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Yields of CH,00 and CH,I0, from the reaction of CH,l radicals with O,
are reported as a function of total pressure, [N,] and [0,] at T = 295 K
using three complementary methods. Results from the three methods
are similar, with no observed additional dependence on [O,]. The CH,l +
O, reaction has a yield of ~18% CH,00 at atmospheric pressure.

Criegee biradicals (CR,00) are key reaction intermediates in
the ozonolysis of unsaturated organic compounds,' and their
involvement in the atmospheric oxidation of alkenes has long
been postulated.”” Despite much effort, direct observations of
Criegee biradicals have only recently been reported for CH,00*®
and CH;CHOO.® Photolysis of CH,I, in the presence of O, has
been shown to produce CH,0O0 at low pressures through the
reactions:>*°

CH,I, + hv — CH,I + I (R1)

CH,I + 0, — CH,00 +1
(R2)
— CH,I0,

However, the reaction between CH,I and O, proceeds via initial
formation of an excited complex, CH,IOO", which has the
potential for collisional stabilisation to produce CH,10, peroxy
radicals (R2b) in competition with production of the CH,00
Criegee biradical (R2a) (Scheme 1):*°

CH,I + 0, » CH,I00"

CH,I00" - CH,00 + 1 (R2a)
CH,IOO" + M — CH,IO, + M (R2b)
A number of investigations by Enami and co-workers'™ sug-

gested production of HCHO and IO from CH,I + O,, but other
studies,***>** including measurements in this laboratory,'
have demonstrated that the production of IO results from
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Scheme 1 Chemical activation scheme to describe the reaction between CH,l
and O, (R2), where the initially formed excited species CH,I0," either proceeds to
produce CH,00 + | (kz,) or is collisionally stabilised to produce the CH,10, peroxy
radical or (kop[M]).

secondary processes, and that IO is not a direct reaction
product of (R2).'*'°33

The yields of CH,O00 and CH,IO, from CH,I + O, were
recently measured by Huang et al.'® as a function of [N,], [O,]
and [He] by monitoring the I atoms produced in (R1) and (R2a)
via their infrared absorption owing to F'’ =4 — F' = 3 of the
P, — °Pyj, spin-orbit transition at 7603.138 cm ™. Given the
stoichiometry between CH,I and I in (R1), it is possible to infer
the fraction of CH,I radicals producing CH,OO0 through com-
parison of the I atom yields from the instant photolytic produc-
tion in (R1) and the slower production via (R2a). While there is
potential for multi-photon dissociation of CH,I, to produce
CH, + 21, it is expected that this is relatively minor compared to
production of CH,I + 1."**° Huang et al. showed that the yield
of CH,00 decreases with total pressure, consistent with colli-
sional stabilisation of the CH,IOO" intermediate to CH,IO,.

However, Huang et al. also reported significant differences in
the I atom yields from (R2a) (and thus in CH,OO yields) between
experiments performed in N, buffer gas and those performed in
0,, indicating a much greater efficiency of O, for stabilisation of
CH,IO0" to CH,IO, compared to N, and an unusual interaction
between CH,IO00" and O,.

In this work we report observations of the yields of CH,00
and CH,IO, from CH,I + O, following laser flash photolysis of
CH,I,-N,-0, gas mixtures as a function of [N,], [O,] and total
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Fig. 1 lodine atom signal following photolysis of CH,l; in the presence of O,.
For this plot total pressure (N/V) = 3.27 x 10'” cm™3 (~ 10 Torr, predominantly N.);
[05] =4.02 x 10" cm™3; [CH,l5] = 5.03 x 10"? cm™3. The time resolution is such
that iodine production from photolysis and reaction can be identified. The fit to

eqn (1) is shown by the solid line.

pressure using several complementary methods at total pressures
between 25 and 450 Torr. Experiments were initially performed to
monitor I atom fluorescence, thus enabling inference of the yields
of CH,00 and CH,IO, in the manner described by Huang et al.*°
Subsequent experiments monitored the yields of HCHO from
reactions of CH,00-CH,IO, in the presence of excess SO, or NO
by laser-induced fluorescence (LIF) of HCHO at A ~ 353.1 nm.
Full experimental details are given in the ESLT All experiments
were performed at T = 295 K unless stated otherwise.

Fig. 1 shows the typical I atom signal following photolysis of
CH,I,-0,-N,. The instantaneous photolytic production of iodine
atoms through (R1) can be clearly distinguished from the sub-
sequent growth in (R2a). The I atom signals were analysed using

eqn (1):

Siky

1),= - o
[1],= Solexp(—kioss?)] + Ky — Krows

exp(—Kioss?) — exp(—k{ t)]
@)

where [, is the iodine atom signal at time ¢, S, is the amplitude of
the instant photolytic signal resulting from (R1), S; is the ampli-
tude of the iodine atom signal resulting from the slower growth
process occurring after photolysis, k,’ is the pseudo-first-order rate
coefficient for (R2) (i.e. k' = k,[O,]), and kioss is the rate coefficient
representing the slow loss of iodine atoms from the detection
region via reaction or diffusion. A value of &, = (1.67 £ 0.04) x
10" em® s~ " was determined in this work (see ESIT), in agreement
with previous measurements of (1.40 + 0.35) x 10~ > ecm® s 1,*°
and (1.6 £ 0.2) x 1072 cm® s~ .*" All errors quoted for this work
are statistical at the 1o level unless stated otherwise.

The absolute iodine atom yield from reaction (R2a) is given by
the ratio S;/S,, and was observed to decrease with increasing total
pressure of N,, consistent with production of the CH,OO Criegee
biradical at low pressures and stabilisation of the chemically
activated CH,IO," species to the CH,IO, peroxy radical at higher
pressures. Solution of the I atom yield from (R2) (¢y), and thus the
CH,00 yield, is given by the Stern-Volmer relationship in eqn (2):

1 ko
=14 =
k2a

. M] (2)
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Fig. 2 Stern-Volmer analyses for CH,0O vyields from CH,l + O, as a function of
total pressure. Main panel shows results from this work monitoring iodine atom
production (squares; intercept = 1.08 = 0.12; slope = (2.28 + 0.11) x 107" cm?),
and HCHO production in the presence of SO; (triangles; intercept = 1.46 + 0.25;
slope = (0.95 + 0.24) x 107" cm?®) and NO (circles; intercept = 1.41 + 0.30;
slope = (1.33 4 0.31) x 107'° cm?). Constraining the intercepts to unity for fits to
SO, and NO data gives slopes of (1.37 + 0.10) x 107'® cm® and (1.71 4+ 0.16) x
107"° cm?, respectively. Data shown for SO, and NO were taken over a range of
[0,] ((0.1-7.8) x 10" cm~3). A fit to all data reported in this work gives an
intercept of 1.10 + 0.23 and a slope of (1.90 4 0.22) x 10~"® cm? (shown by the
solid line). Error bars shown on the plot and those given for the fits are 1o, with
fits weighted to the experimental errors. Separate lines of best fit for results
from the different methods are not shown for clarity but are given in the ESI.¥
The inset plot shows results from this work together with parameterisations
given by Huang et al. for N, (solid light grey line), O, (broken black line) and air
(broken dark grey line).

where ®y(r,) is the iodine atom yield from (R2) (i.e. $1/S,), kan/kza
is the Stern-Volmer quenching coefficient, and [M] is the total
number density of the system.

Fig. 2 shows the Stern-Volmer plot for reaction (R2). The
intercept of the iodine atom Stern-Volmer plot is 1.08 £ 0.12,
consistent with channel 2a being the dominant bimolecular
process. The slope of the Stern-Volmer plot gives the Stern-Volmer
quenching coefficient (kyp/ks,), and is equal to (2.28 + 0.11) X
10~ em? for these experiments, similar to the value of kyp/k,, =
(3.1 4+ 0.2) x 10°*° cm® reported by Huang et al.'® for experi-
ments in N, buffer gas. For stabilisation of CH,10," by O,,
Huang et al. report a value of kyp/ka, = (4.09 £ 0.32) x 107 % ecm?.
The iodine atom experiments in this work were conducted at
low [0,] (~4 x 10" ecm™®) to ensure (R2a) was sufficiently slow
to provide confidence in the resolution of the photolytic I atom
production from the chemical I atom production. The effects of
CH,I0,” stabilisation by O, were thus investigated in the HCHO
yield experiments.

Fig. 3a shows a typical kinetic trace for HCHO following
photolysis of CH,I,-O,-N, in the absence of any additional
co-reagent (i.e. SO, or NO), in which HCHO is produced in the
system by reactions (R3-R6):

CH,00 +1 —» HCHO + IO (R3)
CH,IO, + I » CH,IO + IO (R4)
CH,IO, + CH,I0, — 2CH,IO + O, (R5)
CH,IO — HCHO + 1 (R6)

This journal is © the Owner Societies 2013
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Fig. 3 HCHO fluorescence signals following photolysis of CH,l5 in the presence of O,. Panel (a) shows HCHO signals at 150 Torr in the absence of any co-reagent with
the fit to eqgn (3). Panel (b) shows HCHO signals at 250 Torr in the presence of SO,, with the fit to eqn (4). Panel (c) shows HCHO signals at 250 Torr in the presence of
NO, with the fit to eqn (4). The inset plots in (b) and (c) show the evolution of the signals to longer times.

Although the HCHO production in this system is not strictly
pseudo-first-order, Gravestock et al.*> have shown that the growth
from reactions (R3-R6) can be approximated to pseudo-first-
order behaviour, and thus the data can be fitted using
14,15

eqn (3):
[HCHOJ, = Sp[exp(—Kioss?)]

Sk ! (3)

+ rlilm exXp(—Kiosst) — exp <*kg’ tﬂ

where [HCHO], is the HCHO signal at time ¢, S, is the ampli-
tude of the HCHO signal at time zero, S; is the maximum
HCHO signal, k,’ is the pseudo-first-order rate coefficient for
HCHO growth, and k. is the rate coefficient representing the
slow loss of HCHO from the detection region via diffusion.
Some initial HCHO production was observed owing to multi-
photon photolysis of CH,I, and the subsequent rapid reaction
of *CH, with 0,,"°*° with S, typically no greater than 5-10%
of S;. In the present experiments k,’ was typically ~500 s,
which is one to two orders of magnitude slower than the
reactions occurring when SO, or NO were added to the system.
Simulations performed with the numerical integration package
Kintecus®” (provided in the ESI{) indicate that eqn (3) faithfully
describes the yields of HCHO (i.e. S;) in this system. Reactions
(R3-R6) imply that all the CH,00 and CH,IO, react to
form formaldehyde, i.e. all the CH,I radicals are converted to
HCHO. The recent study by Huang et al.'® has demonstrated
that the Criegee radical, CH,0O0, is formed with or near unity
yields at low pressures from reaction (R2). The validity of 100%
production of HCHO in the system can be tested at low
pressures with Criegee reactions that produce formaldehyde.
At low pressures the reaction between CH,00 with SO, is
known to produce 100% HCHO,>® and below we demonstrate
that the total HCHO yield in the system is the same with and
without the addition of SO,, only the timescale for its forma-
tion varies.

Experiments conducted in excess SO, or NO did not result in
a decrease in the HCHO yield on addition of the co-reagent,
indicating complete titration of both CH,O00 and CH,IO, to
HCHO. In both cases biexponential growth of HCHO was observed,

This journal is © the Owner Societies 2013

as shown in Fig. 3b and c, with the observed HCHO signal in
both cases described by eqn (4):

[HCHO], = Solexp(—kiosst)]

4)

where [HCHO], is the HCHO signal at time ¢, S, is the amplitude
of the HCHO signal at time zero, S; is the maximum HCHO
signal, ky' is the pseudo-first-order rate coefficient for the fast
HCHO growth, k,,’ is the pseudo-first-order rate coefficient for
the slower HCHO growth, fis the fractional contribution of the
fast growth process to the total HCHO yield (and hence (1—f) is
the fractional contribution of the slower growth process to the
total HCHO yield), and k. is the rate coefficient representing
the slow loss of HCHO from the detection region via diffusion.
f is therefore related to the yield of the Criegee, eqn (2), as we
demonstrate below. Again, in experiments conducted with a
photolysis wavelength of 248 nm, some initial HCHO production
was observed owing to multi-photon photolysis of CH,I, and the
subsequent rapid reaction of *CH, with 0,,"®*° with S, typically
no greater than 5-10% of S;. In experiments using a photolysis
wavelength of 355 nm, S, = 0.

For both SO, and NO experiments, the rate of the initial fast
HCHO growth displayed a linear dependence on [SO,] or [NOJ,
respectively, with k,," determined over the range 5000-60 000 s~ .
The rate of the slower secondary growth was independent of [SO,]
or [NOJ, and occurred at a similar rate to the HCHO growth observed
in the absence of any additional co-reagent, and thus attributed
to HCHO production via reaction (R3) or (R4-R6). The fact that
kgi' > kg’ means that fis reliably determined, and that k" is
determined without any significant influence from the more
complicated kinetics associated with the slower kinetics, k,,'.

The fast HCHO in the presence of SO, is consistent with
production from CH,00 + SO,:

CH,00 + SO, — HCHO + SO, (R7)

Phys. Chem. Chem. Phys., 2013, 15,19119-19124 | 19121
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The slower growth of HCHO occurs as a result of reactions (R4-R6).
Reaction of the peroxy radical with SO, is unlikely,>* and the
slower HCHO growth is not dependent on [SO,]. As [SO,] is in
large excess over radicals in the system, k,,’ in eqn (4) is given
by ky' = k,[SO,], while k,," approximates the growth of HCHO
through reactions (R4-R6). The returned value of fin this case
is equal to the CH,OO0 yield.

Reactions of peroxy radicals with NO are typically fast (for
example, kcio,mo = 7.7 x 1072 em® s7! at 298 K*°), while
Welz et al.® reported an upper limit for the rate coefficient for
reaction of CH,00 with NO of <6 x 10 ** em® s™*. Therefore,
we propose that the fast HCHO growth in experiments with NO
results from the reaction of CH,IO, with NO (R8) followed by
the rapid decomposition of CH,IO to HCHO and I in (R6),"
with the slower growth resulting from (R3):

CH,IO, + NO — CH,IO + NO, (R8)

CH,IO — HCHO + 1 (R6)
As [NO] is in large excess over the other radicals in the system,
k1’ in eqn (4) is therefore given by k' = kg[NO], while kg’
approximates the growth of HCHO through reaction (R3). The
returned values f in this case are thus equal to the yields of
CH,IO,.

While the slower growth of HCHO is not strictly pseudo-first-
order, but is treated as such by eqn (4), simulations (described
in the ESIT) show that the yields of HCHO from the two growth
processes are well described by eqn (4) and the yields from the
two processes (i.e. S; and f) are faithfully determined by fitting
to eqn (4). In both systems, the rate of the fast growth process
(6000-60 000 for SO,; 5000-20 000 s~ * for NO) is significantly
faster than that of the slower growth process (~300-500 s~ 1),
ensuring that the two growth processes are essentially decoupled
and the HCHO yields from the two growth processes can be
distinguished, and that the rate coefficient describing the fast
growth is equal to that for the pseudo-first-order reactions, (R7)
or (R8). We assign no kinetic information to k,,’ for either system,
and as shown in the ESI,T the approximation of the slower growth
process to pseudo-first-order kinetics leads to uncertainties in the
yields of only 2-3%.
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As noted above, there was no change in the total HCHO yield
in the system upon the addition of either SO, or NO, and this was
observed to be the case at all total pressures. At low pressures
where the CH,OO yield is close to unity, the addition of SO, leads
to reaction (R7) and formation of HCHO with close to 100%
yield.”® In the ESI,T Fig. S3 compares the HCHO signal in the
system with and without the addition of SO,. The fact that both
traces observe the same amount of HCHO in the system adds
validity to the assumption that in the absence of reagents,
reactions (R3-R6), lead to 100% HCHO formation. At higher
total pressures where CH,IO, formation is significant, the reason
the HCHO yield is still 100% is because there is no reaction
between the peroxy radical and SO,, which is in agreement with
the literature,** and the peroxy radical is titrated to HCHO via
(R4-R6). In the case of NO, it is the peroxy radical that reacts
rapidly with the NO (R8) to form HCHO, but there is no significant
reaction between the CH,O0 and NO, in accord with the results
from Welz et al.,’ and therefore HCHO is formed on a slow
timescale via reaction (R3). This again leads to 100% yield of
HCHO in the system independent of total pressure, in accord
with the data.

Thus, the fractional contributions of the fast and slow growth
processes to the total HCHO yields in the presence of NO and SO,
can be used to identify the yields of CH,OO and CH,IO, from the
reaction of CH,I with O,. The fractional contribution of the fast
growth process to the total HCHO yield in the presence of
NO thus reflects the yield of CH,IO, from (R2) (i.e. Ycn,i0, =
Tap[M]/(kza + kop[M]) = frvo and Yer 00 = kaa/(Kza + k2u[M]) = 1 — fro),
while the fractional contribution of the fast growth process to
the total HCHO yield in the presence of SO, reflects the yield
of CH,00 from (R2) (i.e. You,00 = kaa/(k2a + k2p[M]) = fs0, and
Ycu,0, = kop[M]/(kza + kap[M]) = 1 *fsoz)-

Fig. 2 also shows the Stern-Volmer analysis for CH,00
yields determined by the SO, and NO experiments (i.e. Stern-
Volmer plots for 1/fso, and 1/(1—fxo), respectively). Experiments
with SO, (triangles) give kp/kyq = (0.95 & 0.24) x 10 *° cm?®, while
those with NO (circles) give kyp/kq = (1.33 & 0.31) x 10~ em?,
with intercepts of 1.46 + 0.25 and 1.41 + 0.30, respectively.
Constraining the intercepts to unity in the fits to data from
the SO, and NO experiments gives kyp/k;, = (1.37 £ 0.10) X
10~"° em?® and kyp/kyq = (1.71 £ 0.16) x 107 *° cm?, respectively.

[0,]/10"® em®

Inverse of CH,0O0 yields from CH,l + O, as a function of [O,] for experiments with (a) SO, at 150 Torr (circles) and 350 Torr (squares); (b) NO at 50 Torr (open

squares), 150 Torr (circles), 250 Torr (triangles), 350 Torr (filled squares) and 450 Torr (inverted triangles). Horizontal lines show the average inverse CH,OO yield at each
pressure for all experiments SO, (panel a) and NO (panel b). Error bars are 1o in the fits to eqn (4).
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Further details can be found in the ESI.T The relative errors in
the SO, and NO experiments are typically larger than those for
the iodine atom experiments owing to the need to fit a greater
number of parameters in eqn (4) compared to eqn (1), and the
smaller range of pressures in the Stern-Volmer plot for which
the yields can be determined by the SO, or NO method (at low
and high pressures, where one of CH,00 or CH,I0, dominates
the HCHO growth it is difficult to resolve the two growth
components, and thus to retrieve the relative yields, in the fit to
eqn (4)). From Fig. 2, the fact that within error there is reasonable
agreement in the CH,OO yields from the HCHO and the iodine
atom experiments is further indication that all the sources of
HCHO in each of the systems are understood and defined.

Experiments in both SO, and NO were performed over a
range of O, concentrations, with measurements taken using
100% O, buffer gas in both cases (see Fig. 4), in order to test if O,
has a significant effect on the CH,OO yield. In contrast to the
work of Huang et al,'’ no dependence of kyp/ky, on [0,] was
observed in any of our measurements. A fit to all our data reported
here gives kyp/kya = (1.90 £ 0.22) x 10 *° cm™?, with an intercept
of (1.10 £ 0.23). Huang et al. noted that their observed difference
in CH,IO,” stabilisation efficiency by N, and O, was an unusual
result, with N, and O, often displaying similar collisional stabi-
lisation efficiencies. It was proposed that O, may not be acting as
a simple collision partner to remove excess energy in CH,IO,", but
that there may be a reactive process occurring between O, and
CH,I0,", potentially resulting in production of HCHO, IO and O,.
However, an investigation of CH,I + O, by Gravestock et al.*> could
not identify IO as a product of the reaction even when more than
10% of O, was present at 30 Torr total pressure, and our
measurements of HCHO yields in this work are not consistent
with the production of HCHO from this reaction.

At present, there does not appear to be any simple explana-
tion as to the differences between this work and the work of
Huang et al. in the apparent yields of CH,00 and CH,IO, from
CH,I + O, as a function of pressure. While the work of Huang
et al. indicates a CH,0O yield of only ~4% in air at 760 Torr,
our results indicate a yield of ~18%, with potentially significant
implications for the oxidation chemistry of halogen containing
organic compounds and for our understanding of atmospheric
chemistry in marine regions with high concentrations of species
such as CH,L,.>***

In conclusion, we have measured the yields of CH,00 and
CH,IO0, from the reaction of CH,I radicals with O, as a function
of total pressure and as a function of [N,] and [O,] using three
complementary methods. Results from the three methods are
similar, with no observed dependence of the CH,OO yield
on [0,]. We estimate that the reaction between CH,I and O,
reaction has a yield of ~18% of the CH,0O0 Criegee biradical at
atmospheric pressure.
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