off and an excess of N®added to
the reaction mixture. The main effect of NG to scavenge
CIO radicals very rapidly by reaction 11,

CIO + NO, (+M) = CIONG, (+M) (12)
and thus to prevent CIO radicals from forming CIOOCI and
Cl,03 back via reactions 1 and 6. L3 (fast) and CIOOCI

mended equilibrium constants, a study of the thermal decay of (slow) then disappear according to first-order processes whereas

CIOOCI seems to be desirable.

In the present workk_; is determined more directly than in
previous experiments from the thermal first-order decay rate of
CIOOCI in the temperature range 24261 K at total pressures
between 2 and 480 mb#tallowing us to determine equilibrium

CIONG; is thermally stable under the reaction conditions of
this work3°

At total pressures above 30 mbar, the yield of CIOOCI in
the photolysis of OCIO was too low for the decay rate in the
dark to be measured. Under these conditionsOglis the

constants by combining independently measured dissociationpredominant chlorine oxide formed, probably due to the increase
rate constants from this work and recombination rate constantsof the recombination rate of O and OCIO with total pressure,

from the literature.

Experimental Section

CIOOCI was prepared in situ in a 420 L temperature
controlled photoreactor from DURAN glass equipped with
Teflon-coated end flanges from aluminum by photolyzing OCIO/
N2 mixtures at 300 nnx A < 500 nm with 20 fluorescent lamps
(Philips TLA 40W/05). The reaction chamber is described in
more detail by Barnes et #.The kinetic behavior of the OCIO

leading to CjO, via the short-lived intermediate C3! In
experiments at these “high pressure” conditions, CIOOCI was
first generated by photolysis of OCIO at a reduced pressure of
2 mbar. In a second step, the buffer gasis added up to the
desired total pressure before starting the decomposition experi-
ment in the dark by adding NO

UV absorption is measured using a concave mirror with single
reflection (optical path length 3.1 m), a deuterium lamp (20
W) and a diode array spectrometer that consists of a mono-

photolysis system under the present reaction conditions is quitechromator (Spex 1680f = 22 cm) modified to act as a

complex and was elucidated in previous wétkBecause
interfering UV absorptions from other species (ClO, OCIO,
C|C|Oz, C|203, C|204, C|2, NO,, C|ON02) were involved,
simultaneous qualitative and quantitative characterization of

spectrograph, and a diode array (EG&G Parc 1412). Spectral
resolution is 0.3 nm, the photon collection time of a single scan
was 1.0-1.5 s. IR spectra were monitored simultaneously to

the UV spectra by long-path absorption (50.4 m), using a White

these species by their IR and UV absorption spectra proved tomirror system and an FT-IR spectrometer (NICOLET Magna

be essential.
At total pressures of several mbar, the main feature of the
OCIO photolysis reaction system is the photolysis of OCIO,

OCIO+hv=CIO+ O (5)
followed by the reactions
CIO + CIO (+M) < CIOOCI (+M) (1,-1)
CIO + OCIO (+M) < CL,O, (+M) (6,-6)
Cl+ OCIO (+M) = CICIO, (+M) (?) (7)
Cl+ ClOOCI=Cl,+ Cl + O, 8)
Cl + CICIO, = Cl, + OCIO 9)
O+ OCIO= 0, + ClO (10)

Finally, the photolysis mixture contains molecular chlorine and
the chlorine oxides CIOOCI, ClO, OCIO, CIC}Oand C}Os.

550, HgCdTe detector, spectral resolution 1-émn

The reaction temperature is measured using a platinum
resistance gauge that extends from the end flange into the
reaction chamber by 20 cm. During an experiment, the tem-
perature is constant within 0.5 K.

The chlorine oxides CIOOCI, gD, CICIO,, and CbO,4 were
identified and quantitatively estimated using characteristic IR
and UV absorption features. UV reference spectra of CJCIO
were obtained from reaction mixtures containing very different
concentration ratios of CIOOCI and CICGIOA reference
spectrum of CION@was obtained from the photolysis of a 1:1
mixture of OCIO and N@ using N as a buffer gas. The
reaction mechanism was modeled for both the photolysis and
the dark period, using the program LARKIN by Deuflhard and
Nowak#? Initial concentrations of OCIO were between 1x1
10" and 2.0x 10™ molecule cm?®. N, was used as a buffer
gas. The OCIO conversion was between 90% and 20%,
depending on temperature. CIOOCI concentrations at the
beginning of the dark period were (2:31.5) x 10" molecule
cm~3. The added amounts of N@orrespond to (28) x 10*

Microwave studies have shown that the recombination product molecule cm?, part of which was consumed immediately by

of the CIO self-reaction is dichlorine peroxi@ealthough ab
initio calculations do suggest that other isomers (CIOCIO,
CICIO,) also exist333-35 |n fact, CICIO, has been synthesized
and identified by Mller and Willner3® The mechanism of
CICIO; formation in the present reaction system is yet unknown.
However, heterogeneous formation of CIGIl@ the presence
of water ice is discussed in the literatdfe&®® The increase of

scavenging the free ClO radicals. In total, abot82% of the
added NQ was consumed during the experiment. Photolysis
times were 106600 s; observation times in the dark were
between 10 s and 30 min, depending on temperature and
pressure.

OCIO was prepared from KCkdand sulfuric acid in the
presence of oxalic acith
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TABLE 1: UV and IR Absorption Cross Sections ¢ Used To 040 T
Estimate Species Concentrationse( = In(l¢/I)/(cd)) 035 +
WIR Auv 108y 030 T
molecule [em™ [nm] [cm? molecule!] ref 025 &
ocCIO 2049 ~0.014 31 = o201
CloocCl 246 6.49 42 < r
653 0.036 43 8 0131
CICIO, 240 10.6 36 010 T
Cl,04 245 0.72 44 005 +
1282 ~2.3 31 -
CIONO, 255 0.391 45 0.00 1
CINO, 1267 0.48 46 -0.05 - - - - -
240 1.40 47 1850 1650 1450 1250 1050 850 650
HNO3 878 0.71 46 Wavenumber flcm ™1
238 0.0293 48
0.40
b b)
Results 035
IR band positions as well as IR and UV absorption cross 030 1
sections used for identification and quantification of the educts 0.25 T
and products are collected in Table 1. In Figure 1, IR spectra = o201
are shown for the same experiment (a) directly after switching 13 045 1
off the photolysis lamps, (b) 90 s after the addition of NO L -
and (c) at the end of the experiment, i.e., after CIOOCI has 010 1
been consumed. The main features of the IR product spectra in 005 1
Figure 1la— 1c at different reaction times are described in the 0.00
following. 005 1 , . , , ,
(a) Figure 1a shows residual absorption from OCIO (llOO 1850 1650 1450 1250 1050 850 650
cm?) and product absorptions from CIOOCI (653 tf) Cl,03 Wavenumber [cr]
(740, 1058, 1224 cn¥), and C}O,4 (659, 1285 cm? 49). Because 08
the intensity ratio of the GD4 bands at 659 and 1285 cris o
about 0.5%! Figure 1a shows that the absorption at 653 &m 071
mainly originates from CIOOCI. The IR absorption at this 06 1
wavenumber, however, is not appropriate to measure the decay ~ 0571
rate of CIOOCI due to both its low intensity (653 cnt?) = S 04
3.6 x 10720 cm? molecule43) and its interference with @D,. 2 031
Comparing the absorption bands centered at 1042 and 1218 ~ 02
cm~1 with the spectrum from Miler and Willne?® of a pure 01 -
sample of CICIQ shows that CICIQ is also formed in our 00 1
reaction system. o . . . P NN . .
(b) The IR spectrum in Figure 1b is dominated by absorption 1850 1650 1450 1250 1050 850 650

from CIONG; (780, 809, 1293, 1737 cm 9 and excess NO
é?;g:ggarlfdo_o cmb). Absorption from CJO; has already Figuref 1h ”t? |Sp-eCtTra sz a5 ggofflyzed ochoﬁwixtl[gec?&er telrrzina_
. . ion o otolysis;T = .7 K, pot = 2.1 mbar; =14x

(c) CIONG; has further increased, res_ldual OCIO andNO 135 moFI)ecuIeycm3; photolysis t}igr[n[e, 200 s. Key: (a) directly after
are present, GD, and CICIQ have disappeared. Closer switching off the photolysis lights; (b) 80 s after the addition of ;NO
inspection of the IR spectra at late reaction times shows that (c) 5 min after the addition of N©
small absorptions from CIN§ HNOs, and HCIQ (probably
from wall reaction of CJO43%) are also present. However, the spectra was necessary to allow for several interfering UV
UV absorptions from these species are negligible. absorbers: OCIO, CICI§Cl,04, CIONG,, and NQ. The much

After the addition of NG, the loss of GIOz is faster by more better signal-to-noise ratio for the UV absorptions of CIOOCI
than a factor of 10 than the decay of CIOOCI (as estimated also allowed a better time resolution on the order of 1 s.
from the CIO+ OCIO recombination rate constakf-51->2and A series of consecutive UV product spectra after switching
the equilibrium constanke/k_¢%%353. Cl,0O5 thus disappears  off the photolysis lamps are shown in Figure 2 for the same
immediately after the addition of NQas is evidenced by the  experiment as in Figure 1. The reaction time increases from
product spectra in both the IR and UV regions. The decay rate top to bottom. Consecutive spectra are taken every 15 s. NO
of CICIO, is comparable to that of CIOOCI; thus, correction of was addded after the third spectrum from the top. The strong
the product UV spectrum for the absorption from CIGI® decrease of absorption between 260 and 280 nm from the third
essential. At higher total pressures,@ is also formed, which to the fifth spectrum indicates the rapid decay of@;l In
is thermally stable under the present reaction conditiés. addition, the weak structured absorption from CIO in the vicinity
CIONGO; is continuously formed during the reaction and adds of 270 nm disappears after the addition of N@t long reaction
to the total UV absorption at the wavelengths used for the times, the spectra approach a spectrum that is dominated by

Wavenumber [cm"]

analysis of CIOOCI. CIONG; and residual absorption from N@near 242 nm) and
Due to their much stronger absorption cross sections in the OCIO (>260 nm).
UV as compared to the IR region, the concentratiome A single product UV spectrum, e.g., one of the spectra in

behavior of CIOOCI has been followed in the UV region, Figure 2, was treated the following way: the presence of
although a thorough and extensive data treatment of the UV potential UV absorbers was verified by the simultaneously
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Figure 3. Product UV absorptions from CIOOCI as a function of time
in a photolysis mixture of OCIO/MNafter termination of photolysis and
. . addition of excess N©(same experiment as in Figures 1 and R}
Figure 2. UV spectra of a photolyzed mixture of OCIO and &fter 258.7 K, pot = 2.1 mbar; [OCIO§ = 1.4 x 10> molecule cm?;
termination of photolysis (same experiment as in Figure 1, consecutive potolysis time, 200 s. Consecutive spectra (from top to bottom, every
spectra (every 15 s) from top to bottom); [N@= 3.9 x 10'* molecule 15 s) are derived from spectra ne-87 (from top to bottom) in Figure
cm?, added between third and fourth spectrum. 2. Key: full squares, fit of the absorption coefficients of CIOOCI from
Burkholder et af? to the uppermost absorption trace with [CIOOCI]
measured IR absorption bands. The contribution of an individual = 8.7 x 103 molecule cm3.

absorber to the product UV spectrum was then quantified by 001
0.00 4 An%
001 ——+—+— 4+

the relative IR absorptions in the product spectrum and a
calibration spectrum, using the relationship:
UV absorbance(experiment) UV absorbance 235 255 275 295 315
(calibration)x [IR absorption(experiment)/IR absorption Wavelength [nr]
(calibration)] Figure 4. Residuals obtained by subtracting the uppermost spectrum

in Figure 3 (assigned to CIOOCI) from the subsequent spectra using

. . . appropriate calibration factors, demonstrating that the shape of the
The calibration spectra were obtained from pure compounds cloOCI spectra does not change significantly with time (same scale
(for OCIO, NOy) and from product spectra of particular reaction as in Figure 3).

mixtures generated at reaction conditions which favor the

Wavelength [nm]

log(bL/1)

formation of individual species (for @D,, CICIO,, Cl,Oy, 00 :
CIONG,). Where available, IR absorption coefficients from the 02
literature were used for a rough estimate of the species con- o [
centrations. In several cases, UV absorption cross sections from § 04 1
the literature were used to determine IR absorption coefficients. <) r
In detail, the spectral stripping procedure includes g 06 T
(i) subtraction of NQ via its structured absorption close to O 08
242 nm; g r
(ii) subtraction of OCIO via its banded structure below 285 TR
nm; the absorption above 285 nm did not obey Beer's law (the [
initial OCIO spectrum was used as a reference for the individual A2 e
0 50 100 150 200

experiments);
(i) subtraction of CIONQ and CICIQ according to their ) o i N
IR absorptions at 809 and 1224 chrespectively, based on Figure 5. Conqentratlo&pme profile for th(_armal dec_omp_osmon of
the IR and UV absorbance ratios in simultaneously measuredC|OOC|' Reaction cond|t|on§ (same experiment as in Figures)1
T = 258.7 K, pwt = 2.1 mbar; [OCIO§ = 1.4 x 10" molecule cm?.
reference spectra; and Key: full squares, based on the average of the absorbances at 246 and
(iv) in several experiments, subtraction of,@ased on a 255 nm of the residual spectra shown in Figur&3;= 6.16 x 103
rough Cl balance that was inaccurate mainly due to the strongs™
absorption from OCIO, which did not obey Beer’s law (below
260 nm, however, absorption from Ghkas negligible). spectra using appropriate calibration factors. Figure 4 demon-
The result of this spectral stripping procedure is depicted in strates that the shape of the CIOOCI spectra does not change
Figure 3 for the same experiment as in Figures 1 and 2. Betweensignificantly with time, in particular at the wavelengths used
240 and 290 nm, the relative absorptions at different wave- for the evaluation ok_; (i.e., at 246 and 255 nm, see below).
lengths in the residuals of this stripping procedure agree with In Figure 5, a logarithmic plot of the relative CIOOCI
the UV absorption cross sections of CIOOCI from Burkholder concentrations as a function of time is shown for the absorption
et al*? (see Figure 3). Typical initial concentrations derived in spectra in Figure 3, based on the average of the absorbances at
this manner for the early stages of the decomposition reaction246 nm (absorption maximum) and 255 nm.
were as follows (in units of #8 molecule cm?3): 5.5 (CIOOCI), The decay rate of CICI9was comparable to that of CIOOCI
43 (NOy), 110 (OCIO), 17 (CIONQ), 0.90 (CICIQ), 33 (Ch). at low temperatures and pressures but considerably slower at
Figure 4 shows the residuals which are obtained when in Figure higher temperatures and pressures. In several additional experi-
3 the uppermost spectrum is subtracted from the subsequenments it was shown that in a mixture of CIOOCI and CIglO

tfs]
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1.5 R TABLE 2: Summary of Experimental Results on k-,
. . a 244+ 2 K 248+ 2 K

I T 10-18[M] 10k, T 10718M] 10%k4

_10 T [K]  [molecule cn®] [s7Y] [K]  [molecule cmi®] [s7Y
e | 242.65 0.115 2.30 247.63 0.117 4.67
o | as 244.15 0.252 5.10 247.65 0.123 4.08
= 244.95 0.256 5.70 247.68 0.244 6.96
05 243.65 0.522 8.55 247.85 0.447 11.55
[ = clooc 244.15 0.546 9.25 248.25 0.880 20.20
A cicio, 243.15 1.030 15.10 248.40 0.894 21.25
. 244.15 1.060 16.65 248.80 1.810 38.27
00 KK 246.15 1.950 32.30 248.40 1.770 31.39
0.0 05 1.0 15 245.35 2.000 29.60 249.40 3.620 82.90
[NO,] [10"® molecule cm ™3] 246.75 3.720 51.35 250.15 3.630 74.91
246.25 3.730 48.55 248.15 7.340 84.50

Figure 6. First-order decay rate constants of [CIOOCI] and [CIgIO

in the presence of different concentrations of excess, NG- 258.45 gf{?ég 11‘830 iggc?)g
+ 0.25 K; pot = 4.0 mbar, M= N. 247.45 13.90 147.00
247.25 14.10 148.00

after the addition of different amounts of NCthe decay of
CIOOCI was independent of the N@oncentration. In contrast 254+ 2 K 2594+ 2 K

to this, CICIQ, decayed with a first-order rate constant that was T 10-9M] 10, T 10-9M] 10,
proportional to the N@concentration (Figure 6). Atthe same ] [moleculecm¥] [s] [K] [molecule cmi¥] [s7]
time, the formation of CIN@Qwas observed via its IR spectrum.

This behavior suggests that, in the presence of,NTCIO, ggi:gg 8:82%8 g:gg ggg:gg gjgggg Z‘jg
undergoes a rapid bimolecular reaction withN@ming CING, 255.40 0.0624 454 258.60 0.113 12.23
whereas CIOOCI decays by thermal decomposition. No efforts 251.80 0.0636 3.54 258.70 0.113 12.13
were made to determine unimolecular decomposition rate 252.00 0.0713 4.20 258.20 0.114 12.94
constants of CICI@because the contributions of bimolecular ‘;g%-gg 8-%2 g-gg %gg-gg 8-113 E-?g
reactions and/or wall loss were unknown. _ 25230 0122 762 25895 0.925 5240
Mass balances for chlorine were made only in a few runs g6 2q 0.122 8.67 258.40 0.446 40.80
because the derivation of the ;Gioncentration from its UV 252.00 0.232 10.90 257.95 0.489 44.40
absorption was too inaccurate due to the strong overlap of the 254.90 0.231 10.80 258.35 0.530 46.50
UV absorptions of Gland OCIO. The UV spectra of CIOOCI  254.30 0.459 23.94 258.20 0.874 71.50
obtained after spectral stripping of NOCIO, OCIO, CICIQ, 254.00 0.876 34.30 258.65 0.878 63.10
. . 254.50 0.920 45.00 258.25 0.900 77.25
Cl04, and CIONQ (see Figure 3) were evaluated according 553 'gg 1.790 69.40 259.10 0.872 77.95
to a first-order rate law. Due to the laborious stripping procedure, 25350 1.810 66.10
only part of the product spectra from each experiment were 254.45 3.590 123.30
evaluated (e.g., in Figure 2: spectra ne-1& from top to 253.60 7.230 201.50

bottom). The resulting first-order decomposition rate constants
are summarized in Table 2.

It is worth noting that the original UV spectra (for example
those in Figure 2) could also be evaluated according to a first-
order rate law, based on plots of In(absorbance at 255 nm at
time t minus absorbance at 255 nm tOF’ ) as a _functlon of log(K/k,,) = log{ (ky/K,,)/(1 + ky/k.)} + log(F){1 + [log
time for all absorbance traces of a single experiment after the S
addition of NQ (i.e., for 36 data points in the experiment shown (ko/k)F = (D)
in Figure 2). This first-order behavior is to be expected if educt ] o )
and product absorptions change according to the same ordetith Fc = 0.6 andN. =1 (thus disappearing in eq I), neglecting
and with the same time constant. This was obviously true for the temperature dependencerefdue to the small temperature
the absorbance at 255 nm which was used to estikatéy 2

pressure dependence lof; can be discussed in terms of the
parametrization suggested by TRId 0 meet the format of the
JPL data compilatiof, the simplest version of the falloff
equations was applied:

this method. The rate constants determined by both methods

were identical within error limits. All of the rate constants in

Table 2, however, were derived from the CIOOCI absorption -3 1

spectra (e.g., those in Figure 3) obtained after the spectral

stripping procedure. Tl 5
The first-order decomposition rate constants summarized in 2

Table 2 depend on temperature and total pressure. Arrhenius <

plots of the rate constants obtained at 4, 8, 16, 32, 64, and 128 < -51[ m128 mbar

mbar are shown in Figure 7. These data points were derived 064 mbar

from measurements in small pressure ranges around the stated 4 | :?; 2‘;:: .

pressure by correcting for the small difference in pressure, based © 8 mbar

on the relationshigk—; 00 [M]* with x = 1 for the experiments 04 mbar

below 30 mbar (limiting low-pressure range) axd= 0.8— -7 ¥ t t t

0.95 at higher pressures (falloff range). 37 38 3.9 4.0 4.1 4.2
In Figure 8, the data are displayed as falloff curves, showing 1/T[0°K™

that the rate constants are close to the low-pressure limit. TheFigure 7. Arrhenius plots ok_; at different total pressures (M N,).
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0 : TABLE 3: Limiting Low Pressure Rate Constants k_; o/[M]
ST for Decomposition of CIOOCI
k-1,0(250 K)/[M] T range [K],
ref [cm® molecule s M remarks

~ 17 20 1.3x 102 N> 260-310

" 23 3.5x 1072 Nz  abinitio calculation

= this work 4.8x 107° N> 242-261

<

= NO, recombination. Reaction of CIOOCI with NOs unim-

2 2 portant, as was shown in the previous section (Figure 6). Wall
loss should depend on the rate of diffusion to the walls and
thus on total pressure. As a matter of fact, decay rate constants
for CIOOCI measured at 1 mbar total pressure seem to be

3 o slightly faster than is suggested by a limiting low-pressure
16.5 175 18.5 19.5 behavior and were discarded. These deviations from the low-

pressure limit would be expected to accelerate at still lower
pressures; however, reliable loss rates of CIOOCI could not be
measured below about 0.5 mbar due to leak rates changing the
range investigated in this work. The falloff curves calculated total pressure and the collision partner composition during the

from eq | were fitted to the data of Table 2 at four temperatures, €Xperiment. N
i.e., 244, 248, 254, and 259 K. Each of the individual falloff Other unimolecular decomposition channels of CIOOCI are

curves yielded both a limiting low- and high-pressure rate

log ( [M] / molecule cm™)
Figure 8. Falloff curves fork_; at 259, 254, 248, and 244 K.

constant. Because the data were close to the low-pressure limit, ClIOOCI (+M) = Cl + CIOO (+M) (12)
the resulting limiting first-order low-pressure rate constdgts ClOOCI (+M) = Cl, + 0, (+M) (13)
are much more reliable than the high-pressure limiting rate

constant¥.. In a second step, the falloff curves obtained at ClOOCI (+M) = OCIO+ O (+M) (14)

different temperatures were adjusted to the experimental data
such that both thé& andk., values obey Arrhenius laws. The The existence of channels (£)14) could be excluded by
resulting pressure dependencies are shown in Figure 8; theyDeMore and Tschuikow-Rou.

are represented by eq | with the parameters B. Temperature and Pressure Dependence df_;. The
. results of the present work may be compared with datkan
ko(T) =[N,] x 7.6 x 10 from the literature that were derived from the approach of the

system CIO+ CIO to equilibriunt® and from an ab initio

exp[—53.6 kJ molYRT] cm® molecule * st
Xpl T ues calculatior®® (Table 3).

k(T) = 2.0 x 10" exp[~60.8 k moT/RT] s * The dissociation rate constants of CIOOCI from this work
_ are higher than previous values from Nickolaisen e ddy
F.=06 factors between 1.5 and 4.2, depending on temperature and total

. ressure. The reasons for these discrepancies are yet unknown.
Figure 8 shows thgt .the measured rate constapts are qlpse Nickolaisen et al. used flash photolysis of,GICl, mixtures
the low-pressure limit under most of the reaction conditions 54 5 gource of CIO, and UV absorption to follow the decay of
b_ut a deviation from the_low-pressure I|m|_t is discernible at the 10 radicals and the formation of the product OCIO. Whereas
highest pressures applied. However, reliable extrapolation t0 o |0ss rate of CIO is dominated by self-reaction to form
the high pressure limit was not possible. In Figure 8, data points oo atT < 250 K, thermal decomposition of CIOOCI and
at a stated temperatur® were obtained by converting rate e pimolecular reaction channels 4a, 4b, and 4c become
constants measured in a temperature range2 K to the stated i, reasingly important aF > 250 K. Reaction conditions were
temperatures using an estimated Arrhenius energy. Due 1o the 4ried over a wide range of temperatures, pressures and initial
small temperature ranges #2 K, errors ofk— introduced by - cqncentrations of Gland ChO to unravel these different
this procedure were negligible. processes. Measured temporal concentration profiles of CIO and
OCIO were fitted by model calculations using these rate
constants as input parameters. Temperature-dependent rate

A. Mechanism. The observed loss of CIOOCI in the dark constant expressions were presentedkiok—1, Ksa kap, and
was assigned to unimolecular gas-phase decomposition. Othekac.
possible loss processes are wall loss, reaction with Cl atoms, The reason for the difference between the resultsg@firom
and reaction with N@ Estimates based on (i) the photolysis these two studies is yet unknown. In our study, it is difficult to
rate of C}, (ii) the rate constants of the reactions of Cl atoms definitely exclude enhancement of the decomposition rate by
with CIOOCI?6 OCIO$f and NQ,® and (iii) typical concentra-  reaction on the walls of the reaction chamber. However, we
tions of these possible reactants show that the reaction of Clbelieve that loss of CIOOCI on the walls is not important at
atoms with OCIO is faster by an order of magnitude as compared our reaction conditions: decay rate constants would be expected
to the reaction with CIOOCI. In particular, however, it is difficult  to become increasingly important at lower pressures due to
to see how Cl atoms can be formed in the dark. CIO radicals increasing transport to the chamber walls. In contrast, the
are able to form Cl atoms by self-reaction, reactions 4b and 4c; measured first-order rate constants smoothly approach the low
however, scavenging of CIO by NGs very efficient under pressure limit with decreasing total pressure, and only at and
our conditions in the dark: even at the highest temperaturesbelow 1 mbar do small deviations become apparent (see above).
and pressures used in this work, the rate of the CIO self-reactionAlternatively, the correct consideration of the bimolecular
to form Cl atoms is only about 18 of the rate of the CIO+ channels 4a4c could pose problems to the determination of

Discussion
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TABLE 4: Values for Equilibrium Constants K. = ki/k_; at 200, 250, and 298 K and the Enthalpy of Reaction-{1)

T (range) K«(200 K) K«(250 K) K(298 K AHO;

ref K] [cm® moleculey] [cm® molecule)] [cm® moleculey] [kJ moi]
16 298 5.15x 10715 69+ 3P
26 233-303 1.44x 107%2¢ 6.24x 1071 72.5+ 34
20 260-310 2.60x 10°12f 8.86x 10°% 76.64 2.99
27 285 6.16x 10715h
21 295 4.80x 107151
6 200-300 12.3x 107° 1.97x 10712i 7.03x 107151 75.7+£2.9
14 0.91x 10712k 3.7 x 10715k 724+ 2.8
7 188-209 6.70x 107°'m
10 192-216 1.96x 1079!n
this work 243-261 0.85x 107130 4.7 x 107150 69.4+ 4.6°P

2 Extrapolation to 298 K with eq VII (see below)At 298 K. ¢ Keq= 2.5 x 10727 exp (8497 KT) cm® molecule’®. 9 We estimate a@ error of
+ 4.6 kJ mot™ from their Ky(T) data. At a mean temperature of 263 KKeq = 1.24 x 10727 exp(8820 KT) cn?® molecule’®. 9 From the heat of
formation of CIOOCI at 298 K cited in ref 20 as their experimental result and the heat of formation of CIO in JPEX@&rimental value:
Ke(285 K) = (2.244 0.35) x 1074 cm® molecule. ' Experimental valueKeq= (6.4 1.6) x 10715 cn® molecule® at 295 K.J FromKeq = 1.27
x 10727 exp(8744 KT) cm? molecule ™. k The absolutéeq values have large error limits because the uncertainty:ldf.qs directly translates into
the uncertainty oKeq ' Field measurement Keq = 1.99 x 1073T exp(8854 KT) cm?® molecule! at a mean temperature of 198 KKeq = 3.61
x 10727 exp(8167 KT) cm?® molecule® at a mean temperature of 203 KFrom the “low pressure” data set; see téxht a mean temperature of
252 K.

k_1 in the fitting procedure of Nickolaisen et#&The branching 19 .

ratios of reaction 4 are not yet well pnderstood. For example, 22 Hayman and Cox(1688) e
kan/kso(298 K) = 1.65 (CIO regenerating vs molecular product ... Plenge etal. (2005)
channel) was determined by Nickolaisen et al. whereas there is 18{ © thiswork(p>30mbar) .
evidence from other laboratories that this ratio may be close to m _this work (p <30 mbar) -

12756 gt 298 K.

The low value fork_; determined in the ab initio stud¥
probably originates from an error in the calculated bond energy
of the order of 10 kJ mol.57

The low-pressure rate constaat; o measured in this work

In (Kp/atm™)

may be compared with the predictions of the low-pressure rate 1
constant expression of Tr§é&58 LT
— ~1
0 =AM Z Pt el Eal Qe O
exp(— EOIRT)RT FEFanIFrot (”) . . . 1‘/-”10-3 k-1] A A A
with Bc = Kexg/Keals ZLy = Lennard-Jones collision numbey Figure 9. Equilibrium constantgi/k_, from laboratory studies: full
= reaction barrierpyis narm{Eo) = density of states & = Eq straight line, least-squares fit to the complete data set from this work;

full and open squares-; from Table 2 combined witlk; from the

Quib = vibrational partition function,Fg = correction for most recent JPL evaluatisn.

increased density of states Bt> Eo, Fann = correction for
anharmonicity of fundamentalB;,: = correction for rotational points of k-3 summarized in Table 2 and thlk values
states. The measured low-pressure limiting rate constant at 250cecommended in ref 6. A least-squares fit ofkg(T) plot

K is used to estimatBy = AH% from eq Il by (i) setting8. = according to

0.3, which is a typical value for M= N, at low temperature®,

(i) using the vibrational wavenumbers 78464860 54360 InK,=A+B/T (V)
41980 32135 and 1272 cm™! as discussed by Jacobs et®dl., o _

and (iii) calculatingZ, ;(250K) = 3.6 x 10-10 cm® molecule' is shown in Figure 9. The data points (open and full squares)

s~ with molecular parameters of CIOOCI from Bloss efal.  are represented by the expression (full straight line):

Eo = 66.4+ 3.0 kJ mof? is obtained, which is in agreement _1

with the valueEy = A\H% = 68.0+ 2.8 kJ mot derived by In(Kp/atm )=

Plenge et al* from their photoionization data for CIO and —(20.4+ 3.2)+ (9422+ 800) KIT  (20) (V)
CIOOCI.

C. Temperature Dependence oKeq = ki/k—;. Literature From eq V,AHC%s1 (CIOOCI— 2CIO) = 78.3+ 6.7 kJ mof?
values ofKeq vary by a factor of about 2 at 298 K and a factor (2s) is d_erlved! which is slightly Iarg?r than the range of values
of about 3 at 250 K (Table 4). The equilibrium has been studied Present in the literature (6976 kJ mot™; see Table 4). In Figure
between 233 and 310 K in the laboratory and (due to the lower 9 the present results are compared with data from Cox and

. . 0 6 i
concentrations) between 188 and 216 K in the nighttime polar Haymar® and Plenge et &f. The K% values recommended in
stratosphere. The values of the dissociation rate constapts 1€ Most recent JPL data compilatiare based on the data of

measured in this work and the corresponding low-pressure Cox and Haymatt and Nickolaisen et & and are also included

recombination rate constarksfrom the literature may be used '

in Figure 9.
to determine equilibrium constank& via The data points in Figure 9 are strongly scattered. However,

the scatter is mainly due to a pressure dependence of the
Keq= ki/k_4 (1 calculated values oK. BecauseK, must be independent of
pressure, this result means that either the recombination data
Equilibrium constant, are calculated from the individual data  from ref 6 or the dissociation data from the present work or
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both are subject to a pressure dependent error. This becomed/([total inorganic chlorine}- [CIO]). Both [CIO] and [CIOOCI]
evident when the data points are subdivided into two groups, were simultaneously measured by Stimpfle étahd von Hobe
those at “low pressures’pg: < 30 mbar) and those at “high et all® Whereas Stimpfle et al. state that their data are well
pressures” ffot > 30 mbar) (full and open squares). Because reproduced using the van't Hoff expression of Cox and Hayman
the reason for this pressure dependence is yet unknown, theand the equilibrium constants of Avallone and Toohey, von
least-squares fit to the complete data set is shown by the full Hobe et al. find values that are lower by more than a factor of
straight line. There are several conclusions that can be drawn3. A weighted average of the results of these three field studies
from Figure 9: leads us tdeq = 6.1 x 107° cm® molecule’* at 200 K. In the

(i) All the equilibrium constant&s/k—; derived from this work high-temperature regime, the most accurate valu&«fcan
(k-1) and ref 6 k1) are below the values recommended in the be obtained from laboratory investigations around room tem-
most recent JPL evaluatidiby an average factor of 1.8. perature. From the experimental results of Basco and Hunt,

(i) The scatter of the data is lowest for high temperatures; at Cox and Hayma#s® Nickolaisen et al?® Horowitz et al.2”
these conditions the values are lower than the recommendecEllermann et al?! Plenge et al*# and the present work, we
values by a factor of about 2. estimate a weighted mean value K§; = 5.8 x 10715 cm®

(iii) The scatter of the equilibrium constants is considerably molecule at 298 K. We feel that the present accuracy of the
lower for the “low pressure” values than for the “high pressure” data orKeqdoes not justify the use of expressions more complex
values or the complete data s&f = + 530 K as compared  than eq IV for the temperature dependence Kaf, The
to +£930 K and+800 K, respectively; @). In addition, the slope combination of the abovKeq values at 200 and 298 K results
of the least squares line through the “low pressure” data is in
similar to the slopes of the fits to the data of Cox and HayA&fan,
Plenge et at* and JPE whereas the slopes through the high K = A x expB/T) =
pressure data and the complete data set are considerably larger. 57 1
Thus the data at low pressures, represented by 3.0 10 " exp(8433 KT) cm’ molecule (Vi

K,=8.0x 1077 exp[(8073+ 530) K/T] (20) (VI) Equation VIl fits well to the following data:
(i) Necessarily, it fits to the main body of laboratory data at

are considered to be more reliable and are included in Table 4and slightly below room temperature and at the temperatures

as the results of this work. of the polar stratosphere because parameétensdB in eq VII
Recently, laboratory data on the CIO/CIOOCI reaction system are based on these data.

were discussed related to the interpretation of mixing ratios of (i) At 250 K, eq VIl gives K. = 1.34 x 10712 cm?

ClO and CIOOCI measured in the polar stratosphere at night. molecule’?, which agrees with our value of the runs for>

The nighttime CIO concentrations are controlled by thermal 30 mbar and is still close to our data for< 30 mbar.

equilibrium between CIO and CIOOCI, and the formation rates  (jii) B = 8433 K from eq VIl corresponds t&,H%z9= 72.1

of CIO measured in the early morning are sensitive to the kJ mol2. This value is in perfect agreement withH%og =

nighttime equilibrium concentrations of CIO. The field measure- 72.4 + 2.8 kJ mot? derived by Plenge et af. from their

ments generally favor higher concentrations of CIO at night than photoionization study and with the valugH%g; = 72.5+ 3

is inferred from recommend@édkquilibrium constantsy/k—;. kJ mol1 from the equilibrium study of Cox and Haynv&rat

Discussion of the field data in the work of Plenge et'ahows 1 atm (where the influence of the bimolecular channels4ta

that the equilibrium data from the present work lie between the s strongly reduced in favor of the pressure dependent recom-

data inferred from the field measurements of Vogel étaid bination channel).

von Hobe et all? and fit very well to the concentrations

measured by Avallone and Toolegnd Stimpfle et at.in the

" Summary
Arctic polar stratosphere.
With respect to the laboratory data, the predgnvalues lie The thermal decomposition of CIOOCI, which is of consider-
between the data of Cox and Hayrd@and of Plenge et &t able interest for the stratospheric ozone loss, has been investi-

(Note: the line representing the results of Plenge €t al. gated in a moderate temperature range and a large range of total
resembles a least-squares fit to the subset of our low-pressurepressures. Depending on temperature and pressure, the decom-
data (full squares)). position rate constants differ from a study of Nickolaisen et
Until recently, the high-temperature laboratory datakag al2® by factors between 1.5 and 4.2. The reason for this
could not reliably be extrapolated to the temperatures of the discrepancy is yet unknown. Combination of the present
polar stratosphere, i.e., 19210 K. TheKeq values deduced  dissociation data with the recommenéeate constants for the
from the ClO and CIOOCI measurements in the polar strato- reverse reaction from the literature leads to pressure dependent
sphere are also subject to systematic errors due to the speciaéquilibrium constants, thus demonstrating inconsistencies be-
difficulties inherent in field measurements in this particular tween the dissociation and recombination data. These equilib-
environment. The situation has improved due to results of Plengerium constants support evidence from field measurements of
et al* providing a new accurate value for the dissociation CIO and CIOOCI in the polar stratosphere that the presently
energy of CIOOCI. Because the error of th&jH° value (stated recommended equilibrium constants of the C#OCIO <
error: 2.8 kJ mof?) results in an error of about a factor of 4 CIOOCI equilibriunf are too high and lead to lower CIO
for Keq the safest way to fiXeqOver a large temperature regime  concentrations in the nighttime polar stratosphere than are
may still be the combination of absolute values from field observed. In addition, recent results including the present work
measurements at around 200 K and from laboratory work close suggest a CI©OCI bond energy that is lower than the currently
to room temperature. recommended value by about 3 kJ molK, = 3.0 x 107%7
The most complete data set &rg around 200 K seems to  exp(8433 KT) cmPmolecule® is recommended for the tem-
be that of Avallone and Toohéwho measured CIO in the  perature dependence kfq which fits most of the data at low
Arctic stratosphere during winter and assumed [CIOOCI] to be and high temperatures.
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