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FT-IR Product Studies of the Cl-Initiated Oxidation of CH 3ClI in the Presence of NO
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The Cl-atom initiated oxidation of C}€I has been studied at 296 K using two different FTIR/environmental
chamber systems. In the presence of NO, the carbon-bearing products observed are HCOCI, HCHO, and CO,
with yields in 700 Torr of air of (56t 10), (32+ 6), and (12+ 5)%, respectively. This product distribution

is different from previous studies conducted in the absence of NO, in which a nearly 100% yield of HCOCI
was obtained. The different product distribution observed in the presence of NO is attributed to the formation
and subsequent decomposition of chemically activateddBBi radicals, formed in the exothermic reaction

of CH,CIO, with NO.

Introduction In general, the self-reactions of peroxy radicals are close to
thermoneutraf,and the resulting alkoxy radical has little or no
excitation. However, because reactions of peroxy radicals with
NO are exothermftand occur via the formation of a ROONO
complex that is sufficiently long-lived to allow for energy

The deleterious effect of chlorine chemistry on stratospheric
ozone levels is now well documenté@he sources of chlorine
to the stratosphere include the man-made chlorofluorocarbons

and naturally occurring species, the most abundant of which is A ) . ;
methyl chloride. The atmospheric oxidation of methyl chloride randomization, the alkoxy radicals produced in these reactions

proceeds via formation of the chloromethoxy radical i 2-6 can possess internal excitatidr#2 This internal excitation has
In all previous studiés® of CHsCl oxidation, CHCIO radicals been shown to be comparable to, or greater than, the barrier to

were produced via Cl-initiated oxidation of GEl in the absence vcl';_\rlc.)ust. un|rr;olet(1:ullar proi:esses IEIeC?_Ic botf‘d rupilture_,
of NO, i.e.. via reactions 24 elimination of a halogen atom, or elimination), allowing

the activated radicals to decompose on time scales that are short,

Cl,+hv—2Cl (1) cpmpared to cc_)llisional deactivation, anql thus leading to prpduct
distributions different from those obtained from thermalized
Cl + CH,Cl — CH,CI + HCI (2) radicals.
In light of our new understanding of the potential role of
CH,Cl + O, — CH,CIO, ®) chemical activation in the atmospheric chemistry of alkoxy

CH.CIO.. + CH.CIO. — CH.CIO + CH.CIO + O () radicals, particularly for cases in which the activation barrier
zre 2 2 2 2 for decomposition of the alkoxy species is low, we have re-

examined the atmospheric fate of &HO radicals. In this study,
the products of the Cl-initiated oxidation of GEl in the
presence of NO are investigated. It will be shown that the
product yields obtained in the presence of NO are significantly
different from those obtained in the absence of NO?
suggesting that an excited alkoxy radical ({CHO*) is formed

in the reaction of CHCIO, with NO

The conclusion of the two most recent stufifesas that three-
center elimination of HCI via reaction 5 and reaction with O
via reaction 6 are competing fates of the LHD radicals
generated from reaction 4, witty/ks = 5.6 x 10723 exp(3300/
T) cm® molecule'®.

CH,CIO + M — HCO+ HCI+ M (5)
CH,CIO + O, —~ HCOCI+ HO, (6) CH,CIO, + NO— CH,CIO* + NO, @)
Semiempirical calculatiodg show that HCI elimination will and that this excited species plays an important role in the

be favored over both Cl-atom and H-atom elimination, although atmospheric chemistry of GiglI.
the absolute barrier heights calculated are higher than those
experimentally observed. Experimental Section

Experiments were conducted in environmental chambers at
* To whom correspondence should be addressed. P
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University, Pittsburgh, PA 15213. spectrometers as described elsewhé&té CH;Cl oxidation is
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initiated both by Cl-atoms (reaction 2) and by OH, which is 10711 cm® molecule! s 18 As discussed above, Cl-atom
generated via reaction of H@adicals with NO. chemistry was most important for experiments conducted at
NCAR, and corrections were made as follows, i.e., ignoring
OH + CH,Cl — CH,Cl + H,0 (8) the small effects of reaction 13:

The FT-IR system at Ford was interfaced to a 140-L Pyrex _ _ —0.50k,
reactor. Radicals were generated by the UV irradiation (using [HCHOJcqy, = [HCHO] g5 {1 — A[CHCIV[CHLCI}
22 black lamps which surround the cell) of mixtures of {CH [CO]eor = [COl,ps — ([HCHO],,, — [HCHO],,)
Cly, Oy, and NO in 700 Torr total pressure of; Mt 296 K.
Reactant loss and prOdUCt formation were monitored by FT-IR For experiments conducted at Ford’ conversions Q._f@M/ere
spectroscopy, with an analyzing path-length of 28 m and a syfficiently small that correction to measured HCHO yields were
resolution of 0.25 cmt. Infrared spectra were derived from 32 pot required.
co-added spectra. Finally, conversion of HCO to HCOCI via reaction with.Cl
The apparatus at NCAR consisted of a 47-L stainless steelwas accounted for. Initial yield calculations were based on the

reactor fitted with a quartz window at one end to allow assumption of total conversion of HCO to CO via reaction 14,
photolysis by means of a filtered xenon arc lamp. Experiments k,, = 5.5 x 10712 cm® molecule’ s~1.8

involved the photolysis of CkCl (Matheson), Gl (Matheson,

UHP), NO (Linde), Q (U.S. Welding, UHP), and N(liquid HCO+ O,—HO, + CO (14)

N2 boil-off) and were conducted at 296 K. Typical photolysis

times were 3 min. A Bomem DA 3.01 FT-IR spectrometer was However, withkigkis = 1.15° small amounts of HCO were

interfaced to a Hanst-type optical arrangement mounted within converted to HCOCI via reaction 15 in experiments conducted

the reaction cell, for in situ IR spectroscopic analysis of the at low [O;].

gas mixture composition. Reactant loss and product formation

were monitored by FT-IR absorption spectroscopy, with an HCO + Cl,—~ HCOCI+ClI (15)

optical path length of 32.6 m and a spectral resolution of 1.0

cmL Infrared spectra were derived from 50 co-added inter-  The observed product yields were quantified with a precision

ferograms. of +£10%. Possible systematic errors associated with the
CHsCl, and its oxidation products HCHO, HCOCI, and CO, references may contribute an additional 10% to the uncertainty,

were monitored using their characteristic features over the rangeleading to a total uncertainty aE15% on the product yields.

1000-2300 cntl. Reference spectra of HCHO and CO were Uncertainties reported in this paper are two standard deviations

acquired and calibrated by expanding a known pressure of unless otherwise stated, and standard error propagation methods

reference material into the reactor from a calibrated volume. are used to calculate combined uncertainties.

CO quantification was done in the 2062220 cn! region,

while HCHO was quantified using the carbony! stretch centered Results and Discussion

at 1745 cm. HCOCI was identified by means of its charac- ¢ investigate the potential formation of chemically activated

teristic IR features at 1305 and 1784 cmQuantification of  alkoxy radicals in reaction 7, @CHSCI/O./N,/NO mixtures in

the HCOCl yield was achieved using a previously reported Cross 700 Torr total pressure were irradiated. In the first series of

section,o(1793 cm') = 1.63 x 1078 cn?* molecule™.>° experiments mixtures of 11.5 Torr (Ford) or 0.11 Torr (NCAR)
Although [CHCI] was kept high to minimize secondary  of CHyCl, 100 mTorr of C}, 10 mTorr of NO, and 4400 Torr

chemistry, minor corrections to measured product yields neededyf o, in 700 Torr total pressure of Nwere subjected to UV

to be made in some cases. First, stoichiometric conversion Ofjrragdiation. Three carbon-containing products were identified:

HCOCI to CO on the stainless steel walls of the NCAR Hcocl, HCHO, and CO. In all of the experiments the loss of

chambef, which occurred with a first-order rate coefficient of  cH,cl was too small €3%) to be quantified accurately, and

knet = 3 x 10* s™' was accounted for as previously the oss of CHCI was thus assumed equal to the sum of the
documented. Conversion of HCOCI to CO via reaction with  concentrations of the carbon-containing producA§CHsCI]

obs

Cl-atoms ks = 7.6 x 107 cm® molecule s> or with = A|[HCOCI] + A[CO] + A[HCHO]. Figure 1 shows the yield
OH, ko~ 1 x 107*3cm® molecule™ s, was also considered ot HCOCI and the combined yield of CO and HCHO versus
. the G partial pressure. The dotted lines are included to aid visual
Cl+ HCOCI— CICO + HC ©) inspection of the data trend. The solid lines show the expected
OH + HCOCI— CICO+ H,0 (10) yields of CO and HCOCI based upon experiments performed

. in the absence of N®%and are given by Y(HCOCH= kg[OJ]/
clco—~cl+co (A1) (ks + kfOs]) and Y(CO) = 1 — Y(HCOC) with ke/ks = 3.9 x
Under conditions used at Ford (very high [ and thus small ~ 10~*®cm® molecule™>.® Clearly, there is a difference in product
fractional conversion), reactions 9 and 10 were insignificant, Yields from oxidation of CHCI in the presence and absence of
and no correction was necessary. Computer simulations of theNO. At the highest concentrations o, Ghe HCOCI yield is
conditions used at NCAR (using ACUCHEM)showed that expected to exceed 98%. However, in the presence of NO, only
the chemistry was largely controlled by Cl-atom reactions, and @ 60% yield of HCOCI was observed at high;JOvhereas the
corrections were made for reaction 9 as previously descfibed. combined yield of CO and HCHO was 40% under these
Conversion of HCHO to CO, via reaction with either OH or ~ conditions. This significant change in the product yields is a

Cl-atoms, was also considered strong indication that a fraction of the alkoxy radicals formed
in reaction 7 are chemically activated and undergo prompt
Cl+HCHO— HCO+ HCI (12) decomposition to form products other than those expected from
OH + HCHO— HCO + H,0 (13) reactions 5 and 6 alone. Furthermore, the observation of HCHO

suggests that a new reaction channel is opened up, which is
with ki» = 7.3 x 10711 cm3 molecule? s71 andkiz = 1.0 x inaccessible to the thermalized gEO radicals.
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Figure 1. Product yields obtained in the Cl-atom-initiated oxidation
of CHsCl (0.11 Torr, NCAR; 11.5 Torr, Ford) in the presence of NO
(10 mTorr), as a function of the Opartial pressure: diamonds,

combined yield of CO and HCHO; circles, yield of HCOCI, obtained
at NCAR (open symbols) or Ford (filled symbols). The data were

corrected for the effects of secondary chemistry, as described in the
text. The dotted lines are included to aid visual inspection of the data
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The remainder of this paper will be concerned with the
determination of the relative importance of reactions 16 and
17a—c in the chemistry of the CHCIO* radical formed in
reaction 7. The following notation will be used throughout:
is the fraction of alkoxy radicals produced with insufficient
energy to overcome any barrier to unimolecular reaction and
that is thus collisionally thermalized, reaction 18;is the
fraction of activated alkoxy radicals that eliminates a hydrogen
atom to form HCOCI, reaction 17g; is the fraction of activated
alkoxy radicals that eliminates HCI to form HCO (reaction 17b);
andy; is the fraction that eliminates Cl atoms to form HCHO
(reaction 17c).

There are three potential sources of HCOCI in the system:
hydrogen atom elimination from the excited alkoxy radical
(reaction 17a), reaction of the thermalized alkoxy radical with
O (reaction 6), and reaction of the thermalized alkoxy radical
with NO, via reaction 18a

CH,CIO + NO — HCOCI+ HNO (18a)
CH,CIO + NO — HCHO + NOCI (18b)
CH,CIO + NO + M — CH,CIONO+M  (18c)

In Figure 1, the yield of HCOCI converges toward 60% at the
highest concentrations of OThis suggests that essentially all

trend. The solid lines are the expected product yields in the absence ofof the thermalized alkoxy radicals are converted to HCOCI via

NO.

On the basis of our previous studies of sCFHO*? and
HOCH,CH,0O* 12 radicals, those radicals produced with an
energy that is insufficient to overcome any barrier to unimo-

reaction with Q and that reaction 18 is unimportant under these
conditions. Thus, the yield of HCOCI in the limit of high,O
provides a value oft + f of roughly 60%.

Also, at high [Q], where reaction 18 is of negligible
importance, channel 17c is the only source of HCHO. CO is

lecular reaction are expected to be thermalized via collisions formed via reaction 17b followed by reaction 14 or via

with molecules of the bath gas

CH,CIO* + M — CH,CIO + M (16)

destruction of HCHO, reactions +24. Thus, from the com-
bined yield of CO and HCHO at high ) we obtainy; + y»

~ 40%. That is, approximately 40% of the alkoxy radicals
generated in reaction 7 decompose promptly to generate products

whereas those produced above barriers to decomposition arenot observed in previous studies of methyl chloride oxidation
expected to decompose on a subnanosecond time scale (i.e., ooarried out under similar conditions, but in the absence of NO.

a time scale that does not allow for collisional deactivation or

To determine the individual values of andy», the effects

for bimolecular chemical reaction to occur). Possible channels of reactions 12 and 13, which convert HCHO to CO, must be

for the decomposition of CKIO* radicals include

CH,CIO* — H + HCOCI (17a)
CH,CIO* — HCI + HCO (17b)
CH,CIO* — Cl + HCHO (17¢)
CH,CIO* — H, + CICO (17d)

Using a calculated enthalpy of formation for the thermalized
alkoxy radical of AH¢ (CH,CIO) = —2.4 kcal mofl8 the

minimized. Thus, the yields of CO and HCHO were analyzed
in the experiments using 11.5 Torr of @El, and 10 mTorr of
NO. In these experiments, Cl and OH react almost exclusively
with CHsCl and the occurrence of reactions 12 and 13 is of
minor importance. Figure 2 shows the yields of CO and HCHO
versus the @concentration. At the highest i) 100—400 Torr,
where the effects of reaction 18 are also minimized, the product
yields converge toward 32% for CO and 12% for HCHO. Since
there is no £2%) HCHO formation from the thermalized alkoxy
radical$® and increasing [g from 100 to 400 Torr with
constant [NO] has no discernible impact on the product yields,

reaction enthalpies for decomposition of the thermalized radicals it seems reasonable to interpret the yield of 12% HCHO as the

via reactions 17ad are as follow$: AH; (17a) = 10.2 kcal
mol~1, AH, (17b) = —9.7 kcal mot?, AH; (17c) = 5.3 kcal
mol~1, andAH; (17d) = —2.6 kcal mofl. Again, on the basis
of comparison with previous studi@s?it is reasonable that at

least a fraction of the nascent alkoxy radicals will possess

sufficient energy to allow Cl-atom or possibly H-atom elimina-
tion to occur. The energy barrier to HCI elimination from the
thermalized alkoxy radical is 9 kcal mdl ¢ and is thus also
accessible. KHelimination is 7 kcal moi? less favorable than
HCI elimination; thus, the barrier to this process is likely to be
prohibitively high, and its occurrence will not be further
considered.

fractiony, of the excited alkoxy radicals that undergo Cl-atom
elimination. Similarly, the yield of CO at high concentrations
of O, can be ascribed to the HCI elimination from the excited
alkoxy radical,y; ~ 32%.

So far, CO and HCHO have been identified as products of
the prompt decomposition of chemically activated JCHD
radicals, with a total yield of 4045%. It is now left to address
the origin of the observed HCOCI product. This issue is
complicated by the multiple possible sources of this com-
pound: H-atom elimination from chemically activated §CHO
(reaction 17a) and the reactions of thermalizedClI® radicals
with either Q (reaction 6) or NO (reaction 18a).
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Figure 2. Yields of HCHO (a) and CO @) following irradiation of O 04tb = o
11.5 Torr of CHCI, 100 mTorr of C}, 10 mTorr of NO, 4-400 Torr L o3l LIS d =
of O,in 700 Torr total pressure of blotted versus the partial pressure >
of O,. 021 n
To assess the relative contributions of these sources, experi- o1t . |
1 L 1 1

ments were performed using low @artial pressures to increase
the relative importance of loss of thermalized £LHD radicals
via HCI elimination, reaction 5. However, under these condi- [NQ], Torr

tions, the observed product yields are also influenced by the Figure 3. Product yields of (A) HCHO, (B) HCOCI, and (C) CO versus
reaction of the thermalized GBIO with NO. Thus, to the concentration of NO following UV irradiation of mixtures of 5
determine the effects of reaction 18, experiments were conducted! ©' 0f Oz, 111 Torr of CHCI, ~100 mTorr of Ci and 5-110 mTorr

at a fixed low Q pressure (5 Torr), with the initial NO of NO at 700 Torr total pressure. Experimental data were obtained at

. - . . NCAR (open squares, triangles, and circles) or Ford (filled squares,
concentration varied over a wide range-(l0 mTorr). Experi-  iangles, and circles). Solid lines: model resuilts with = 0, kiga =
ments were conducted both at Ford (with an initial gCH of 7 x 10712 cn® molecule? s2, andkigs = 9 x 10712 cm? molecule!

11.5 Torr) and at NCAR (initial [CELCI] of 1.1 Torr). In all of s, o =56%,8 = 0%, y1 = 12%, andy, = 32%; see text for details.
the experiments the conversion of X was <0.2% and

HCOCI, CO, and HCHO were again the only observed carbon- Thus, an upper limit to (reaction 17a) of 25% can be
containing products. Figure 3 shows the corrected yields of established. This result can be combined with the estimate that
HCHO, HCOCI, and CO versus the partial pressure of NO. a + f = 60% (inferred from the HCOCI yield at high [P
Experimental data acquired using the setup at NCAR are shownsee above). Hence, the value @f(the fraction of CHCIO

as open symbols, and data acquired at Ford are shown as filledradicals that is thermalized) must fall in the range-85%.
symbols. Clearly, the product yields depend on the partial  Further conclusions regarding the valuesiafndf can only
pressure of NO relative to that of,08ince the excited alkoxy  be obtained with a prior knowledge of the overall rate and
radicals are expected to be too short-lived to undergo chemicalmechanism of reaction 18, information which is not currently
reactions, it can be concluded that the NO dependency is dueavailable. However, with reasonable assumptions about this
to the occurrence of reaction 18. Furthermore, the constant yieldsreaction, some computer simulations of the experiments shown

0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12

reached at the higher NO partial pressure (6.03.2 Torr) in Figure 3 were conducted, as is now described. First, 32% of
indicate that the thermalized GEIO radicals are reacting the alkoxy radicals were assumed to decompose promptly via
almost exclusively with NO under these conditions. HCI elimination, y1, while 12% were assumed to decompose

There are a number of conclusions that can be drawn from via Cl-atom eliminationy,. Values ofks = 2600 st andks =
the data in Figure 3. First, the HCHO vyield is seen to increase 1 x 10~ cm?® molecule’! s~ were assumed, in agreement with
from 12% at low NO to about 40% at higher NO, offering clear the measurédatio of these rate coefficients and consistent with
evidence for the importance of reaction 18b in the system. A typical rate coefficients for reaction of alkoxy radicals wita®O
more thorough discussion of the impact of reaction 18 is given Since reaction of CkD with NO to form CHONO occurs with
below. The CO yield at high [NO] reaches a constant value of a rate coefficient of about 2.5 10! cm® molecule* s! at
about 32%. Since there are no apparent sources of CO from700 Torr® the same rate coefficient was assumed in the model
the reaction of CRHCIO with NO, this CO must be coming from  for reaction 18c.

the decomposition of chemically activated &HO via process Two model scenarios were then considered, one in which
(17b). This result is wholly consistent with the valuejaf= H-atom elimination was assumed to be important{ 34%,
32%, inferred from the yield of CO in the presence of high O = 22%), and one in which this process was assumed to be
concentrations (see above). negligible 8 = 0, o = 56%). In the first scenario, the rate

The HCOCI yield is relatively independent of [NO] in this  coefficient for reaction 18b was adjusted until the proper trend
set of experiments, with a value of 25% at high [NO]. Because in HCHO production with the initial [NO] was obtained. Best
all thermalized CHCIO radicals react with NO under these agreement between the model and the experiments was obtained
conditions, the only sources of HCOCI are reactions 17a or 18a.with kyg, = (3.5 £ 1.0) x 107! cm® molecule® s™1. The
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modeled trends in the data matched those observed fairly well. HCHO + NOCI
The drawback to this model scenario is that it seems improbable HC(O)Cl + H
that as many as 225% of the nascent G}€IO radicals have Pz NO HCO + Hal
internal energy that is above what is likely to be a fairly large /A
barrier to H-atom elimination (probably in excess of 15 kcal/  cHclo,+NO ——= CHCIO© ——= CH,CIO
mOl) 0=35-60% 02
In the second model scenario, valuespof 0% anda = /\ NO
56% were assumed. This model can aslg?) be made to fit the TS Tl HC(O)CI+ HO,

data quite well if significant amounts of HCOCI are formed in HCO+HCI  HCHO+Cl

:Eetrfactlog céf Cli%?lwfrg NOl, realctllonleBS AgalntabSSlimlng Figure 4. Fate of the excited C¥CIO* radicals produced in the
alll8c SO fl molecule =S -, Kiga MUSL D& 4x reaction of CHCIO, with NO in 700 Torr total pressure of AN, at
10 cm? molecule™ s* for sufficient HCOCI production to 296 K: « is the fraction of excited alkoxy radicals which are

occur. While this scenario again fits the observed data quite thermalized by reaction with a third body; is the fraction which

well, it seems unlikely that reactions 18a through ¢ are all eliminates a hydrogen atormp; andy. are the fractions which eliminate

operative with rate coefficients in excess ofsx210°1! crm? HCI, and ClI, respectively. Most likely, the value fis close to zero,

molecule’ st (total kig ~ 1 x 10°1° cn® moleculet s9), and that ofa is near 60%; see text for details.

given that analogous R& NO reactions are typically in the o .

low 1011 range8 A further possibility is that CHCIONO is A-factors for the Cl-atom elimination channel are likely greater
; ) . : 3q1y12

not formed in reaction 18. This reaction probably occurs through than 10°s™1)!

the formation of a complex

HCOC! + HNO

Conclusions and Atmospheric Implications

CH,CIO + NO — [CH,CIONO]* — HCOCI+ HNO (18a) It has been shown that the products of the oxidation 0§-CH

Cl are different in the presence of NO from what had previously
— HCHO+ NOCI (18b) been observed in its absence. Previous stééfetshowed that

the dominant product obtained under atmospheric conditions,
— CH,CIONO (18c) but in the absence of NO, is HCOCI. However, the chemically

activated CHCIO radicals formed in the presence of NO lead

and it is possible that stabilization of the nitrite does not occur. t0 @ different product distribution. The observed product yields

A similar mechanism has been postulated for the reaction of When low levels of NO are present (in 700 Torr air, at 296 K)
CF;0 with NO, are: HCOCI (56%), CO and HCI (32%), and HCHO and ClI

(12%). These product yields will be obtained from the OH- or
CF3O 4+ NO— [CF3ONO]* _ CFZO + ENO (19) Cl-initiated oxidqtion of CHCI in the atlmos_phere .in regions

where the chemistry of the GBIO, radical is dominated by
its reaction with NO, such as throughout most of the continental
boundary layer. Although studies have only been conducted at
296 K, these product yields should be relatively insensitive to
temperature, since the prompt decomposition of the chemically
activated CHCIO should be largely unaffected by temperature,
and the majority of the thermalized GEIO radicals will react
with O, at all temperatures encountered in the atmosphere.

Chemical activation effects in the atmospheric chemistry of

a number of alkoxy radicals have now been demonsttatéd

for which the yields of CEFO and FNO have been shown to be
unity 81819 Under the assumption thaig. = 0, lower values

for kygaandkygp (about 7x 10712 and 9x 10712 cm? molecule?

s1) are required to model the data (see Figure 3), and a much
more reasonable total value fyg is obtained. Note that the
exothermicities of reactions 18a, 18b, and 19 are all at least 8
kcal/mol greater than that of reaction 20b, offering a possible
reason nitrite formation may not be important in reactions 18

or 19. . .
and appear to be a phenomenon general to radicals possessing
activation barriers to decomposition of about 12 kcal/mol or

CH,0 + NO — [CH,ONOJ* — CH,ONO (208)  oae ' post .

— HCHO + HNO (20b)
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