
J. Phys. Chem. 1994,98, 823-827 823 

Chemiluminescence Studies of the Reaction between O(3P) Atoms and Methyl Iodide 
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The reaction between O(3P) atoms and CH3I was studied in a fast dischargeflow system. A threshold behavior 
with respect to the ratio of initial reactant concentrations in the chemiluminescence due to I, 
(B2110:-X'2:) was observed. The reactions in Chart 1 were considered significant in our interpretation. 
Fitting of temporal profiles produced an order of magnitude for kl of 1Olo cm3 mol-' s-l at room temperature. 
Chemiluminescence from OH(A2Z-X211)(o,o), OH(X)(2-1,1-o), CO(X)(l-q, and CO2(X)(,,=l-o) was also 
observed, in common with observations of O(3P) reactions with hydrocarbons. 

Introduction 
Methyl iodide is a molecule of intense interest to reaction 

dynamicists and kineticists. Its photochemistry has been ex- 
tensively studied. Its reactions with some atoms and with ozone 
have been studied. Its reaction with oxygen atoms, a reaction of 
importance in combustion and atmospheric chemistry, is, however, 
almost unknown. 

As early as 1969, Herron and Huiel attempted to study the 
reaction between O(3P) atoms and methyl iodide. They en- 
countered massive deposits on reactor walls and found formal- 
dehyde and oxides of iodine among the deposits. They nevertheless 
deduced that O(3P) reacted with methyl iodide at a much faster 
rate than with other monohaloalkanes, which reacted through 
hydrogen abstraction. 

Recently Grice et aIs2 reported a crossed molecular beam study 
of O(3P) reactions with a few alkyl iodides, which did not include 
methyl iodide. The reaction between O(3P) and methyl iodide 
is expected to have the following possible channels: 

kia 

O('P) + CH31 - C H 3 0  + I*(2P1,,) AH = -1 17 kJ/mol 
( la)  

(1b) 

kib  - CH30 + I(2P3,2) 

- CH, + IO LW = -4 kJ/mol (IC) 
k9 - CH,O + H I  AH = -353 kJ/mol (9) 
kio - CH,I + OH AH = 3 kJ/mol (10) 

AH = -1 39 kJ/mol 

kic 

We have studied the reaction between O(3P) atoms and CH31 
by monitoring mainly the chemiluminescence produced in iodine 
atom recombination. 

Experimental Details 
Westudied the reaction in a conventional dischargsflow system 

at - 1 Torr of pressure and at a linear flow rate of - 1 cm/ms, 
pumped by Roots pumps. Two different reactors were used, both 
of 25-mm internal diameter. The end-on reactor, shown in Figure 
1, with argon blowing at the inside of the observation window to 
reduce deposits, was used to characterize the products. A more 
conventional side-on reactor, shown in Figure 2, was used to 
quickly monitor the temporal profile of the products. Quartz 
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cy0 + I*(2P,a) 

cy0 + I(2Py2) 

CH3 + IO 

HCHO + OH 

HCHO + H 

0 2  + I* 

4+1 

I + CH3V0glie 

I + hvl 

12Wl-b: 1 + C H & W  

1, + CH31/Ofie 

I 2  + hv2 

windows were used in the UV-vis range and CaF2 windows in 
the infrared. Normally the inside wall of the reactor was not 
coated, but we found that a coating of syrupy phosphoric acid 
would enhance OH(X)(2-1,1+) signals. 

Two methods of generating O(3P) were used, both in a carrier 
of He. One was the well-known N + NO titration, and the initial 
[OCP)] was obtained from the NO flow rate. The other was the 
direct microwave discharge of 0 2  in He, and the initial [O(3P)] 
was obtained from NO2 titration. In our system, the former 
method produced only -0.05 Torr of O(3P). The latter method 
produced higher initial [O(3P)] and allowed easier character- 
ization of the reaction. Such a discharge is known to produce 
02( lAg), but not much of it can be expected under our experimental 
 condition^.^ We also experimented with killing O(3P) in such a 
discharge stream with a Hg film on the reactor wall downstream 
from the discharge. No reaction was observable. This showed 
that O2(lAg) did not initiate a reaction under the experimental 
conditions. 

Characterization of the chemiluminescence in the UV-vis range 
was made through a monochromator (which had been salvaged 
from a discarded Varian Techtron 1200 atomic absorption 
spectrometer and had a resolution of - 1 A), but the temporal 
profile of the chemiluminescence was recorded through suitable 
filters. Intensities were measured with a Hamamatsu R446 
photomultiplier, whose signal was fed through an SRS SR-240 
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Figure 1. End-on reactor. 

preamplifier usually to a digital voltmeter. Chemiluminescence 
in theinfrared was studied with a Nicolet 17OSX FTspectrometer. 

Second-order intensities produced by the monochromator were 
checked with the aid of a mercury lamp and a filter which passed 
90% in the range 300400 nm but cut off very sharply at both 
ends of the transmitting range. Second-order intensities were 
found to depend on slit width and to be considerable. 

At one stage we tried to observe the laser-induced fluorescence 
(LIF) of IO. We used a PRA LNlOOO nitrogen laser to pump 
an LN102 dye laser and a frequency doubler. 

He, Ar, 02, and Nz were supplied by Hong Kong Oxygen. 
The claimed purities were >99.99%, >99.99%, >99.5%, and 
>99.995%, respectively. The moisture impurity in each was 
absorbed by molecular sieve traps. 

NO with a claimed purityof >99.0% was supplied by Matheson. 
A mass spectrometric analysis showed actual purity of 97.7%, 
with impurities of air and NO2. 

NO2 for titration purpose was generated from the reaction of 
copper turnings with concentrated nitric acid. After purification 
by bulb-to-bulb distillation, the purity was determined by mass 
spectrometric analysis to be 91%, with the impurities consisting 
of air, NO, and N20. 

Methyl iodide supplied by Merck had a claimed purity of >99%. 
It was bulb-to-bulb distilled and stored in the dark at most 1 week 
before use. 

All the above gases were made to go through suitable cold 
traps before they were allowed to enter the reactor. 

Results 
Chemiluminescence in the UV-vis Range. The prominent 

feature of chemiluminescence in the UV-vis range from the O(3P) 
+ CH31 reaction lies in the 500-700-nmrange, as shown in Figure 
3. The broad feature is characteristic of the 1, 
BZIIo++X' 2;) emission4 from I atom recombination, designat- 
ed as"12* below. 

Other than the above, the well-known OH(AZZ+X211)(o,o) 
emission at 309 nm was very strong. The sharp feature in Figure 
3 was the monochromator second-order effect of the OH(A-X) 
emission. 

To avoid the problem of deposits on windows, spectral data 
such as those shown in Figure 3 were painstakingly and manually 
acquired. To measure spectral intensities over a small wavelength 
range, the background signal without CH31 flow was taken at the 

'y1 CH31 o r  C2H2 
u - 

movable 1 
- 

novnble 

, ,  

Q converging lens f I=8cn 

-',;- Irts v m e s  f ron I t o  15 nn ##a 
', II 

, .  , I  , .  

3.5' pnrnbollc nirror .. ..... . 
To FT spect rometer  ,: 

PTFE PORI25 stopcock 

.. Oottcnl p n t h  

Figure 2. Side-on reactor. 

beginning of the range. The intensity with CHJ flow was then 
taken and the monochromator moved to another wavelength, 
usually 1 nm away. The same two intensity readings were taken. 
After a number of wavelength settings the monochromator was 
returned to the first wavelength of the range, and the intensity 
readings were taken again. If the first intensities agreed with the 
last readings, the values in between were considered to be valid. 
If they did not agree, indicating some deposits had accumulated 
on the window, the set of data was discarded. What are shown 
in Figure 3 constitute valid net intensity readings. 

A filter (OY2) transmitting in the range 500-700 nm and the 
photomultiplier were used to monitor the variations of I2* 
intensities with other variables. 

Variations of Iz* intensity in the range 500-700nm with initial 
reactant flow rates are shown in Figure 4. It appears that there 
is a threshold for the appearance of emission, and this threshold 
is dependent on both initial O(3P) atom flow rate and initial 
CH3I flow rate. These threshold conditions are listed in Table 
1. 

The temporal profile of the emission in the range 500-700 nm 
could be obtained with the side-on reactor only within a small 
range of reactant flow rates. The measured values limited by 
error bars and the calculated line are shown in Figure 5. 

Chemiluminescence in the Infrared. OH(X)(2-1,1+), CO- 
(X)(+Q, and C02(X)(,,,l+) emissions were observed. 
Infrared Absorption of Deposit. We managed to obtain infrared 

absorption spectra of deposits on windows both before and after 
exposure to moist air. The spectra show the presence of 
formaldehyde and polyiodates, in agreement with the observation 
of Herron and Huie.' Since the deposits ought to have been 
products of reactions downstream to the reaction in question, 
little effort was spent in further characterizing them. 

Discussion 

Of the probable reaction channels (la), (lb), (IC), (9), and 
(10) listed above, reaction channel (9) is highly exoergic, but we 
have not been able to observe any signal of HI in emission or in 
absorption. For reaction (9) to be significant, a complex has to 
be formed; subsequent rearrangement will be necessary to 
eliminate HI from the complex. The reaction of F atoms with 
CHsI produces no but then F atoms are more electronegative 
than 0 atoms. Nevertheless, reaction (9) is probably insignflcant. 

Reaction (10) is essentially thermal neutral and is a hydrogen 
abstraction reaction analogous to O(3P) reactions with mono- 
haloalkanes whose rate constants are -2-3 orders of magnitude 
lower than reaction (l).l The reaction between F atoms and 
CHsI, however, does produce HF.6s7 The reaction is fast and is 
exoergic to 153 kJ/mol. The heat of formation of F atoms is 79 
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Figure 3. Chemiluminescence from the reaction of O(3P) with CH3I in the spectral range 500-700 nm. The end-on reaction chamber was used. 
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0.075 0.0285 2.6 0.048 1.43 0.29 2.51 99 
0.141 0.0317 4.5 0.111 1.50 0.64 8.99 210 
0.203 0.0298 6.8 0.226 1.60 1.27 18.5 206 
0.243 0.0337 7.2 0.378 1.79 2.11 26.6 255 
0.268 0.0319 8.4 0.481 1.90 2.68 32.3 233 

a Partial pressuresin Torr. In self-consistent units. l i s  thecalculated 
intensity at the threshold. For definitions of A, B, and C, please see text 
under Discussion. 
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kJ/mol, but that of 0 atoms is 249 kJ/mol. Thus reaction (10) 
is not expected to be important in the reaction between 0 atoms 
and CH31. 

However, a Walden inversion in the gas phase has been observed 
for the F-atom analogue (F + CH3I - FCH3 + I)8 of reactions 
(la) and (lb). The rate constants for thermal atom substitution 
reactions F + CH3X (whereX = C1, Br, I) - FCH3 + X increase 
as the exothermicity of the replacement reaction increases and 
as the CH3-X bond dissociation energy de~reases.~ This is similar 
to the 0 + CH3X analogue in previous' and present studies. 

Reaction (IC) is expected to produce ground-state IO. We 
haveattempted toobserveit withlaser-inducedfluorescence (LIF), 
but to no avail. The detectability of our LIF system was about 
109-10*0 species/cm3. Grice et aL2 used a mass spectrometer 
detector to monitor the IO product in crossed molecular beam 
experiments of 0 atom reactions with alkyl iodides. The smallest 
alkyl group they selected was the ethyl group. Their experiments 
did not favor8 the possibility of Walden inversion to produce I 
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Figure 5. Decay profile of 12' in the spectral range 50G700 nm. The 
side-on reactor was used. Linear flow rate was - 1 ms/cm. Initial partial 
pressures in Torr. (a) CH31, 0.39; O(3P), 0.04; 02,0.04; He, 0.96. (b) 
CH31, 0.19; O(3P), 0.05; 02, 0.04; He, 1.1 1. Experimental points are 
marked by error bars. Calculated values are linked by solid lines for 
display purposes only. 

atoms but encouraged an R-1-0 transition complex that would 
decompose into R and IO, similar to reaction channel (IC) here. 
Lee et a1.12 and Gorry et a1.13 found IO in crossed molecular 

beam studies of 0 + CF31. But Worsdorfer et aL5 and 
Venkitachalam et al.a have shown that 

h i  

I + 0 + M IO + M AH= -222 kJ/mol (11) 
can only be a minor channel for the production of IO in that 
system, and IO must be mainly produced through direct reaction 
analogous to reaction channel (IC) here. 
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CHART 2 
I* and I produdion 

O(3P) + CH31 - CH30 + I*(2P1R) AH=-117kllmol (la) - CH30 + I(’P,) ~H=-139kJlmol (lb) 

kla  

k ib  

kl, 

readon of primary products with O(% 

- CH3 + IO AH=-4W/md ( I C )  

k2 
CH30 + 0 - HCHO + OH 

k3 

kr. 

k4b 

CH3 + 0 - HCHO + H 

IO + 0 - 0 2  + I* 

% + I  - 
I* quenching and emissii 

I* + CHd - I + CHJ 
k5I 

ks - I + 0 2  

kSc 
I*+He - I + H e  

kw 

I* and I remmbination to form I,* 

I* + I + CH~I 

I* + I + o2 

I* + 02 

I* - I + hv1 

I* + I + He 

I,* quenching and emission 

k7. 

I,* + CHd - 12 

I:+Q - 12 

I,*+He - 12 

1; - 12 

k7c 

ko 

kSa= 1 . 0 ~  1012an3md-’ s-’’I (5a) 

kSa=5.6x 1012~3md- ‘s - ’11  (5b) 

(5c) 

vl=1.315p”;s=108ms4 (5d) 

t CHd 

+ Q  

+ He 

+ hv2 v2 = 500-700 nm4 (8) 

Our inability to observe IO may be due to our instrumental 
limitations. More likely, though, is the possibility that the steady- 
state concentration of IO even under low [O] conditions is too 
low to be observed. One interesting observation is that those who 
have observed I02J2J3J6 have not reported any deposits. 

I2* Formation and Emission. The source of I2* is most probably 
the recombination of I* and I through the reactions shown in 
Chart 2. 

Simulation of I** Temporal hofde. From reactions (1)-(8), 
rate expressions can be developed for d[O]/dt, d[CH30]/dt, 
d[CH~]/dt, d[IO]/dt, d[I*]/df, d[I]/dt, d[Iz*]/dt, and d[hvz]/ 
dt. 

We neglect a number of possible reactions. CH3 + OH - 
CH3OH was considered unimportant because one reactant is a 
tertiary product and both reactants would be very low in 
concentration. CH31 + I - CH3 + 1 2  was neglected because it 
has a low rate constant (6.6 X 1W cm3 mol-’ s-l at 300 Kl0) and 
because a large isotope effect has been observed for the quenching 
of I* by CH3I and CD31.14 HCHO + 0 - OH + HCO was 
neglected for the same reason and because HCHO was a tertiary 
product and [O] was low under our experimental conditions for 
temporal profile measurements. We have neglected the reaction 
0 + 1 2  - 01 + I (k = 8 X lOI3 cm3 mol-’ s-’ lo) because [O] 
was low, 1 2  was a tertiary product, and IO was not observed. We 

Kwong and Tse 

TABLE 2 Coefficients for the Simulation of the Temporal 
hofde of Intensity 

coefficient Figure Sa Figure 5b 
BO 0.02606 0.1133 
GO 15.272 17.066 
ki’[CWo (s-’) 0.479 0.4 19 
EO 4.183 4.755 
n (data sets) 7 8 
(zA2/n)1/2 0.13 0.06 
kl’ (cm3 mol-’ s-1) 2.4 X 1Olo 4.5 x 10’0 

have also neglected energy-transfer reactions involving 02(lAg), 
which should have a very low concentration under our experi- 
mental  condition^.^ 

We can assume steady-state conditions for [CHsO], [CH,], 
and [IO]. After simple algebraic manipulations, the following 
can be obtained: 

= -w, + k,,)[CH,Il,[Ol 
when [CHJ], >> [O], as in Figure 5 ,  where 

the subscript indicates reaction time 

= -k,’[CH,I],[O] where k,’ = 2k1 + k,, 

Integration gives [Olt = [OIO exp(-k1’[CH31]0t). 

and [I2*It can be deduced: 
[P I t  and [IIt can then be expressed in terms of [CH31]0[0]~, 

[I,*] = - k6 ,(klb + kla  + klck4b/k4)(kla + klck4a/k4) 
k7k5k1 

~ ~ ~ 3 ~ l o ~ ~ l ~ ~ ~ ~ ~ ~ - ~ , ’ [ C H 3 1 ] o t )  - exp(-2k,’[CH31],r)) 
where 

This expression takes the form 

y = BO + GO exp(-k,’? + EO) - GO exp(-2k,’t + EO) 
Experimental conditions that produced Figure 5 were used to 

fit the above expression. The good fit shows that reactions (la), 
(lb), and (IC) are the major channels of the reaction between 
O(3P) and CH3I. Conditions for Figure Sa ([CH3I]o = 0.39 
Torr, [O]O = 0.04 Torr) produced kl’ = 2.4 X 1Olo cm3 mol-’ s-I; 
those for Figure Sb ([CH3I]o = 0.19 Torr, [O]O = 0.04 Torr) 
produced kl’ = 4.5 X 10’0 cm3 mol-’ s-I. Since the resultant 
value of kl is smaller than the rate constants of reactions (2)-(S), 
the assumption of steady-state conditions for [CH,], [CHsO], 
and [IO] was valid. Detailed values of the coefficients are shown 
in Table 2. 

Since 

k,’ = 2k, + k,, = 2kla + 2klb + 3k,, 
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then 

1 k, = zkl'  = (1-2) X 10" cm3 mol-' s-' 

In view of the indirectness of measurement and the assumptions 
made, thevalue for kl should be treated as an order of magnitude 
value and probably its lower limit. 

The rate constant at 283 K of an analogous F atom equivalent 
of reactions (la) and (lb) (Le., F + CH31 - CH3F + I) has been 
reported9 to be 5 X 10" cm3 mol-' s-I. The electronegativity 
values of the F atom and the 0 atom are very close, 3.98 and 3.44, 
respectively, in the Pauling s~a1e.l~ In comparison to the value 
of the above rate constant, our value for kl must be considered 
to be reasonable. 

The value of kl, can also be compared with the rate constant 
of the Ot3P) + CF31 reaction which produces CF3 + IO 
exc1u~ively'~J~ through a long-lived CF3-1-0 complex. Its rate 
constant has been reportedI6 to be (6.6 f 1.8) X 10l2 cm3 mol-' 
s-l, which is 300-600 times higher than kl .  Both reactions (IC) 
and 0 + CF31 are nearly thermoneutral'' and belong to the type 
X + YZ - XY + Z. Extra strength of the broken bond Y-Z 
will cause a shift of the potential energy of the molecule YZ as 
a function of the distance Y-Z when X is far away. This means 
that the greater the strength of the Y-Z bond, the steeper the 
curve will be and hence the higher the activation energy, since 
the reactant and product potential curves will now intersect at 
a higher energy level. The CH3-I bond is 13 kJ/mol stronger 
than the CF,-I bond.Ia If this difference manifests itself entirely 
in the raised energy barrier, the 0 + CF31 reaction is expected 
to be -200 times faster than reaction (IC) at room temperature. 
Though we have not managed to measure the branching ratio of 
reaction (l) ,  kl, is expected to be small but of the same order of 
magnitude as the overall kl. Thus, a difference of a factor of 
300-600 between the two rate constants is reasonable. 

Other Aspects of the Overall Reaction. Figure 4 shows a 
threshold phenomenon, and the experimental conditions for the 
thresholds are listed in Table 1. These conditions indicate that 
theminimumvalueof [CH& to produceobservable I2* emission 
is dependent on [O]O. A larger [O]O value will cause an increase 
of minimum [CH& required to produce observable I2* chemi- 
luminescence signal. 

Below the threshold, [O]O >> [CH& and 

d[CHJ]/dt = -k, [CHJ [O]o 
Then 

We can neglect reactions of IO, CH@, and CH3 with 0 atoms, 
as the latter were in large excess. We can then express d[I*]/dt, 
[I*], d[I]/dt, [I], d[12*]/dt, [Iz*], and d[hvl]/dt in terms of 
[CH& and [Ole. Then 

k*k,kl,(kl, + k'"[CH I 2 integrated intensity = 3 10 [ a 5  + 
k,klk, 

0.5 exp(-2k1[O],t) - exp(-k, [O],t) 

That is 

= $CH,I],,~? 

Experimental values at the threshold and values for A, B, C, 
and Z are shown in Table 1. For the calculation of parameter C, 
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kl was set at 0.3 Torr '  s-l and t was set to 10 ms. It can be seen 
that the calculated values of Z are roughly constant, with the 
exception of the lowest [Olo point, where our assumption of [0]0 
>> [CH& is probably not valid enough. This constant value of 
Z is just the lowest intensity measurable. 

The rising portion of the lines in Figure 4 were obtained under 
the conditions of the previous Discussion section. The plateau 
region indicates the end of the steady-state condition. 

Figure 4 also shows that under very lean conditions very little 
I2* emission was observed. In fact, under such lean conditions, 
CH31 behaves similar to a hydrocarbon fuel. OH(A+X), OH- 
(X)(2+1,1+), CO(X)(1-+ and CO~(X)(,,=I+) are ~ ~ m o n l y  
observed in such systems and are probably produced from the 
reaction between the excess O(3P) and secondary and tertiary 
products. 

When I?* was observed, the emission at 1.3 15 I m  from reaction 
(Sd) wasexpected. Wetriedtoobserveitwith themspectrometer 
but to no avail. This was understandable because it was already 
not easy to monitor the Iz* emission in the range 500-700 nm 
with a photomultiplier, and there was little hope of capturing the 
near-infrared emission with an InSb detector. 

Conclusions 

We have shown that reactions (la), (1 b), and (IC) are major 
channels for the reaction of OpP) atoms with methyl iodide. The 
order of magnitude of the rate constant has been estimated to be 
1O'O cm3 mol-' s-I. We have not observed IO but cannot exclude 
that reaction channel, which is probably not significant under 
our experimental conditions. 
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