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Kinetics of CH,CIO Radical Reactions with G, and NO, and the Unimolecular Elimination
of HCIT
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The kinetics of the title reactions were investigated-aB5 Torr total pressure and 26806 K by UV flash
photolysis and time-resolved mass spectrometry. TheQOBiradical was generated by photolysis of NOCI

in the presence of C{€l, O,, and NO. Atomic chlorine from NOCI photodissociation abstracted H from
CHsCl and initiated oxidation of CKCl radicals, leading to formation of GBIO. The CHCIO radical reacted

with both G, and NO, or underwent unimolecular elimination of HCI. The kinetics were determined from
growth rates of HC(O)Cl and HCI. The rate coefficient of the ,CHD + O, reaction was found to be
independent of pressure. The temperature dependence can be expredg€dzsStO + O,) = (2.0+ 0.7)

x 10712 exp[—(934 & 128)/T] cn? molecule* s™1. The rate coefficients for the GBIO + NO reaction were
found to be independent of both pressure and temperature, with thek@teClO + NO) = (2.7 £ 0.6)

x 1072 cm?® molecule® s71, obtained by averaging all rate coefficients determined over the experimental
range of pressure and temperature. The rate coefficient for unimolecular elimination of HCI freGiGCH
was found to be pressure dependent, and well into the falloff. The unimolecular rate coefficient at 10 Torr
can be expressed as (A72.3) x 10° exp[—(4803+ 722)/T] s*

Introduction In previous work, we determined absolute valuekgpand

ks at 306 K and at pressures from 7.5 to 35 Torr by flash
photolysis with time-resolved mass spectromé@¥he chlo-
romethoxy radical was generated by reactiorgl1l

The CHCIO radical is an intermediate in the oxidation of
CH3Cl. Methyl chloride oxidation occurs at high temperature
in chlorine-catalyzed oxidative pyrolysis of meth&f@atural
gas) and in incineration and biomass burning, and it occurs at Cl,+ hv —2Cl Q)
low temperature in the atmosphérelethyl chloride is the most

prevalent halocarbon in the atmosphere, with a global average Cl 4+ CH,Cl— CH,CI + HCI (@)
tropospheric abundance of 600 ppt¥he principal source of CH,Cl + O, + M — CH,CIO, + M (3)
atmospheric CkCl is the world’s oceans, with volcanoes,

incinerators, and vegetation burning also making contribufions. 2CH,CIO, —~ 2CH,CIO + O, (4)

In the atmosphere, GI€IO may be formed from CKCIO, by
reaction with HQ, reaction with NO, and through the bimo-
lecular self-reaction. The GIIO, radicals are produced by
reaction of OH with CHCI, followed by addition of @ to the
resulting CHCI radical. This paper is concerned with reactions

The rate coefficients of reactions 5 and 6 were determined from
observed growth rates of HC(O)CI and HCI by nonlinear
regression of the data from an 18-step reaction mechanism.
Reaction 6 was found to be well into the unimolecular falloff.

of CH_ZCIO at relatively low temp_eratures. The_ 26306 K CH,CIO 4+ O, — HC(O)Cl+ HO, (5)
experimental temperature range is characteristic of the lower
troposphere. CH,CIO — HCIl + HCO (6)

Laboratory investigations of reaction products at or near 1 . .
atm of air have shown that when GEIO is formed by This work was undertaken to determine the temperature

disproportionation of two ChCIO, radicals at 298 K, it reacts ~ dependence dé andks and to further characterize the pressure
with O, to form HC(O)Cl in 90-95% vyield56 At lower O, dependence of reaction 6 at 289 K. To our knowledge, the
partial pressures GIE10 also eliminates HCl in a unimolecular ~ t8mperature dependence of the absolute valugsaridks has
reaction that competes with the @BIO + O reaction’# This not been reported. The GEIO radical was formed by reaction
unimolecular reaction is quite facile, occurring even at 264 K. ©f CHCIOz with NO, which is enough faster than reaction 4
A transition state for HCI elimination has been found by that the HCI growth is kinetically first-order, and with excess
semiempirical MNDO calculation although the computed Oz the growth of HC(O)Cl is pseudo-first-order. Furthermore,
barrier height of 18.9 kcal mot is higher than an estimate of it was found that CBCIO reacts with NO, and a kinetic
8.6 + 1.9 kcal mot! that was made from the temperature investigation of that reaction is also reported here.
dependence of the relative rate coefficients of reactions 5 and . .
68 Experimental Section

The reaction kinetics were determined by UV flash photolysis
T Part of the special issue “Harold Johnston Festschrift”. with time-resolved mass spectrometry. A detailed description

10.1021/jp001953m CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/11/2000



1424 J. Phys. Chem. A, Vol. 105, No. 9, 2001

of the experimental techniques and procedures has been

published previoush12 and is briefly described here. The

quadrupole/electron ionization mass spectrometer was interfaced

with a temperature-controlled photolysis reactor by aub0
pinhole. A 1us xenon flash lamp was repetitively pulsed at 5
Hz. The reactor was continuously purged by flow of the reaction
mixture at a sufficient rate (about 7 cm/s) to completely sweep
away the reaction products between flashes. Electron ionization
energies from 15 to 30 eV were employed to reduce fragmenta-
tion. Current pulses from a Daly detector were preamplified,
discriminated, and signal-averaged with a multichannel analyzer.
The shortest analyzer dwell time was limited to 0.098 ms in
order to obtain sufficient signal so that the number of flashes
required for signal averaging is not excessively long. This
limited the first-order rate coefficients to values no larger than
7 x 10 s™1. Moreover, due to the influence of the molecular
velocity distribution!® data recorded before 0.2 ms were
excluded from processing. Also, the sweep of the purge flow
imposed an additional decay rate on data acquired after 30 ms

Wu and Carr

The experiments were designed to avoid interference by these

factors.

Atomic Cl, generated by photolysis of NOCI in a gEl/
NOCI/O,/NO gas mixture, initiated the reaction. NOCI is
preferable to Gl as the Cl atom source because secondary
reactions of OH and HCO with gfegenerate Cl atoms during
the course of the reactidfand these would adversely influence
the first-order kinetic analysis of the data. Secondary generation
of Cl does not occur with NOCI as the Cl source, and the other
photodissociation product, NO, is already present in deliberately
added quantities. To limit the photodissociation of{CH which

absorbs appreciably below 200 nm, and consequent complica-

tions due to CHO, chemistry, a quartz flash lamp having a
short wavelength transmission cutoff above 200 nm was used.
Reactions 7, 2, 3, and 8 generated the,Cl® radical. The
presence of NO makes formation of @EO much faster than
the self-reaction 2CHCIO, — 2CH,CIO + O, which was the
method of generation used in our previous w¥rk.also makes
possible a study the reaction of @EIO with NO.

NOCI + hy — NO + Cl @)

Cl + CH,Cl — CH,CI + HCI )
CH,CI + O, + M — CH,CIO, + M ©)
CH,CIO, + NO — CH,CIO + NO, ®)

The CHCIO then reacts with @to form HC(O)CI (reaction 5)
and undergoes a three-center unimolecular elimination of HCI
(reaction 6).810 We found that CHCIO reacts with NO
(reaction 9).

CH,CIO + O, —~ HC(O)CI+ HO, (5)
CH,CIO— HCl + HCO (6)
CH,CIO + NO — products (9)

Mixtures of CHCI/O,/N, were prepared and stored in a glass
bulb. Nitrosyl chloride was prepared by the reaction of NO with
C|2_l4,15

2NO+ Cl,— 2NOCl (10)

A small excess of NO was used, consuming all of thga®did
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Figure 1. Experimental signals of HC(O)Cl and HCI at 289 K and 20
Torr. Gas mixture, 25% C¥CI/1.7% Q in Ny; [NO] = 4.24 x 10
molecule cm?; [NOCI] = 3.34 x 10* molecule cm3; O, HC(O)CI at
m/z = 64; ®, HCI| atm/z = 36.

kept out of contact with @until just before a run, when it was
introduced into the reactor through a separate inlet line. Chloro-
methane of 99.5% stated purity was procured from Aldrich
Chemical Co., Inc., and gbf 99.9% stated purity was supplied

by Sigma. Chloromethane and,Glere degassed before use.
NO of 99.9% purity was obtained from Matheson while the
Toll Co. supplied extra dry grade,@nd N> of 99.9% purity.

The experiments were conducted at3 Torr of total
pressure at 289 K and at 10 Torr at 265, 280, and 306 K. The
mole fraction of CHCI in the CHCI/Oy/N, mixture was
normally about 25%. The concentrations gfWgere in the range
from 7 x 10'5to 4 x 10' molecules cm?. The partial pressure
of the NO/NOCI mixture was about 1 Torr for all experiments.
The NO/NOCI mixtures give (34) x 10 cm=23 of atomic
chlorine upon flash photolysis. The mole fraction of NO in the
NO/NOCI mixtures was set so that [NO]/[GEI]o was greater
than 10 and the half time of reaction 8 was less tharu80
Under these experimental conditions the maximum half time
for reaction 2 is less than 4@s and the half time for reaction
3 is less than 10@s. The CHCIO generation kinetics is well-
separated from CHCIO decay kinetics. The concentration of
HC(O)Cl was very low in many experiments, and 5640 000
flashes were usually needed for adequate signal-to-noise. The
signal-to-noise ratio of HCl was much better than that of HC-
(O)ClI, due to higher absolute concentrations, and probably also
due to better mass spectrometric detection sensitivity, although
the latter point was not quantitatively addressed.

Results

Kinetic Analysis. Transient signals due to HC(O)Cl and HCI
were detected. Figure 1 shows the normalized number of counts
vs time for an experiment at 20 Torr and 289 K. The HC(O)CI
data are overlapped with those of HCI. We have previously
shown that HC(O)CI and HCI are products of reactions 5 and
6 and that the kinetics can be determined from measurements
of their growth rated? In the present investigation, reaction 9

leaving the NOCI containing about 5% NO. The NOCI/NO also makes a contribution to HC(O)CI. The rates of formation
mixture was stored in a glass bulb overnight before use. To of HC(O)CI and HCI were determined by monitoring [COCI]
avoid the oxidation of NO to Ng) the NOCI/NO mixture was atm/z= 63 or [HCOCIJ" atm/z = 64, and [HCI} atm/z= 36
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and 38. No transient signals that could be attributed te-CH 0 e ——
CIO; or CH,CIO were found. The background sz = 63 or I
64 and atm/z = 36 or 38 was subtracted from the total HC- I
(O)ClI and HCl ion counts, respectively. The background was _ -1f
obtained from the ion count in the first channel of the
multichannel analyzer, which contains the background plus
counts due to reactions occurring at times shorter than 0.098
ms. In the case afVz = 36 or 38, the first channel contained
the ion counts from prompt HCI arising from reaction 2, and
possibly also from chemically activated @E1O (see Discus-
sion), in addition to instrumental background, so HCI from these
sources is not present in Figure 1.

If reactions with @, NO, and HCI elimination are the only
three processes competing for §CHO radicals and if generation I
of CH,CIO is sufficiently fast, the rate of disappearance oLbCH .3
CIO can be expressed as

—~d[ROV/dt = (k[O;] + ks + kNODIRO] (1)

max’

In(1-[HC(O)CI1l/[HC(0)CI]

where [RO] is the concentration of GEIO andkg is the overall
rate coefficient for the NG- CH,CIO reaction (see Discussion). Time, ms

Integrating eq 11 with the initial condition [RG} [ROo, t = Figure 2. First-order plot of HC(O)CI signal at 289 K and 20 Torr.

0, and [Q] and [NO] constant gives Gas mixture, 25% CKCI/1.7% Gy in Ny; [NO] = 4.24 x 10 molecule
cm3; [NOCI] = 3.34 x 10 molecule cm?3; O, experimental data;
[RO](t) = [RO], exp{ —(Ks[O,] + ks + K[NO]t} (12) —, linear fit. k= 2956 s* was obtained from this plot.
The formation rate of HC(O)Cl can be expressed as By comparing egs 16 and 17 it is clear that determination of

_ HCI growth rates gives the same information as HC(O)CI
d[HC(O)CII/dt = (ks[O,] + k[NODIROI(®)  (13) growth rates. Under conditions where reactions 5 and 9 are

pseudo-first-ordeiks[O2] + ks + ko[NO] is a first-order overall
CH,CIO decay constant. Thus is replaced by henceforth.
First-order plots for HCI growth gave values kf that were

Substitution of eq 12 into 13 and integration with the initial
condition [HC(O)CI]= 0, t = 0, gives

— St indistinguishable, within experimental error, from tkiedeter-
[HC(O)CII® = { (kelOal + KN/} [ROL, [1 — e (1]4) mined from HC(O)CI growth rates under the same experimental
conditions.
whereX = ks[O2] + ks + kgNOJ. At t = oo, Determination of ks and ke. Values for the bimolecular rate

coefficientsks andkg were extracted from the slopds, of the
[HC(O)CI],, = [RO]{ (ks[O,] + Kk [NQO])/Z}  (15) semilog plots by two experimental methods. In the first of these,
HCI or HC(O)CI growth curves were recorded at different partial

and division of eq 14 by 15 gives, after rearrangement, pressures of © by using CHCI/NOCI/O, mixtures with
different mole fractions of @ and fixed total pressure. The
(1 — [HCOCIJ/[HCOCI],) = e > (16) independently added NO partial pressure was kept constant and
at a low value so that reaction 9 did not compete significantly
Equation 16 indicates that a plot of In@ [H(O)CIJ/[H(O)- with reaction 5, but yet reaction 8 was fast enough not to distort

Cl]«) vs time should yield a straight line with a slope equal to the kinetic growth curves. The kinetic analysis predicts that a
(ks[O2] + ks + ko[NOQ]), provided that @ and NO are present  plot of k' vs [O;] should have a slope equallteand an intercept

in sufficient excess that their concentrations can be taken to beof kg + ko[NO]. A second series of experiments was done at a
constant. Figure 2 shows such a plot for data taken at 289 K specified temperature and pressure with mixtures of constant
and 20 Torr. The linearity supports the kinetic analysis. The CH;CI/NOCI/O, mole fraction, and variable [NO]. The mea-
value of [HC(O)CI], was determined from the nearly flat later suredk’ from these experiments were plotted vs [NO], dgd
portion of the [HC(O)CI] vs time curves, such as shown in was determined from the slope. In this case, the intercept is
Figure 1, which was taken to correspond to the asymptote. Whenks[O,] + ks. These experiments were repeated at different total
the semilog plots include longer time data, there is increasing pressures and different temperatures to investigate the temper-
scatter of the data points as [HC(O)CI)/[HC(O)CHpproaches  ature and pressure dependence of the kinetics.

unity. Therefore, the longer time (after 2 ms) data were not used  Figures 3 and 4 show the linearity kfvs [O;] when [NO]

to determine the first-order decay constants. Furthermore, egis constant and df vs [NO] when [Q] is constant, respectively,

16 predicts that the intercept of the semilog plots should go at 289 K and at total pressures of 5, 10, 20, and 35 Torr.
through zero at = 0. The failure to do so, which is apparent Experiments were also done at 15, 25, and 30 Torr. These are
in Figure 2, is due to the formation of GEIO, which is about  not shown in Figures 3 and 4 to avoid clutter. Similar plots
90% complete in<0.4 ms. A contribution is also made by the were obtained at 10 Torr, only at other temperatures. Figure 3
molecular velocity distribution, which distorts the concentration shows that the range of fDin the k' vs [O;] plots decreased
profile at these short times. For HCI formation, a similar analysis with increasing total pressure. Kinetic analysis (see Discussion
shows that section) shows that [§p should be kept as low as possible to

limit the complication caused by HOelated reactions. How-
In(1 — [HCI/[HCI] ) = {ks[O,] + ks + K[NOJ}t  (17) ever, the minimum [g] is limited by rate of reaction 3 to ensure
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4500 ——— TABLE 1: Experimentally Determined Rate Coefficients at
I 289 K2
rate constants
4000 - = pressure  fromk vs fromk vs recommend
I (Torr) [O;] data [NO] data value
ke
] CH,CIO + 0, — HC(O)Cl + HO®
3500 - R 5 8.0x 10714 8.09x 107
- — 10 8.0x 10714 7.52x 1074
“ 15 7.65x 1074 8.09x 107
24 20 8.29x 107 8.09x 1074
3000 - ] 25 8.21x 1074 8.09x 1074
1 30 7.23x 1074 8.09x 10714
35 8.46x 1074 7.42x 1074
[ : average (8.6:0.8)x 1074 (8.0+0.8) x 1074
2500 - s ks
3 CH,CIO — HCO + HCI°
5 230 257 244+ 38
I 10 461 378 419 117
2000 DT T T T 15 691 608 650 117
05 1.0 15 20 25 30 35 40 45 20 922 893 90 41
25 1152 957 1055 275
16 -3 30 1381 1401 1392 25
[0,)/10° " molecule em 35 1613 1429 152% 260
Figure 3. k' vs [O] plots at 289 K and at different total pressures. ko
Gas mixture, 25% ChCI/O; in Ny; [O5] = (0.7—4) x 10 molecule CH.CIO + NO — HC(O)Cl+ HNOP
cm 3, [NO] = 3.34 x 10" molecule cm3; [NOCI] = 3.34 x 10 5 2.71x 1072 2.67x 1072
molecule cm?; O, 5 Torr; ®, 10 Torr; O, 20 Torr; W, 35 Torr. 10 2.71x 10712 2.92x 10712
15 2.71x 107%2 2.86x 10712
20 2.71x 107%? 2.73x 10°%?
L L B SR LA I B 25 2.71x 107%2 257x 10712
30 2.71x 10°%? 2.85x 10°%2
35 2.71x 107%2 2.42x 10712
I average (2.2 0.4)x 10722 (2.7+ 0.4) x 10722
4000 - |
I aUncertainties oks andkg are 2r standard deviations. Uncertainties
of ks were determined by averaging the two valuegét each total
pressure? Units of cn® molecule’® s2. ¢ Units of s'..
B 3500 . . . -
w | TABLE 2: Experimentally Determine Rate Coefficients at
i 10 Torr and Different Temperatures
rate constants
3000 i | temp fromk' vs fromk' vs recommend
| (K) [O7] data [NQ] data value
ks
CH,CIO + O, — HC(O)Cl + HO»
| 265 6.11x 10714 8.06x 10714 (6.1+2.0)x 104
2500 1 1 280 6.77x 104 7.34x 10714 (6.84+1.5)x 10714
I T T 289 (8.0+0.8)x 1014 8.14x 104 (8.0+0.8) x 104
3.0 3.5 4.0 4.5 5.0 5.5 6.0 306 9.68x 1014 8.71x 1014 (97:t 30) X 1014
ks(T) = (2.0£ 0.7) g®34129T » 10-12¢m® moleculet st
14 -3 Ke
[NOJ/10" * molecule cm CH,CIO — HCO + HClb
Figure 4. k' vs [NQ] plot at 280 K and at different total pressures. 265 60 118 89t 40
Gas mixture, 25% CkCI/1.5% G in Ny; [NO] = (3.2-5.6) x 10 280 371 381 37675
molecule cm?; [NOCI] = 3.34 x 10'6 molecule cm?; O, 5 Torr; ®, 289 461 378 419117
10 Torr; O, 20 Torr; M, 35 Torr. 306 1070 1139 1104 97
ke 10mor(T) = (7.7 & 2.3) e 8037721 5 1(Ps71
. . . . . ke
that its half time is less thane 0.1 ms. Since the rate coefficient CH,CIO + NO — HC(O)Cl+ HNO?
of reaction 3 is pressure dependent, lowes][i® allowed for 265 2.9x 10712 2.96x 10712 2.96x 1072
the higher total pressure experiment. The time resolution of the 280 2.7x l(Tﬁ 2.63x 10712 , 253 10712 "
experimental apparatus set an upper limk'ofvhich then limits 289 2.7x 107 (2.7£0.4) x 107 (2.7+0.4) x 10°

306 2.5x 10712 2.41x 10712 241x 10712

[O,] at different temperatures and pressures so that the formatlonavelrage (2. & 0.6)x 10712

of HC(O)CI by reaction 5 is not too fast. Although the feasible _ _
[0;] range is narrow in these experiments, these data support * Units of cn? molecule* s~ ® Units of s*.

the pressure independencekaf The slopes in Figure 4 are also

invariant with pressure, indicating thég is independent of The values oks andkg obtained from the slopes of Figures
pressure over this range. Since higheg][@ere employed in 3 and 4 at different total pressures are listed in Table 1. Table
lower total pressure experiments, tkefrom lower pressure 2 lists the 10 Torr values & andkg obtained fromk’ vs [Oy]
experiments are larger than that of higher pressure experimentglots at 265 K, 280, 289, and 306 K. The reported uncertainties
in Figure 4. of ks andkg in Table 1 are @ standard deviations. An Arrhenius
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Figure 5. Arrhenius plot of experimentally determineks: O, Figure 6. Interceptls vs total pressure plot at 289 K. The intercepts
experimental data:-, linear fit. Data are taken from Table 2. are obtained from Figure 3, experimentally determined data:,
linear fit.

plot of the values oks obtained fronk' vs [O;] plots is shown
in Figure 5. The temperature dependencésdb expressed in

Arrhenius form by eq 18. I, = ks + ks[O,] (21)
ks(T) = (2.0£0.7) x

10712 g (934:128)T

intercepts of thek' vs [NO] plots can be expressed as eq 21.

. - Using the values oks determined fronk' vs [O;] plots, the
cm’molecule~ s~ (18) known [G;] at the pressure of each series of experiments shown
. . ) ) in Figure 4, and the intercepts from Figure 4, valueg&gtan

The values ok listed in Table 2 show no discernible trend o caiculated from eq 21. The 289 K valueskgfrom 5 to 35
with temperature over the entire range. Any temperature depend—rq - are Jisted in Table 1, and the 10 Torr values at 265, 280,
ence must be so weak that it is obscured by the experimentalogg and 306 K are listed in Table 2. They are in good agreement
uncertainty. The_ average valuelef o_btal_ned py averaging all  \ith the ks values determined frorkl vs [O;] data.
of the rate coefficients in Table 2., is given in eq 19. Equation 21 can also be used to estimatéf values ofk
_ 1 from k' vs [O;] data are used in conjunction with The values
— 12 3 1.1
ko= (2.7+0.6)x 10 “cm”molecule "s = (19) of ks S0 obtained are listed in Tables 1 and 2 under the heading
N - “from k' vs [NO] data”. They are in excellent agreement with
_Determmatlon .Of ke. The rate _coeff|C|ent<5 can be det(_ar- . values ofks from k' vs [O,] data and support the kinetic analysis.
mlned_from the Intercepts of Figures .3 and 4 The kinetic The final values ofks at 289 K are listed in Tables 3 and 1.
analysis predicts that the intercept of Figurds3is Each entry is the average of two values, one obtained from the
.= k. + k. INO 20 intercepts of Figure 3 (289 K) and the othgr f_rom the intercepts
3= ks T ko [NO] (20) of Figure 4 (289 K). The reported uncertaintieskgin Tables
Since the NO partial pressure is kept constant in these L @nd 2 were determined by averaging the two valuels at
experimentsk[NO] is a constant, sincég is a function of each pressure and temperature, respectively. Note that the
pressurels is also a function of pressure. Thus the intercept of €XPerimentally accessible pressure rangekiatecreases with
a plot of I3 vs P should give[NO], and subtraction of this  ncreasing temperature because of the time resolution limit of
value ofks[NO] from the value ofi; at each pressure should the apparatus for reliable determination of rate coefficients

give ks(P). Figure 6 shows the plot df vs P for the 289 K discussed apove.
data of Figure 3. The intercept of this plot can be reliably ~ FOr experiments at other temperaturiesandks at 10 Torr

determined, and after subtraction froggives the 289 K values ~ Wer¢ determined in the same manner as 289 K exp’eriments.
of ks from 5 to 35 Torr. These values & are listed in Table However, ks was obtained using intercepthidront) of k' vs

1. Ten Torr values oks at 265, 280, 289, and 306 K, obtained [O2] plots at 10 To'rr and different [NO]. The intercept 'of the
in the same way, are in Table 2. An estimatekgfcan be !1oront VS [NO] plotis equal td at 10 Torr and at that particular
obtained from the intercepts of vs P plots and the measured temperature. The values of the rate coefficients are listed in
[NO]. The values ofkg determined in this way are listed in Tab]es 1 and 2. . . .
Table 1 for pressures from 5 to 35 Torr and 289 K, and in Table  Since 10 Torr is the only pressure for which a valueis

2 for 10 Torr at each temperature. They are generally in excel- available at each of the four temperatures, an Arrhenius plot of

lent agreement with the values kf obtained from the slopes ~ (he 10 Torr data was prepared and is shown in Figure 7. A
of thek' vs [NO] plots, lending confidence to the kinetic analy- l(;?i?qr éezast-squares fit gives the 10 Torr Arrhenius expression
sis. :

An alternative method for determination kf is available _(4803£722)T 1
from thek' vs [NO] data. The kinetic analysis predicts that the Ke(T 1010 = (7.74 2.3) x 10°e s (22)
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TABLE 3: Experimentally Determined Rate Coefficients at 289 K (From k' vs [NO] Plot Data)
P (Torr) 14(SY [O2]2 ke? keod ke (579 ls— Ks (579 ke®= (14 — ke)/[ O3] ke= 14— ks[O2]
5 2537 2.85 2.67 8.0 230 2307 8.09 257
10 1762 1.73 2.92 8.0 461 1301 7.52 378
15 1752 1.43 2.86 7.65 691 1060 7.42 608
20 1797 1.13 2.73 8.29 922 875 7.75 893
25 1781 1.03 2.57 8.21 1152 629 6.11 957
30 2183 0.978 2.85 7.23 1383 801 8.19 1401
35 2446 1.20 2.42 8.46 1613 833 6.94 1429

aUnits of 10 molecule cm?. ® Units of 10722 cm?® molecule® s7L. ¢ Units of 107 cm® molecule® s7. ¢ Fromk' vs [O,] plot results.
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Figure 7. Arrhenius plot of experimentally determinéglat 10 Torr
of total pressureO, experimentally determined date;linear fit. Data
are taken from Table 2.

Figure 8. Experimentally detected kinetic signals of®and NQ at
289 K and 20 Torr. Gas mixture, 25% @E1/3% O,/NOCI/NO; O,
H,O atm/z = 18; ®, NO, at m/z = 46.

The activation energy for this three-center elimination is seen chain reactions. Formation signals of®atm/z= 18 and NQ

to be quite small. The 10 Torr value, about 9.5 kcal/mol, is atnm/z= 46 were recorded at 289 K and at 20 Torr total pressure
expected to be smaller than at the high-pressure limit, due to (Figure 8). Although there is some scatter, the growth curves
falloff effects. The very small value of the preexponential factor show that the formation of #0 and NQ are completed in about

can also be accounted for by the falloff. The difference between the same time as that of formation of HCl and HC(O)CI. There

Ea 6 reported here and the 700 Torr value of &61.9 Kcal
mol~1 given by Wallington et af.is due to the approximate
nature of their method of estimation.

Discussion

The HG formed by reaction 5 can react with NO to form
NO, and OH, which can further react with GEI to give the
CH,CI radical.

HO, + NO— NO, + OH
OH + CH,Cl — CH,CI + H,0

(23)
(24)

Reactions 5, 23, 24, 3, and 8 comprise a chain reaction, with
CH,CIO as a chain carrier, in which reactions 6 and 9 are chain

is no evidence that ¥© and NQ concentrations continue to
increase, as would be expected if a chain reaction were
important.

Parallel experiments were done using 25%3;CH2% O,/
N2 and 25% CHCI/2% O,/10% CHCHO/N, gas mixtures,
while the same concentration of NO/NOCI was introduced
through the separate inlet. The gFHO was added to scavenge
OH, since the rate coefficient for reaction of OH with &H
CHO is about 3 orders of magnitude larger than withsCH
More than 99% of the OH formed by reaction 23 will be
consumed by reaction 25 instead of reaction 24.

OH + CH,CHO— CH,CO + H,0 (25)

The growth curves of HCl and HC(O)CI from these parallel

termination steps. In addition to reaction 2, a significant amount experiments should be significantly different if OH plays an

of CH,CI will be produced by reaction 24, if there are no other
reactions which consume OH. In other words, formation of HCI
and HC(O)CI should continue for a long time if the chain
reaction is not efficiently terminated. The experimentally
measured growth curves of HCI and HC(O)CI show that their
formation is complete in about 2 ms, showing that a chain
reaction is not important at reaction times longer than 2 ms.

Additional experimental work and a numerical study were

important role in their rate of formation. The experimental results
in Figure 9 show that the growth curves of HCI and HC(O)CI
were indistinguishable. The lack of any dependence of the
growth curves on added GHHO argues against the importance
of the chain reaction during this stage of the reaction.

A 36-step reaction model was used to predict profiles of HCI,
HC(O)CI, O, NG,, OH, and HQ. The reaction mechanism
and rate coefficients are listed in Table 4. The rate coefficients

done to gain more information about the possible influence of for the numerical simulations were taken from the literature,
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Figure 9. Experimentally detected kinetic signals of HC(O)CI and
HCI for different gas mixture systems and at 20 Torr and 289 K. 25%
CH;3Cl/3% G,/NOCI/NO: O, m/iz= 64;0, m/z= 36. 25% CHCI/3%
0,/10% CHCHO/NOCI/NO: @, m/z = 64; B, m'z = 36.

exceptks, ks, andkg, which were the experimentally determined
values from this work. The calculated profiles of HCI, HC(O)-
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calculated results show there is no significant amount of OH
and HQ (Figure 10.2) present after 2 ms. Calculated concentra-
tion time curves of HC(O)CI and HCI were used to make
In(1 — [HC(O)CIJ/[HC(O)ClI]) vs time plots and In(% [HCI]/
[HCI])» vs time plots. The plots were linear, showing that the
mechanism predicts pseudo-first-order decay of,CB, in
support of the kinetic analysis. A chain reaction would regener-
ate CHCIO and give noticeable nonlinearity to the calculated
semilog plots. Furthermore, the semilog plots for HC(O)Cl and
HCI yielded almost overlapping straight lines, as predicted by
the kinetic analysis.

The above experiments and numerical simulations show that
a chain reaction involving OH does not have a significant
influence on the rate of formation of HCI and HC(O)CI. This
is most likely due to the removal of GBIO radicals by
reactions 6 and 9 and to the removal of OH by other reactions
which compete with CECI.

The slope of the calculated semilog plots is equal to the
pseudo-first-order rate coefficietcq. This may be compared
with the experimentally determined pseudo-first-order rate
coefficient,K exp The difference betweekicy andk exp was used
to calculate the relative deviation, = 100 x (K'exp — K'ca)/

K'exp Which is a measure of the goodness of the mechanism. At
289 K the mechanism does a very good job simcevas
calculated to be 3.1% at 5 Torr and 2.8% at 20 Torr. At 306 K
the values oty were somewhat larger, 19.8% (5 Torr) and 17.5%
(10 Torr), but still commensurate with the statistical uncertainties

Cl, H,O, and NQ (Figure 10.1) have about the same shape in the experimental data. However, at 265d& 43% (5 Torr)
and rise time as the experimental growth curves. Also, the and 68% (20 Torr) and the mechanism does not do quite as

TABLE 4: Reaction Mechanism for Numerical Simulation (289 K, 20 Torr)?2

entry reaction

k (cm® molecule! s™1)

2 Cl + CH3Cl — CH,CI + HCI

3 CH2C| + 02 +M— CHzC'Oz +M
4 2CHCIO, — 2 CH.CIO + O,

5 0, + CH,CIO — HC(O)Cl+ HO;,
6 CHCIO+ M —HClI+ CHO+ M
8 CH,CIO, + NO — CH,CIO + NO,
9 CH,CIO + NO — HNO + HC(O)CI

23 HO, + NO — OH + NO;

24 CHCI + OH — CH.CI + H-0

27 CHCIO; + HO,— O, + HC(O)CIl + H,0
28 CHCIO; + HO,— O, + CH,CIOOH
29 2HG— O; + H0,

30 0, + HCO— HO, + CO

31 Cl+ CH.CIO,— CH.CIO + CIO

32 Cl+ CHCIO,— HCI + CHCIO,

33 CHCIO; + CIO — CH:CIO + CIOO
34 Cl+ HO,— HCl + O,

35 OH+ Cl,— Cl + HOCI

36 CHCI + Cl,— CH,Cl, + CI

37 HCO+ Cl,— H C(O)Cl+ Cl

38 Cl+ NOCI— Cl, + NO

39 OH+ HO;— H0 + O,

40 OH+ OH—H,O+ O

41 OH+ CIO — pr oduct

42 OH+ NO+ M — HONO+ M

43 HQO, + NO; + M — HO,NO, + M
44 OH+ NO; + M —HNO; + M

45 OH+ HCI— H,0 + CI

46 OH+ HONO— H,0 + NO;

47 OH+ NOCI— NO + HOCI

48 OH+ NOCI— Cl + HNO;

49 OH+ HOCI— H,O + CIO

50 OH+ H,0; — H.0 + HO;

51 HO, + CI— OH + CIO

52 HQ, + CIO— HOCI+ O,

53 NO+ CIO— NO,+ Cl

4.37x 10713 26
6.13x 10713 36
3.72x 10712 37
8.0x 10 this work
907 st this work
1.99x 10712 26
2.7x 10712 this work
8.79x 10712 26
3.15x 10714 26
1.52x 1011 38
5.63x 10712 26
1.83x 10712 26
5.68x 10712 26
7.7x 10711 26
7.4x 10712 26
1.73x 10712 26
3.24x 10711 26
6.22x 10714 26
2.73x 10713 39
5.57x 10712 40
8.2x 1011 26
1.14x 10710 26
1.83x 10711 26
1.67x 10711 26
424 x 10718 26
1.14x 10713 26
1.45x 10712 26
7.75x 10713 26
4.67x 10712 26
1.8x 10713 41
3.07x 10718 41
5.32x 10713 26
1.67x 10712 26
8.64x 10712 26
5.41x 10712 26
1.75x 10712 26

a|nitial concentrations (molecule cr®): CHsCl, 1.67 x 10Y; Oy, 1.13 x 106 Cl, 6.69 x 104 NOCI, 3.34x 10 NO, 3.34x 10
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have to have lifetimes that are orders of magnitude shorter than
milliseconds if they are able to compete with collisional
deactivation at the pressures of our experiments. Any HCI
coming from this source would appear with prompt HCI from
reaction 2 in the first channel of the multichannel analyzer. The
guantitation of prompt HCI, which might be able to distinguish
whether any HCI in excess of that from reaction 2 is present,
was not attempted in these experiments. Additional work to
address this point is planned for the near future.

Any chemically activated CHCIO formed by reaction 8 will
not survive to influence events occurring after 1 ms. At the
pressures of these experiments, CHD* would become ther-
malized by the more than 1@ollisions that it would suffer in
a millisecond. Thus, all rate coefficients determined here are
for thermalized species. Table 2 and Figure 5 show that the
values ofks determined from the slope &f vs [O;] plots and
from the intercept ok’ vs [NQ] plots are in good agreement.
Table 2 also shows that the valueskafby the two different
methods are in good agreement at every temperature. The values
of ks andkg from the slopes of th&' vs [O;] and k' vs [NO]
plots, respectively, are considered to be more reliable than values
taken from the intercept, since each intercept is only a single
data point, whereas several experiments are involved in each
slope. Furthermore, the least-squares analysis of the slopes
affords determination of statistical uncertainties. Thus, we
recommend the rate coefficients derived from the slopes as the
best values oks and ke, with the values from the intercepts
corroborating the kinetic analysis.

The values okg are in good agreement with the results from
our previous study at 306 K.In that work, Ch was the source
of Cl, CH,CIO was generated by self-reaction of &HO,
radicals, and the rate coefficients were determined by nonlinear
regression of the 18-step reaction mechanism on HCI growth
data. The two previously reported valueskgfn Table 2 of ref
10 are 920 and 995§ at 10 Torr, in good agreement (within
statistical uncertainty) withkg(306 K) = (1104 &+ 97) s!
reported here. Comparison k{306 K) = (2.84 1.2) x 10713
cm® molecule’ s from that work with the mean value
calculated from eq 185(306 K) = (9.7 & 3.0) x 10 cm?
molecule s71, shows that the agreement is less good, although
it is close to being within the statistical uncertainties. There are
no literature values dfg with which to compare these results.
Since the method of initiating the reaction and generating-CH

_';igUfeRlo- t_Ca'CU|atﬁd PrOf”eSdOf Va”OLiS ?PeCieS a}_ Ztgg K ?_”%IZOA ClO, and the method of the kinetic analysis are both different,

orr. Reaction mechanism and concentrations are Istea in 1able 2. the closeness of the valueskgfandks from our previous study
(10.1)0, HCI; @, HC(O)CL D, H0; M, NOz: (10.2)0, HO;: @, OH. with the values reported here is satisfying. Since the present
well here. The reason for the divergence at low temperature iskinetic analysis depends on the observed pseudo-first-order
not apparent, although it should be noted that the literature growths, whereas the analysis in ref 10 depends on regression
values of the rate coefficients are generally not as well estab- Of the data on a mechanism, the rate coefficients reported here
lished at lower temperatures as they are near room temperaturedre to be preferred.

Bilde et al’6 have recently reported evidence that the a portion _ Reaction 6 is very close to the low-pressure limit. This is
of the CHCIO radicals formed in reaction 8 are chemically first of all suggested by the apparent linearity of the data plotted
activated and that they are sufficiently energetic to eliminate in Figure 11, which shows the pressure dependende at
HCI. 289 K. Further evidence is obtained by empirical fitting. The
solid line in Figure 11 is a nonlinear Troe curvefitThe near
linearity of the fit is also indicative that reaction 6 is very close
to the low-pressure limit at the pressures of this investigation.

The asterisk denotes the chemically activated radical. This is The value ofkso, one of the parameters of the fit, is given by
in contrast with CHCIO formed by the CHCIO, self-reaction, eq 26.

which is less exothermic and probably does not produce a
chemically activated product. Any GBIO* formed in our
experiments will not affect the observed kinetics, since it will
not be present at our millisecond reaction times. Reaction 8alf this is multiplied by the 289 K total molecular concentration
would generate CHCIO* on a submillisecond time scale, and at a particular pressure, the experimentally measured values of
energy states above the HCI elimination threshold energy would ks are recovered. For example, at 10 TdgJM] = 465 s'1,

CH,CIO, + NO — CH,CIO* + NO, (8a)

ks o289 K) = (1.4+ 0.4) x 10 **cm® molecule* s™ (26)
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Figure 11. Pressure dependence kefat 289 K: O, experimentally
determined data;-, linear fit. Data are taken from Table 1.

compared with the experimental value, 419.sThe value of

ks (289 K) from the Troe fit is not reported here, because the
long extrapolation makes it unreliable. More extensive use was
not made of Troe fits since an RRKM analysis has been done
and is being prepared for publicatiéh.

The activation energy of reaction 5, 1.86 kcal/mol, is small
and not dissimilar from the activation energies reported for direct
kinetics studies of other oxy radical reactions with @
temperatures below 500 K. For the @M + O, reaction,
activation energies of 2!6and 2 kcal/md have been reported.
For GHs0 + 0,,21 E; = 1.1 kcal/mol; for iseCsH7O + 05,22
E, = 0.4 kcal/mol; and for CFGCH,0,23 E; = 1.8 kcal/mol.
Wantuck et aP* found curvature of the Arrhenius plot for
CH30+0; over the temperature range 29873 K, indicative
of higher energy channels becoming important at higher
temperatures. The preexponential factors for the alkoxy radicals
are in the 104 cm?® molecule’! s~ range, and for CFGCH,0,

A= 2.4 x 10715 cm® molecule’! s71. TheseA-factors are too
small to be consistent with direct H-atom transfer tp They
have given rise to discussion of mechanism, particularly the
nature of the transition state, which is required to be somewhat
less entropic than the typical H-atom metathesis transition
state?® SinceAs = 2 x 1072 cm?® molecule! s71, reaction 5 is
different than these R®O0O, reactions. While preexponential
factors for H-atom metathesis can be smaller thanAtfiactor

J. Phys. Chem. A, Vol. 105, No. 9, 2001431

of O, with CH,CIO and that the mechanism would not involve
formation and rearrangement of an intermediate complex. This
might explain the larger preexponential factor (compared with
CH30 + Oy). An ab initio study would be expected reveal
whether this is the case.

The following four channels for the reaction of g@EO with
NO are considered here:

CH,CIO + NO — CH,CIONO (9a)
CH,CIO + NO — HC(O)Cl+ HNO (9b)
CH,CIO + NO — CH,CINO, (9c)
CH,CIO + NO— CH,CI + NO, (9d)

Of these, reaction 9d is too endothermic to be important at the
temperatures employed in this work. The observation of HC-
(O)CI confirms the occurrence of disproportionation (reaction
9b), and although CKCIONO was not detected, in view of the
importance of methyl nitrite formation in the GB + NO
reaction, it seems highly likely that the combination channel,
reaction 9a, is also open. While reaction 9c cannot be ruled
out, it probably requires a three-center transition state, and if
so, it would have a smallek-factor than simple combination.
Regardless of the operative reaction channels, eqs 16 and 17
show that the kinetic analysis gives the overall rate coefficient,
kg, and notkgp,, the rate coefficient for the observed channel.
To our knowledge, there are no literature valuekgivith
which to compare our results. Table 2 shows thatis
remarkably insensitive to variations of temperature and pressure.
The temperature insensitivity is similar to the gH+ NO
reaction. From a study of the pyrolysis of g@BNO, He et af8
found that the reaction of G® with NO had an activation
energy of 0+ 200 cal/mol. At somewhat lower temperatures,
McCaulley et aP® and Frost and Smiff report small negative
temperature coefficients. Their work was done over wider
temperature ranges, 22@73 and 296573 K, respectively,
than the 265-306 K range of this work. However, the absence
of any pressure dependencekgfis in contrast with CHO +
NO, which is known to increase in rate with increasing
pressurél=33 Direct experiments have shown that the rate
coefficient increases as pressure increases from a few Torr to
the vicinity of 100 Torr2%30.3435The pressure dependence must
be attributed to formation of a chemically activated methyl nitrite
intermediate, but the literature differs on whether the reaction
all goes through the intermediate, as in the scheme b&law,
whether there is an accompanying pressure-independert®path.
Dobe et al. have claimed that it is not possible to distinguish

of reaction 5, there are good examples of metathesis reactionsalternate pathways from the pressure dependence of the rate

with similar preexponentials. For example, H-atom transfer from
small molecules to OH commonly have Arrhenius preexponen-
tial factors in the 102 cm?® molecule® s~! range?® and these
reactions are usually considered to occur directly through linear
transition states. Thus there is no compelling need to rationalize
reaction 5 as occurring through a tighter and therefore less
entropic transition state. Jungkamp and Seirfedve carried

out ab initio and density functional calculations of the 4CH

+ O, reaction, finding that the barrier for trioxy formation is
lower than the barrier for direct H-atom transfer and that
unimolecular decomposition of GBOO via a cyclic transition
state is the dominant path for formation of Hl@nd CHO.
Substitution of CI for H in CHO is expected to decrease the
energy of the remaining two -€H bonds. If this lowers the
barrier for direct transfer sufficiently, it is possible that direct
transfer would become the dominant reaction path for reaction

coefficient alone®

CH30 + NO « CH30NO* — CH,0 + HNO
l+M

CH;0NO

If CH2CIO + NO were to occur through GIE€IONO*, the
failure to observe any pressure dependencksefould have
to be explained by the association being very close to the high-
pressure limit at the pressures of our experiments. Reaction 9
is expected to be closer to the high-pressure limit than@H
+ NO due to the larger vibrational state density of JCHONO*
(compared with CHONO?*), but near the high-pressure limit,
the yield of HC(O)CI would be very small if the above scheme
holds. The pressure independencé&gfould also be explained
if the mechanism is direct transfer of an H-atom fromJCHD
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to NO. SinceEg ~ 0, kg could then be associated wifty = 3.1
x 10712 cm® molecule’! s1, which is in the normal range for

H-atom metathesis between polyatomic and diatomic reactants.

Wu and Carr

(12) Wu, F.; Carr, R. Wint. J. Chem. Kinet1991 23, 701.
(13) Moore, S. B.; Carr, R. Wnt. J. Mass Spectrosc. lon Phyk977,

24, 161.

(14) Hutton, E.; Wright, MJ. Chem. Soc., Faraday Tran965 61,

Further work will be needed to clarify the mechanism of reaction 78.

9.
Kaiser and Wallingtohhave shown that the reaction of GH
CIO with O, is the dominant path for its removal from the

atmosphere. The results of this study confirm that conclusion.
At ground level, where temperature and pressure are taken to (

(15) Wu, F.; Carr, R. WJ. Phys. Chem1995 99, 3128.

(16) Bilde, M.; Orlando, J. J.; Tyndall, G. S.; Wallington, T. J.; Hurley,
M. D.; Kaiser, E. W.J. Phys. Chem1999 103 3963.

(17) Troe, JPhys. Chem1979 83, 114.

(18) Wu, F.; Carr, R. W. To be published.
19) Gutman, D.; Sanders, N.; Butler, J.JEPhys. Chenil982 86, 66.
(20) Lorenz, K.; Rhaa, D.; Zellner, RBer. Bunsen-Ges. Phys. Chem.

be 300 K and 1 atm, respectively, the relative rate of reactions 1985 89, 341.

6 and 5 is given byg/rs = ke/'ks[O2]. Calculatingks from eq 18
and extrapolatindss linearly from the 10 Torr and 306 K value
in Table 2 to 760 Torr givess/rs = 0.14. At the tropopause,

where conditions are approximately 200 K and 100 Torr, the

ratio re¢/rs = 1.7 x 10~* was calculated. Linear extrapolation

of ks leads to an overestimate at higher pressures because th
slope ofks vs P decreases with increasing pressure in the falloff.

The actual values afg/rs at the surface and at the tropopause
will be somewhat smaller than the calculated ratios. Skaée
approximately a factor of 30 larger thdg, reaction 9 cannot
be important, even in highly polluted areas, sincey@ncen-
trations are orders of magnitude smaller tharc@ncentrations.
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