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Study of the Reaction CIO + CH;0, — Products at 300 K
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The first experimental study of the reaction C1O + CH;0, — products (1) is reported. The rate coefficient &, and the product
distributions were investigated in the modulated photolysis of Cl,/CH,/Cl,0/0, mixtures. Reactants and products have
been monitored by using UV—vis and Fourier-transform infrared gas-phase absorption spectroscopies. The value of k| was
found to be equal to (3.1 £ 1.7) X 107'2 cm? molecule™' s™! at 300 K and 240 Torr total pressure. The product channel
forming CIOO and CH,0 appears to be the dominant pathway at 300 K. The subsequent oxidation of CH;0 to CH,0O
and its partial photolysis into H and HCO leads to enhanced production of odd hydrogen (OH, HO,) radicals. Consequently,
high concentrations of OH radicals can build up, leading to an additional source of active chlorine via the reaction HC! +
OH — CI + H,0, which destroys ozone by catalytic reactions. This strongly suggests that reaction 1 can play a substantial
role in the photochemical processes that take place under stratospheric “ozone hole” conditions.

Introduction

The discovery of the so-called “ozone hole”, the increasingly
precipitous loss of much of the ozone in the stratosphere below
22 km during the months of September to November over Ant-
arctica,’? has spurred much scientific research into the possible
meteorological or chemical processes that can explain this
unexpected phenomenon.

After only a few years of highly successful and innovative
research efforts, it is now clear, that under the prevailing me-
teorological conditions in the Antarctic stratosperic spring, the
loss of ozone is due to photochemical destruction by reactions
involving ClO, compounds derived mainly from the industrial
chloroftuorocarbon gases CFCl; and CF,Cl,.~ In brief the
following steps appear now to constitute the main mechanism for
the rapid ozone depletion over Antarctica:

1. The extremely low temperatures that occur during the winter
and early spring months lead to the formation of two kinds of ice
particles, polar stratospheric clouds (PSC) type I, consisting mostly
of nitric acid trihydrate (NAT) and type II-PSC particles con-
sisting mainly of water ice (ICE). The NAT particles occur more
frequently than ICE particles, because they can form at tem-
peratures around 195 K, almost 10 K higher than that required
for ICE particle formation.5!!

2. During the polar night NO, (NO and NO,) is converted
to N,Os, which reacts with the particles and becomes incorporated
as HNO; in the PSC’s. Due to this process the stratosphere loses
much of its gaseous NO,.!213

3. HCl can likewise be incorporated in both the NAT and ICE
particles, but because of a high HClI/HNO; ratio, efficient het-
erogeneous reactions may take place particularly on the NAT
par}ic]ss, converting HCl and CIONO, into gaseous CINO, and
Cl, !4

HCI + CIONO, — Cl, + HNO, (NAT)
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HCI + N,05 — CINO, + HNO; (NAT)

However, CIONO, may also react on the surface of the particles
with H,0, releasing HOCI into the gas phase and depositing
HNO; onto the particles.” An equivalent set of reactions, leading
to the release of Cl, into the gas phase, is'®

CIONO, + H,0 (ICE, NAT) —
HOCI + HNO, (NAT, ICE)
HCI (ICE, NAT) + HOCI — Cl, + H,0 (NAT, ICE)
4. At the end of the polar winter, as soon as solar radiation
impinges again on the lower stratosphere, Cl,, CINO,, and HOC],
are rapidly photolyzed yielding Cl and starting a catalytic ozone

destruction cycle,'® which is particularly effective in the ozone
hole region of the lower stratosphere

(CI+0;,—=ClI0O+ 0, X2
ClO+CIO+ M —Cl,0,+ M
Cl,0, + hv — C1 + CIOO
COO+M—=Cl+0,+M
Net: 205 + hv — 30,

An additional mechanism by which ClO, catalyzed ozone de-
struction can be activated was suggested by Crutzen and Arnold’
who proposed that the loss of NO, and HNO; from the lower
stratosphere would facilitate the formation of OH and HO,
radicals leading to the conversion of HCI to Cl

HCl + OH — Cl + H,0

This production of Cl leads to the removal of ozones by the cycle
described above and, in addition, via2?

OH + O; — HO,; + O,
Cl+ O;—~ClO+ O,
ClO + HO, — HOCI + O,
HOC! + hv — Cl + OH
Net: 20; + hv — 30,
According to Crutzen and Arnold’ the initial buildup of the HO,
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TABLE I: Absorption Cross Sections ¢, in cm? molecule™!, Used in This Work
wavelength, nm
molecule 240 260 292 370 ref
Cly 1.38 X 1072 6.95 % 10720 8.30 X 1072 23
CLO 9.82 X 1071° 1.83 X 1078 9.40 X 107° 5.58 x 1072 24,25
Clo? 222 x 10718 5.04 x 10718 3.40 x 10713 - 25
ocClo? 2.31 X 1071° 1.14 x 10718 3.73 X 108 26
CH,0, 4,58 x 10718 3.16 X 10718 6.35 x 1071° - 27
aResolution 0.3 nm. ®Resolution 0.25 nm.
radicals (HO, and OH) would be enhanced by a chain reaction ChL+ hv—Cl + Cl (2)
involving the methane oxidation cycle. In this paper we will
considerably strengthen this proposal by reporting the results of ClLO + hy = ClO + Cl 3)
thc.flrsl ex‘pen.mental stu@y on the role of ClO in the CH, oxi- Cl + CLO — Cl, + CIO 4)
dation chain via the reaction
ClO+ ClIO—Cl, + O, (5a)
ClO + CH,0, — products 1)
CIO + CIO — Cl + CI00O (5b)
In order to examine this mechanism, both the rate coefficient and .
the product distribution of this reaction have been investigated ClO + IO —~ €I+ 0CIO (50)
at 300 K. CIO+ClIO+M - CLO,+ M (5d)
ClOO+M—~Cl+0,+ M (6)

Experimental Section

All experiments were performed in a modulated photolysis
“double multipath™ absorption apparatus, which is described in
detail elsewhere.2! It consists of a 44.2-L quartz photochemical
chamber, surrounded by six fluorescent “sun lamps” (Philips
TL40/12, Apax = 310 nm). The lamps can be switched on and
off at frequencies between 2.5 kHz and 0.02 Hz and the ratio of
“light on” time to “light off” time can be varied from 0.1 to 9.
Reactants, products, and transient species were monitored by long
path absorption using either a Fourier-transform-infrared (FTIR)
spectrometer (BOMEM DAO3, optical length = 43.2 m) or a UV
absorption spectrometer (B&M 50, optical length = 9.8 m) with
a 600 lines/mm grating (dispersion 3.2 nm/mm) blazed at 200
nm. The UV light beam from a 200-W deuterium lamp (Heraeus)
was detected by either a photomultiplier (R106UH Hamamatsu)
or a 25 mm 1024 pixel silicon diode array detector (EG&G Model
1461 + 1412).

The bulk flows of Cl, C1,0, CH,, and O, were set by using
calibrated flow controllers (Tylan FC 260, FC 280), prior to their
entry into the cell. The residence time of the gases in the cell was
about 30 s and the total pressure 230-240 Torr. Typically the
initial concentrations of reactants were Cl, = (3-4) X 103, CL,O
= (0-1.5) X 10'4, CH, = (0-1.0) X 10'7, O, = (7-8) X 10"
molecules cm™.

Cl,O was prepared by flowing chlorine (ca. 1% in nitrogen)
through a column packed with yellow mercuric oxide.?2 Chlorine
(ca. 1% in nitrogen grade 3.8, Linde), methane (grade 3.5, Linde),
and oxygen (grade 4.5, Linde) were used without further puri-
fication. The initial concentrations of Cl, and Cl,O were de-
termined from absorption measurements in the UV region at 370
and 260 nm, respectively. The modulated absorptions at 240 and
292 nm were used to investigate the ClO and CH;0, behavior.
The absorption cross sections of Cl,, Cl,0, OCIO, ClO, and
CH;0, are listed in Table I at the different wavelengths used.

Results

(a) Photolysis of the Chemical System Cl,/Cl,O/CH,/O,. The
following reactions take place in the photolysis of Cl,/C1,0/0,
mixtures:

(21) Moortgat, G. K.; Cox, R. A ; Schuster, G.; Burrows, J. P.; Tyndall,
G. S. J. Chem. Soc., Faraday Trans. 2, in press.

(22) Gay-Lussac, J. L. Ann. Chim. Phys. 1842, 43, 153.

(23) Schneider, W.; Moortgat, G. K., paper in preparation.

(24) Lin, C. L. J. Chem. Eng. Data 1976, 21, 411.

(25) Simon, F. G. Ph.D. Thesis, University Mainz, 1989.

(26) Wahner, A.; Tyndall, G. S.; Ravishankara, A. R. J. Phys. Chem.
1987, 91, 2734,

This reactive system has been studied in detail by Cox et al.!*28
The ClIO radical is mainly produced by the sequence of reactions
2 and 4. The contribution to the production of CIO by the
photolysis of Cl,0 is about 5% of that due to the photolysis of
Cl, followed by reaction 4 under the conditions used here. The
major loss process of ClO is the slow self-reaction (ksy4s5p+5c =
2.36 X 107 cm® molecule™ 57!, Ksq = 5.2 X 107!* cm® mole-
cule™),'®2 which has several product channels. Due to the re-
generation of the chlorine atoms in channels 5b and 5S¢, ClO is
also formed during the dark phase of the modulated photolysis
cycle.

CH,;0, radicals are produced in the photolysis of Cl,/CH,/O,
mixtures by the reactions

Cly+ hv — Cl+ Cl (2)
Cl + CH, — CH, + HCl (N
CH,+0,+M — CH;0, + M (8)

and subsequently react via the following reactions:
CH302 + CH302 - CH3O + CH3O + 02 (93)
CH302 + CH302 - CH3OH + CH20 + 02 (9b)

'CH302 + CH302 - CH302CH3 + OZ (9C)
CH302 + H02 - CH3OOH + 02 (l la)

CHJOz + HOz - CHzo + Hzo + 02 (1 lb)

The CH;0, radicals are formed from the system by the self-re-
action (9) and the cross disproportionation reaction (11) with HO,
radicals. HO, radicals and CH,O are produced by reaction 10
between CH;0 and O,. Since two CH;O radicals are oxidized
to HO, and CH,0, and because reaction 11 is fast (k;; = 6.0 X
107'2 cm? molecule™ s7!), the overall rate coefficient for loss of |
CH;0, in Cl,/CH,/O, mixtures, K mova 15 given by (2kg, + ko,
+ ko). The rate constant for the self-reaction kg = (ko, + koy
+ k) has recently been investigated in this laboratory in the same
apparatus and a value for kg of (3.58 + 0.24) X 107"} cm?
molecule™ s™! at 298 K was determined.?’

(27) Simon, F. G.; Schneider, W.; Moortgat, G. K., submitted for publi-
cation in Int. J. Chem. Kinet.

(28) Burrows, J. P.; Cox, R. A. J. Chem. Soc., Faraday Trans. 1 1981,
77, 2465.
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Figure 1. Absorption spectra of CH30, (---) from ref 27, ClO (-+-) from
ref 25, OCIO (w) from ref 26, Cl, (—) from ref 23, and C1,0 (---) from
ref 25.
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Figure 2. ClO (280-310 nm) and OCIO (300-360 nm) product ab-

sorption in the photolysis of Cl,/Cl,0/0, mixtures observed by the diode
array camera.

When mixtures of Cl,, Cl,0, CH,, and O, are photolyzed, both
ClIO and CH,0, radicals are generated via reactions 3 and 4 and
reactions 7 and 8, respectively. As the rate coefficients for re-
actions 4 and 7 differ by 3 orders of magnitude (k, = 9.8 X 107!
cm? molecule™ 57! and k; = 1.0 X 1071% ¢m? molecule™! s71), the
concentration ratio, [CH,]/[C1,0], required for equal CIO and
CH;0, production rates is approximately 1000.

In order to study the kinetics of reaction 1

CIO + CH,;0, — products H

the C10 and CH;0, behavior in photolyzed Cl,/Cl,0/CH,/0,
mixtures was investigated by UV-vis absorption spectroscopy. In
the UV, ClO has a banded spectrum in the region between 270
and 310 nm,??%3! whereas CH;O, has a broad band absorption
feature between 200 and 280 nm, with a maximum at 240 nm.?”’
The absorption spectra are displayed in Figure 1. In the mod-
ulated photolysis of Cl,/Cl,0/CH,4/O, mixtures, the behavior
of ClO was determined from optical density measurements at
292.2 nm (6,0 band). Optical density changes were also monitored
at 240 nm, where both C1O and CH,0, absorb. At both these
wavelengths, additional changes in absorption due to the reactant
gases Cl; and Cl,0, whose spectra are also shown in Figure 1,
must be taken into account during the kinetic analysis (see also
Table I). The detection limit for CIO was 3 X 10!! molecules
cm™ at 292 nm.

(29) Watson, R. T. J. Phys. Chem. Ref. Data 1977, 6, 871.

(30) Mandelman, N.; Nicholls, R. W. J. Quant. Spectrosc. Radiat.
Transfer 1977, 17, 483.

(31) Simon, F. G.; Schneider, W.; Moortgat, G. K.; Burrows, J. P. sub-
mitted for publication in J. Photochem. Photobiol. A.
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Figure 3. Time-dependent absorption observed during the modulated
photolysis of Cl,/C1,0/CH,/O, mixtures. The dark phase of the periods
starts after 11.7 (a), 1.8 (b), and 3.7 s (c), respectively. (a) CH, =0
molecule cm™3, total period 30's, A = 292 nm. (b) CH, = 1.36 X 10V’
molecules em™, total period 10's, A = 292 nm. (¢) CH, = 1.36 x 107
molecules cm™, total period 20 s, A = 240 nm.

In the first set of experiments the photolysis of Cl,/Cl,0/0,
mixtures was studied without the addition of CH,. Figure 2 shows
the product absorption observed by the diode array camera in a
82-nm frame between 280 and 362 nm: here both ClO and OCIO
are detected simultaneously. The negative background absorption
in the range 280-310 nm, on which the sharp ClO bands are
superimposed, is due to the loss of Cl,0 by photolysis. Both OCIO
and Cl, are products of the disproportionation of ClO radicals?
and show positive absorption features at wavelengths longer than
ca. 310 nm. Cl, is also produced by reaction 4. The observed
ClO absorption bands agree with the measurements of Mandelman
and Nicholls.® A more detailed spectrum and a study of this
system are to be published elsewhere.’! The observed OCIO
absorption spectrum is in good agreement with the recent data
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TABLE II: Reaction Mechanism Involved in the Cl,/C1,0/CH,/O, Photolysis
rate constant, cm?
reaction molecule™ s7! ref
2 Ch+ hv—Cl+Cl 5.8 X 10744 this work
3 Ci,O + hv — CIO + ClI 1.3 X 1073 this work
4 Cl'+ CLO — Cl, + CIO 9.8 X 107! 33
7 Cl + CH,; — CH; + HCl 1.0 X 10712 33
8 CH; + O, + M — CH,0, + M 4.5 x 1071b 33
5a CIO + CIO — Cl, + O, 8.2 X 107! 28
5b — Cl + CI00 7.4 X 10713 28
S¢ ~ QCIO + CI 8.0 X 1071% 28
5d ClO + CIO + M = CL,O, + M 5.2 % 10715¢ 19
9a CH,0, + CH,0, — CH;0 + CH,0 + O, 1.1 X 10713 27
9b - CH,0 + CH;OH + O, 22 x 10713 27
9¢ — CH,0,CH, + 0, 2.9 x 10714 27
1 ClO + CH,0, — CH,0 + CIO0 3.1 X 10712 this work
6 COO+M—=Ci+0,+M 3.3 %101 28
10 CH,0 + O, — CH,0 + HO, 1.5 x 10713 33
Ila CH,0, + HO, — CH;O0H + O, 3.0 X 10712 33, 34
I1b — CH,0 + H,0 + 0, 3.0 X 1072 33, 34
12 CIO + HO, — HOCI + O, 5.4 X 10712 28
13 HO, + HO, — H,0, + O, 1.7 % 10712 33
14 HO, + CH,0 — HOCH,0, 6.6 X 1074 35
14 HOCH,0, — HO, + CH,0 100¢ 35
15 HOCH,0, + HO, — HCOOH + H,0 + O, 48 x 10712 35
16 2HOCH,0, — 2HOCH,0 + 0, 5.2 X 1072 35
17 HOCH,0 + O, — HCOOH + HO, 3.5 x 10714 35
18 Cl + CH,0OH — CH,OH + HCI 6.3 x 1071 33
19 CH,OH + O, — CH,0 + HO, 9.6 X 102 33
20 Cl + CH,0O — HCO + HCl 7.3 x 107! 33
21 HCO + 0, — HO, + CO 5.5 X 10712 33
22 Cl + Cl00 — Cl, + 0, 9.8 x 10711 28
23 Cl + OCIO — CIO + CIO 5.9 x 107! 28
24 OCIO + hv — ClO + O 1.0 X 10729 this work
25 0+0,+M—0,+M 6.0 X 1074¢ 33

aUnit s™'. 2 Unit cm® molecule™ s~ ¢Equilibrium constant unit em® molecule™.

of Wahner et al.% The detection limit for OCIO in our system
is 1.0 X 10" molecules cm™ for the strongest absorption band.

The time-dependent behavior of the absorption at 292.2 nm,
observed during the modulated photolysis of Cl,/Cl,0/0, mix-
tures, is shown in Figure 3a. After the lamps are switched on,
the absorption rises until ClO reaches a steady-state concentration.
This absorption then decreases due to the removal of CL,O by
reactions 3 and 4. When the photolysis lamps are switched off,
CIO absorption decreases because ClO is removed by reaction 5,
which produces the stable products OClO, Cl,, and O,. Cl atoms
are regenerated by reactions 5b and 5S¢ and subsequently react
via reaction 4 to produce ClO. Finally, during the last part of
the period (not shown in Figure 3a) the absorption signal increases
due to the flow-in of reactants, mainly Cl,0.

Upon the addition of CH, to the Cl,/C1,0/0, mixture, the
observed absorption waveform changes drastically. Parts b and
¢ of Figure 3 show the time dependence of the absorption in the
modulated photolysis of a Cl,/Cl,0/CH,/O, mixture at 292.2
and 240 nm, respectively. In this case a lower ClO steady-state
absorption at 292.2 nm is obtained at a shorter time after the lamps
are ignited. When the lamps are switched off, this absorption
decays rapidly. At 240 nm (Figure 3c), where both ClO and
CH;0, absorb, the absorption trace is similar to that obtained
at 292 nm (Figure 3b). These observations are best explained
by postulating a fast bimolecular reaction between ClO and
CH;O0,, reaction 1.

(b) Determination of kciorcu,o,- In order to obtain the rate
constant for reaction 1, the time-dependent absorption data re-
corded at 240 and 292 nm were fitted to a chemical model. The
computer program FACSIMILE? was used for this purpose and the

(32) Chance, E. M.; Curtis, A. R.; Jones, I. P,; Kirby, C. R. FACSIMILE
Report AERE-R 8775, AERE Harwell 1977.

(33) Demore, W. B.; Molina, M. J.; Sander, S. P.; Golden, D. M,;
Hampson, R. F.; Kurylo, M. J; Howard, C. J.; Ravishankara, A. R.
“Chemical Kinetics and Photochemical Data for use in Stratospheric
Modeling”; Jet Propulsion Lab, CA, 1987, Publication No. 87-41.

(34) Jenkin, M. E.; Cox, R. A;; Hayman, G. D.; Whyte, L. J. J. Chem.
Soc., Faraday Trans. 2 1988, 84, 913.

TABLE HI: Experimental Data®

conen of Cl,O, concn of CH,, k,[CH,]/ k; X 102, cm?

10 em™3 107 em? ky[C1,0]  molecule™ s7!
1.44 0.84 0.59 4.07
0.74 1.76 2.43 1.94
1.50 6.74 4.59 4.60
1.50 6.82 4.64 3.69
1.50 3.14 2.14 2.20
1.15 1.36 1.21 3.06
1.15 1.36 1.21 2.77
1.15 0.61 0.54 2.94
1.15 0.41 0.37 2.97
1.08 0.34 0.37 3.90
1.08 0.34 0.37 2.26
1.08 1.32 1.25 2.06
1.08 1.32 1.25 3.58
1.08 0.71 0.67 3.14
1.08 0.71 0.67 3.14

% All experiments were performed at 298 K and 240 = 10 Torr total
pressure.

value of k, was varied and its optimum value obtained by a
least-squares fitting procedure.

The chemical reaction mechanism used to fit the absorption
data is described in Table II. Flow into and out of the system
was modeled assuming that the cell is well mixed, i.e. kpouou =
1/tres and kﬂowin = kﬂowout[X]-

(35) (a) Veyret, B,; Lesclaux, R.; Rayez, M. T,; Rayez, J. C.; Cox, R. A,;
Moortgat, G. K. J. Phys. Chem. 1989, 93, 2368. (b) Burrows, J. P.; Moortgat,
G. K.; Tyndall, G. S.; Cox, R. A; Jenkin, M. E.; Hayman, G. D.; Veyret, B.
J. Phys. Chem. 1989, 93, 2375.

(36) Kafafi, S. A.; Martinez, R. I.; Herron, J. T. Molecular Structure and
Energetics; VCH Publishers: Deerfield Beach, FL, 1987. A value of 188
kJ/mol is recommended by the authors for CH,O0 (planar dioxymethylene).

(37) Herron, J. T.; Martinez, R, L., private communication. The perpen-
dicular state of CH,O0, which is believed to be formed in this reaction, lies
about 125 kJ/mol higher than the ground state (planar dioxymethylene).

(38) Benson, S. W. Thermochemical Kinetics; Wiley: New York, 1976.
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TABLE IV: Possible Reaction Channels for CH,0, and CIO

reaction AHR(298),7

channel kJ/mol
la CH,0, + ClIO — CI00 + CH,0 -9.2 £ 13
1b — OCIO + CH;0 -7.1 %16
lc — CH,0 + HCl + O, -319.3 8
1d — CH,00 + HOCI +118.0 8
le — CH,0+ Cl+ 0O, +17.6 £ 8
If — CH,Cl + 0, -57.4 % 8
g — CH,0Cl + 0, -178 £ 8

4AHpg calculated with the AH; from ref 33, except for CH,00
(perpendicular dioxymethylene), ref 36 and 37, and for CH,OCl, with
additivity rules from ref 38,

The experimental conditions and the computer-fitted values for
k) are summarized in Table III. The value of k, determined
appears to be independent of the ratio of the rates of production
of the two radicals CH;0, and ClO, k5[CH,]/k4[Cl,0], which
was varied from 0.3 to 5. A mean value for k, of (3.1 £ 1.5) X
107'2 cm? molecule™! s7! at 298 K and 240 Torr (error = 2 X
standard deviation) was obtained. Computer fits of the absorption
trace are superimposed on the experimental data points in Figure
3 (a, b, and ¢).

In order to estimate the error in the determination of k,, the
sensitivity of the fitted k, to changes in the parameters used in
that fit (i.e. rate constants and absorption cross sections) was
investigated. The following results were obtained:

(i) Reducing the chemical mechanism to reactions 1, 2, and
4-12 had little effect on the fitting, showing that k; was determined
predominantly by this simplified reaction scheme.

(ii) Due to the presence of 200 Torr O,, the decomposition of
ClOO, reaction 6, and the reactions of CH; and CH;0 with O,
(8 and 10) occur rapidly. Consequently any uncertainty in the
rate coefficients kg, kg, and ko does not contribute to the un-
certainty in k. The flux of reaction 5d compared to the other
three reaction pathways (5a—c) is less than 5% at 300 K; therefore
the equilibrium reaction (5d) does not have an important effect
on the value of &, determined.

(iii) An increase of the ClO cross section at 292 nm of 25%
produces an increase of 9% in k; a decrease in the absorption cross
section of ClO at 240 nm by 15% resulted in a change of k; of
8%.

(iv) A decrease in the rate coefficient for reaction 5 by a factor
of 2 yielded a fitted k, reduced by 7%.

(v) An increase of the photolysis rate k, by 25% leads to a
decrease in k; of 20%.

(vi) Increasing kg by 25% caused a variation of k, of approx-
imately 11%.

(vii) The role played by the product of the reaction between
ClO and CH;0; in this system is not trivial. The reaction product
channels are listed in Table IV and discussed in the following
section. Simulations showed that the flux of molecules reacting
through the reaction between ClO and HO, is approximately 0.8
of that through the reaction between C1O and CH;0,, assuming
that pathway la dominates. This implies that if the reaction
proceeded through pathway lc, then k; would be approximately
80% larger. A further simulation showed that in the absence of
a rapid reaction between ClO and CH;0,, the production of HO,
via the disproportionation of CH;0, requires a rate of ClO removal
approximately 7.5 times slower than that required to explain the
observed ClO behavior.

From observations i-vi, it can be seen that the uncertainty in
the determination of the value of k, arises from the uncertainty
in the Cl, photolysis rate measured in this work, and the uncer-
tainties in the literature values for reactions 5 and 9, which have
both been subject to recent investigations in this laboratory.?7:3!
Combining the error estimates above with the experimental error
obtained leads to a final value &k, = (3.1 £ 1.7) X 10712 ¢cm?
molecule™ s™!. This determination assumes that the value of
kcio+Ho, taken from the literature is correct. As can be seen in
(vii) a change in this rate coefficient would affect the value of
kl .
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(¢) CIO + CH,0, Reaction Mechanism. The products of
reaction 1 were studied by investigation of the infrared and UV-vis
absorptions. Several possible pathways are summarized in Table
IV; also included are the reaction enthalpies for the various re-
actions.

Inspection of these values shows that channels 1d and le can
be ignored because of their endothermicity. If channel 1f occurs,
then the formation of ozone is predicted. No evidence for the
formation of O, from the absorption at 254 nm or from the
infrared was observed. Channel 1f is therefore not considered
to be important. The exothermic channel 1g produces CH;0CI
in analogy to the CIO + HO, — HOCI + O, reaction. Careful
analysis of our infrared spectra did not reveal any evidence for
a compound having an O—Cl vibration; however, it may absorb
weakly.

If reaction channel 1b is an important pathway, an enhanced
production of OCIO should be observable at wavelengths above
300 nm in the photolysis of mixtures of Cl,, C1,0, CH,, and O,
as compared with Cl,, C1,0, and O, mixtures. No detectable
amounts of OCIO were observed in the photolysis of Cl,/
ClL,0/CH,/O, mixtures and an upper limit for the branching ratio
kip/ky < 0.05 was estimated by computer simulations.

Instead, significant amounts of CH,O were observed from its
characteristic banded UV absorption spectrum® in the wavelength
range 280-360 nm. Both of the two remaining channels, 1a and
Ic, lead to the production of CH,O. Reaction 1¢ produces CH,O
directly, whereas reaction la generates CH;O which reacts with
O, to form CH,O and HO,

CH,0 + 0, — CH,0 + HO, (10)

The reactions of the products HO, and CH,O have been used in
this study to distinguish between the two reaction paths. HO,
radicals are removed from the system by the following reactions,
some of which lead to HCOOH formation:3’

CH,0, + HO, — CH,00H + O, (11a)
CH;0, + HO, —~ CH,0 + H,0+ 0,  (l1b)
HO, + ClO — HOCI + 0, (12)

HO, + HO, — H,0, + O, (13)

HO, + CH,0 < HOCH,0, (14)
HOCH,0, + HO, -~ HCOOH + H,0 + 0, (15)
2HOCH,0, — 2HOCH,0 + O, (16)
HOCH,O + 0, — HCOOH + HO, (17)

In a set of experiments the products obtained from the continuous
photolysis (285 < A < 330 nm) of flowing Cl,/CH,/O, mixtures
were analyzed by long path FTIR spectroscopy. CH,0, CH;0H,
HCI, and HCOOH were identified as the most important products
formed in this system.

Simulation of the Cl,/C1,0/CH,/O, system indicated that the
appearance of HCOOH is a sensitive test of the amount of pro-
duction of CH,O and HO, from reaction 10, especially as
HCOOH absorbs strongly in a region free of other product or
reactant interferences (1105 cm™). Photolyzed mixtures of Cl,,
CH,, and O, (without Cl,0) generate CH;0 and HO, via re-
actions 9a and 10. However, the majority of the HO, formed
reacts with CH;0, and only part of the HO, formed reacts with
CH,0 via reaction 14, leading to the formation of HCOOH.
Photolyzed mixtures of Cl,;, Cl1,0, CH,, and O, product CH,0
via reaction la. An enhanced production of HO, and CH,0O and
therefore HCOOH is anticipated as amounts of Cl,O are added
to mixtures of Cl,/CH,/O,, provided channel la is dominant.

Figure 4 shows plots of the anticipated yield of HCOOH in
the photolysis of Cl,, C1,0, CH,, and O, mixtures relative to the
yield in the photolysis of Cl,, CH,, and O, mixtures as a function

(39) Moortgat, G. K.; Klippel, W.; Mébus, K. H.; Seiler, W.; Warneck,
P. Final Report 1980, FAA-EE-80-47.
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Figure 4. Calculated relative yield of HCOOH in the photolysis of
Cl,/CH,4/0, mixtures in the presence and absence of Cl,0, as a function
of reaction rate constant k;. The experimental yicld of HCOOH has
been obtained by FTIR spectroscopy; curves are obtained by simulation
using kj,/k, = 1 (—) and ky,/k; = 0.8 and k./k; = 0.2 (---) and k;./k,
=1(---)

of overall reaction rate k;. Three curves are plotted: the solid
curve represents the relative yield of HCOOH obtained from
simulations where only pathway 1a occurs, i.e. k),/k| = 1.0; the
dotted curve shows the relative HCOOH yield assuming k,/k,
= 0.7 and k,./k, = 0.3; the dashed curve represents the relative
HCOOH yield assuming only pathway lc takes place, i.e. k,./k;
= 1.0. Also plotted is the mean value of the relative experimental
yield of HCOOH, which is the average of three experimental
determinations. The yield of HCOOH is consistent with a
branching ratio ky,/k; = 0.85 £ 0.15 for the experimentally
obtained value of k.

Since HCl is a product of reaction pathway lc, it would be
possible to consider its yield as an indication of the occurrence
of reaction l¢. HCl is produced predominantly by the reaction
of Cl with CH,. If reaction 1 proceeds via reaction la rather than
reaction l¢, then Cl atoms are regenerated and a small increase
in the production of HCl is anticipated than if (1c) alone was
taking place. However simulation showed that the change in HCI
yield obtained by substituting a model with only reaction pathway
Ic with a model with only reaction pathway la was small.
Therefore HCl measurements could not be used to determine
whether channel 1a or 1¢ was dominant. On the basis of the above
analysis channel 1c cannot be entirely ruled out. If reaction lc
occurs, it must proceed via an intermediate complex.

In conclusion, the simulations of the yield of HCOOH give an
upper limit for the branching ratio k;./k; < 0.3 and a lower limit
of ky,/k; > 0.7 at 300 K.

Discussion

(a) Kinetic Considerations. The results obtained in this study
show that ClO reacts rapidly with CH;O, with a rate coefficient
of (3.1 £ 1.7) X 1072 cm?® molecule™ s7! at 300 K and a pressure
of 240 Torr. The products of the reaction have also been studied
and the reaction channel producing CIOO and CH,O appears to
be the dominant reaction pathway. This reaction product channel
behavior may be considered by invoking an O-atom transfer
mechanism.

Due to their important role in the chemistry of the atmosphere,
many reactions of ClO and of peroxy radicals have been studied.
The A factor and the Arrhenius activation temperature E/R for
radical-radical O-atom transfer reactions of ClO and peroxy
radicals are listed in Table V. It can be seen that most of these
radical-radical reactions have small negative activation temper-
atures (E/R). This observation indicates that these O-atom
transfer reactions proceed by first forming a complex which
subsequently rearranges to form products, rather than the al-
ternative of proceeding via a simple concerted atom transfer
mechanism.

By comparison with the activation temperatures (listed in Table
V) of the reaction of CIO with NO, ClO with OH, CH;0, with

Simon et al.

TABLE V: O-Atom Transfer Reactions of ClO, HO,, and CH;0,
Radical with Negative Activation Temperature

A factor,?® cm?

reaction molecule™ 57! E/R¥®K
ClO+0—Cl+0, 3.0 X 1071 -(70 £ 70)
ClIO + NO — Cl + NO, 6.4 X 10712 —(250 £ 100)
ClO + OH — Cl + HO, 1.1 x 1071 ~(120 £ 150)
HO, + NO — OH + NO, 37X 10712 ~(240 £ 80)
CH;0, + NO — CH,;0 + NO, 42X 10712  —(180 + 180)

NO, and HO, with NO, an activation temperature of approxi-
mately 200 K can be estimated, by analogy, for the reaction of
CIO with CH;0,. This implies that at 190 K in the “ozone hole”
the rate coefficient for the reaction between CIO and CH;0, could
be approximately (4-5) X 107! ¢cm® molecule™! 7.

(b) Stratospheric Implications of a Rapid ClIO + CH,0,
Reaction. The occurrence of a reasonably rapid reaction (1a) has
a substantial influence in establishing large HO, radical con-
centrations in the lower stratosphere under conditions in which
both NO, and HNO; are removed by uptake in stratospheric
particles. Under these conditions, the catalytic cycles, which are
effective at reducing HO, concentrations

OH + NO,+ M — HNO; + M
OH + HNO; — H,0 + NO;
NO; + hv -~ NO, + O

Net: 20H+ hv - H,0+ O
and

HO, + NO, + M — HNO, + M

OH + HNO, — H,0 + NO, + O,
Net: OH + HO, — H,0 + O,

no longer take place.

Due to the absence of NO, and the presence of elevated CIO
concentrations, which may also result from heterogeneous reactions
of HC! with CIONO,, N,0s, and HOCI on the particles, the
methane oxidation cycle will proceed via

CH, + OH + 0, — CH,0, + H,0
CH,0, + CIO — CH,0 + CIOO
CIOO+M —Cl+0,+M
Cl+ 0, CIO + 0,
CH;0 + 0, —~ CH,0 + HO,
Net:  CH, + OH + O, — CH,0 + H,0 + HO,

This cycle implies no net loss of HO, radicals. However, in the
atmosphere CH,O is photolyzed forming in part H and HCO (the
product yield for this channel is approximately 0.3, the other
channel gives H, + CO), which both produce HO,

CH,0 + h» — H + CHO
H+0,+M—HO,+ M
HCO + 0, — CO + HO,

This implies that for each reaction of OH with CH, initially there
will be a net gain of about 0.6HO, (OH and HO,) radicals. Some
of the OH required to start the chain may be provided by the
photolysis of HOCI. However, even if this were not the case, the
chain would start with the reactions of CH, with C] atoms, re-
sulting from the photolysis of Cl,0,, which is certainly formed
in the stratosphere via reaction 5d, as high concentrations of ClIO
have been measured under “ozone hole” conditions.*® This leads
to an active participation of OH and HO, radicals in the Cl1O,

(40) Anderson, J. G.; Brune, W. H.; Profitt, M. H. J. Geophys. Res., in
press.
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and O, chemistry of the polar stratosphere. The accumulation
of HO, radicals continues until the reaction

CH302 + HOZ - CH3OOH + 02
- CH20 + Hzo + 02
followed by
becomes as important as
CH,0, + CIO — CH,0 + Cl + O,

According to model calculations;*! consideration of reaction 1a
leads to OH and HO, concentrations in the range of (0.5-1) X

107 and (1-2) X 107 molecules cm™3, respectively in the “ozone
hole” region. As a consequence, efficient conversion of HCI to
active chlorine can also take place by gas-phase reactions and not
only by heterogeneous reactions on NAT and ICE particles al-
lowing rapid catalytic destruction of ozone via the Cl,0, and HOCI1
cycles. The latter catalytic cycle may, therefore, not be as small
as indicated by recent analysis of ozone destruction mechanisms.*?
The potential role of reaction 1 in the photochemistry of the cold
stratosphere should, therefore, be thoroughly investigated and
stratospheric measurements be made of OH and HO, radical
concentration distributions.
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Direct Observation of NF(X) Using Laser-Induced Fluorescence: Kinetics of the

NF 32~ Ground State
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The gas-phase kinetics of the NF(X3Z") ground-state radical have been investigated by direct observation. NF(X?Z") was
produced from the KrF laser photolysis of NF, and was directly monitored in the gas-phase by use of laser-induced fluorescence
(LTF) via the NF b'Z-X32" transition. The extremely hot nascent NF(X?Z") vibrational distribution (7, = 2350 K) was
exploited to investigate vibrational relaxation with CO, and SF,. While CO, proved to be inefficient for NF(X) vibrational
relaxation (ko = 3.7 X 1071 em?/(moleculess)), SF is a rapid quencher (k,_y = 1.2 X 10712 cm?/(molecule's)). Information
an rotational relaxation of NF(X*Z") was also obtained. The NF ground state is seen to be removed by reaction with NF,
with a rate coefficient of 2.0 X 10712 cm®/(moleculess). The NF(X) + NF(X) — N, + 2F rate coefficient is estimated
to be <5 X 107'2 cm3/(molecule-s), much slower than previously thought.

Introduction

Reactions that involve NF, and NF are of interest since many
of them produce electronically excited products. In particular,
the H,/NF, system! serves as a source of metastable NF(a!A)
which forms the basis for several proposed visible chemical la-
sers.>* The H,/NF, reaction system has been the subject of
several studies where particular attention has been paid to the
formation of energetic species.*® The reaction kinetics of the
NF(X3Z") radical and its ultimate fate are critical to a full un-
derstanding of this system since it is the principal source of F atoms
which propagate the overall chain reaction.

The NF ground state has previously been detected by use of
infrared absorption spectroscopy in both the gas phase® and in
rare gas matrices.! Laser-induced fluorescence has also been
used to investigate the radiative decay of the NF(a) and NF(b)
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states in solid argon.!! There have been several studies?*6 of NF
radical reactions with various transient species which include H
and N atoms in addition to NF itself. Apart from recent NF(a,b)
electronic quenching measurements,®12-14 there have been no prior
studies on the state-specific kinetics of the NF molecule.

Both NF(a!A) and NF(X3Z") are energetically accessible from
the 249-nm photolysis of NF, and are produced in 10% and 90%
yields, respectively.¥!* The NF(X3Z") photofragment is born
with a high degree of rotational and vibrational excitation.!* We
have taken advantage of this excited NF(X?Z") nascent population
distribution to perform vibrational and rotational kinetic mea-
surements on the NF ground state. Gas-phase LIF of NF via the
b-X transition was employed to directly probe specific rovibra-
tional levels and determine their time behavior.

Experimental Section

A Lumonics 400 Hyperex excimer laser operating with KrF
(249 nm) was used as a source of NF(X3Z") via the photolysis
of NF,, which produces NF(X3Z") in high yield. The photolysis
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