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New kinetic measurements for the reaction have been performed using two di†erent techniques.CH3O] NO
The discharge Ñow (DF) technique has been used to investigate the 0.5È5 Torr and 248È473 K pressure and
temperature ranges and pulsed laser photolysis (PLP) has been used for the 30È500 Torr and 284È364 K
ranges. These new results represent an extension of the pressure and temperature ranges investigated
previously. This reaction is known to present two reaction pathways, the association pathway yielding

and the disproportionation pathway yielding Based on literature and presentCH3ONO CH2O] HNO.
experimental data, using the results of ab initio calculations, a multichannel RRKM analysis was developed to
interpret the experimental results. This analysis has shown that the disproportionation reaction occurs
simultaneously by both a direct hydrogen abstraction reaction, and via the formation of energized CH3ONO*
complex in competition with the association reaction. The RRKM analysis, Ðtted to present and previous data,
has yielded a second-order limiting low-pressure value of 2.5 ] 10~12 cm3 molecule~1 s~1 at 298 K, with a
complex temperature dependence. The limiting high-pressure rate constant derived in the same way is k=\

The model allows the prediction of loss rate constants and of the(3.4^ 0.4)] 10~11(T /298)~0.75. CH3O
branching ratios in the 1È760 Torr and 220È600 K ranges. For a convenient presentation of the overall rate
constant, an analytical expression using the conventional Troe expression with a temperature-dependent
addition constant, has been Ðtted to the results of the RRKM analysis.

Bimolecular reactions involving two reaction channels
(association and disproportionation channels) are important
in both atmospheric and combustion chemistry. These two
reaction channels may proceed either as parallel independent
channels or via a common initially energized complex. As a
result, the total reaction rate for the loss of reactants can
exhibit complex pressure and temperature dependences. The
theoretical analysis of such processes is an interesting question
which has been nicely illustrated by Hippler et al.1,2 in their
recent studies of OH] CO (common intermediate) and
OH] OH (independent channels) reactions over very broad
ranges of pressures and temperatures. A few important multi-
channel reactions in combustion have also been reviewed by
Just.3.

The reactions of alkoxyl radicals, such as orCH3O C2H5O,
with NO or are typical examples of radicalÈradical reac-NO2tions proceeding via such competing channels, and the reac-
tion of with NO has been shown to proceed via theCH3Otwo following reaction channels :

CH3O ] NO ÈÈÕ(M)
CH3ONO;
association channel (1a)

] CH2O ] HNO;

disproportionation channel (1b)

Various kinetic studies have already focused either on the
total loss rate or on product yields7h9 over a ratherkloss4h6extensive range of temperatures, pressures and bath gases.

Most experimental studies have been performed at room tem-
perature and show a pressure fall-o† dependence of klosstypical of an association reaction. The main experimental con-
ditions and results of these various literature studies are col-
lected in Table 1 for comparison, including four sets of
experimental data obtained at room temperature5,6,8,9 and
two sets concerning the temperature dependence of the total

loss rate constant.5,8CH3OMcCaulley et al.,8 have carried out experiments in a low-
pressure range (0.75È5 Torr of He) and between 220 and 473
K. From their measurements of the yield, they con-CH3ONO
clude that disproportionation is the major channel at low
pressure and in their kinetic analysis they assume that dispro-
portionation and recombination channels proceed indepen-
dently. Therefore, the measured rate constants are Ðtted to a
Troe expression of an association/dissociation reaction with
an added disproportionation rate constant of ca. 3 ] 10~12
cm3 molecule~1 s~1 at room temperature, which exhibits a
negative temperature dependence. Frost and Smith5 have
determined the rate constant in a higher pressure range (3È100
Torr of Ar) at four temperatures between 296 and 573 K.
They assume that disproportionation proceeds via rearrange-
ment of an energized complex, in direct com-CH3ONO*
petition with the association reaction. Experimental data are
Ðtted by an extended LindemannÈHinshelwood expression,
with the value of 5 ] 10~12 cm3 molecule~1 s~1 for the limit-
ing low-pressure disproportionation rate constant, almost
independent of temperature. Ohmori et al.6 have determined
values of the rate constant at room temperature with di†erent
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Table 1 Comparison of literature data for the measurement of kloss
Temperature/K Pressure/Torr Bath gas Technique Resultsa Ref.

220È473 0.75È5 He, Ar DF/LIF kdisp \ 3 ] 10~12 8
k0\ 1.8] 10~29

298 0.72È8.5 He DF/LIF kdisp \ (3.2^ 1.0)] 10~12 9
k0\ 1.69] 10~29

295 10È50 SF6 PLP/LIF k= \ 2 ] 10~11 7
296È573 3È100 Ar PLP/LIF k= \ 3.6] 10~11 5

30È125 CF4 kdisp \ 5.5] 10~12
295 4È400 He PLP/LIF k= \ 1.4] 10~11 4
296 7È100 He

10È70 N2 PLP/LIF k= \ (4.5] 1.5)] 10~11 6
15È50 CF415È50 SF6

a Rate constants are in cm3 molecule~1 s~1 except which is in cm6 molecule~2 s~1.k0

bath gases and present a discussion regarding the value of the
high-pressure limiting rate constant. Dobe� et al.,9 in the most
recent study of this reaction, have determined the overall rate
constant and the branching ratio for HCHO product forma-
tion at room temperature over the pressure range 0.72È8.5
Torr ; considering various possibilities for the reaction mecha-
nism, they conclude that the available data are not sufficient
for an exact analysis. This is not surprising, since these simple
approaches do not take into account either the weak collision
e†ects or the energy dependence of the microcanonical rate
constants. In summary, there is a large body of experimental
results concerning this reaction and the experimental pressure
dependence of the loss rate constant is rather wellCH3Oestablished at room temperature in the 1È100 Torr pressure
range. However, only few sparse data are available concerning
the temperature dependence of the rate constant at di†erent
pressures. As the mechanism of the reaction is not well estab-
lished, there is no kinetic model which would account for the
experimental results and allow reliable extrapolation outside
the experimental range of pressure and temperature.

In the closely related system, Biggs et al.10CH3O] NO2developed a more realistic procedure based on a semi-
quantitative QRRK (quantum RRK) approach. A much more
satisfying approach, based on the RRKM multichannel pro-
cedure proposed by Berman and Lin11 has been recently
applied by a few of us12 to the reactive system CF3Oor] NO2] CF3ONO2 CF2O] FNO2 .

In this work we present a combined experimental and theo-
retical approach to tackle the problem of the two channel
reaction As the two channels may proceedCH3O] NO] M.
either via a common intermediate or by parallel independent
reactions, the kinetics of reaction will be discussed in terms of
the following reaction scheme

From the experimental viewpoint, we focus our new mea-
surements mainly on pressure ranges outside those of previous
investigations ; measurements at low pressures are especially
useful in the case of the so-called ““S ÏÏ shaped fall-o† curves1,2
and measurements up to 500 Torr allow a more precise deter-
mination of the high-pressure limiting rate constant.

Based on a careful examination of the experimental tem-
perature and pressure dependences of the rate constant,
together with the results of ab initio calculations (well depths,
barrier heights and transition-state structures on the
potential-energy surfaces), we establish a kinetic scheme of the
reaction mechanism, based on the combination of a chemi-

cally activated pathway via a common energized intermediate
(studied by an RRKM multichannel formalism) with an inde-
pendent disproportionation channel.

The reaction of is not strictly relevant toCH3O] NO
atmospheric chemistry or to combustion ; in the atmosphere
the main sink of is its reaction with whereas atCH3O O2 ,
combustion temperatures can also decomposeCH3Ounimolecularly or react with the H, O(CH3O ] CH2O] H)
and OH species. However, in laboratory studies (smog cham-
bers or shock tubes) the reverse reaction (decomposition of
methyl nitrite is a very common source ofCH3ONO) CH3Oand relative rate constant measurements involving CH3Ooften use the direct reaction (1) as a reference. Moreover, this
reaction occurs in the chemical system used in the peroxyl
radical ampliÐer (PERCA) instrument.13

Experimental
Two conventional experimental techniques have been used : (i)
the DF/laser-induced Ñuorescence technique (DF/LIF) and (ii)
the PLP/LIF technique. For both techniques, the same detec-
tion scheme has been adopted : the excitation wavelength
(j B 293 nm) pumps the v@\ 4 vibrational level of the CH3Oexcited state (A, vA \ 4)14 and the subsequent broad band
Ñuorescence is selected by a cut-o† Ðlter (j [ 320 or 305 nm).
The excitation wavelength is provided by a dye laser pumped
by a Yag (both Quantel). The decay signals of Ñuores-CH3Ocence are displayed on fast scopes and sampled by boxcar
averagers.

DF/LIF technique

In the DF experiments, radicals are usually formed byCH3Othe reaction of F atoms (from a microwave discharge in
or mixtures) with a slight excess of methanol :F2ÈHe CF4ÈHe

F] CH3OH] CH3O ] HF (2a)

] CH2OH] HF (2b)

It is well known that both the and radicalsCH3O CH2OH
are formed in roughly equal yields (ca. 0.5^ 0.1) over a large
range of temperatures ;15,16 to make sure that rad-CH2OH
icals are not interfering with the kinetics, a few control experi-
ments have been conducted with another source of CH3O(free of CH2OH):

F] CH4 ] CH3 ] HF (3)

CH3 ] NO2 ] CH3O ] NO (4)

Another interest of this alternative source is to provide an
estimate of the concentration based on the Ñow-CH3O NO2rate when methyl radicals in excess are titrated by viaNO2reaction (4). A few experiments have also been performed with
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the radical (from the source reaction) andCD3O F] CD3OD
values of have been found similar to those ofk1 CH3O] NO
under the same experimental conditions.

Most experiments have been performed with the following
conÐguration of the DF technique (““mobile discharge ÏÏ) : the
microwave discharge, (generating FÈHe mixtures) is switched
on in a side arm connected to the movable injector ; the main
He Ñow is added upstream and the mixtureCH3OHÈHe
downstream to the discharge ; the reactant mixture (NOÈHe)
is Ñowed into the main Ñow tube and its Ñow rate deduced
from the measurement of the rate of pressure increase in a
calibrated volume. Both the injector and the Ñow tube are
covered internally by a thin TeÑon sleeve, to reduce the CH3Owall decay rate and to allow experiments up to 473 K.

All measurements have been performed in the 0.5È5 Torr
pressure range and the 248È473 K temperature range. For
variable-temperature measurements, the Ñow tube is either
cooled by circulation of cooled ethanol in a jacket or electri-
cally heated by an oven. The temperature inside the Ñow tube
is controlled by a thermocouple located at the tip of the
movable injector. As in our previous work,12 two corrections
have been applied to the pseudo-Ðrst-order decay rate inkobsorder to obtain kc :

The pressure gradient along the Ñow tube, resulting from
the Poiseuille law, was taken into account by adopting as the
average pressure (the ““correctedÏÏ pressure the pressurePc)prevailing in the middle of the reaction zone, the pressure gra-
dient having been measured directly in a separate experiment
using Ñow conditions similar to those of the kinetic experi-
ments.

The observed pseudo-Ðrst-order decay rates (s~1) werekobscorrected for di†usion using the following relationship :

kc \ kobs
A
1 ]

kobsD
v2

]
kobsR2
48D

B
(I)

with v (cm s~1) and R (cm) being, respectively, the Ñow veloc-
ity and tube radius and D (cm2 s~1) the di†usion coefficient ;
we have adopted the value (T /298)3@2, (withD\ 457/Pc Pcbeing the corrected pressure in Torr) relevant to methanol.17

As usual, we have plotted the pseudo-Ðrst-order rate vs.kc[NO] and derived (i) the bimolecular constant of the CH3Odisappearance as the slope and (ii) the wall decay askloss kwthe intercept ; if the latter is very di†erent from the wall decay,
measured in the absence of NO, the corresponding experi-kw0 ,

ment is rejected (usually Taking into accountkw [ kw0).
various uncertainties, we have assumed a global uncertainty of
^15% (unless the statistical one is larger) of the rate con-
stants.

A few examples of typical decay curves log vs.[CH3O]
reaction distance relevant to the DF/LIF technique are dis-
played in Fig. 1 and the corresponding pseudo-Ðrst-order
plots are displayed in Fig. 2. However, at long reaction times,
the initial linear decay of log exhibited systematic[CH3O]
upward curvature, pointing to a possible regeneration of

(X, vA \ 0) ; we will discuss this unusual feature in theCH3Ofollowing paragraph. The corresponding curves obtained by
the PLP/LIF technique are displayed in Fig. 3 and 4.

PLP/LIF technique

The reaction cell for the laser photolysis experiment is made
of stainless steel and can be heated to 600 K. The temperature
is measured by a thermocouple, which can be moved into the
reaction zone. The radicals are generated by 248 nmCH3Olaser photolysis (Lambda Physic LPX 202i) of methyl nitrite

which was synthesized according to a well known(CH3ONO)
procedure.7 highly diluted in He, could be storedCH3ONO,
in a darkened glass bulb for weeks. Its purity was checked by
gas chromatographyÈmass spectrometry (GCÈMS). From the
absorption coefficient of at 248 nm,CH3ONO

Fig. 1 Decay curves of log vs. reaction distance ; experimen-[CH3O]
tal parameters : Torr, v\ 4540 cm s~1, T \ 298 K; [NO]Pc\ 1.09
(in 1013 molecule cm~3) and the corresponding decay rates (in par-kcentheses, in s~1) are : 0 (30 ^ 3), 2.44 (134^ 6), 4.55 (211^ 10), 8.73
(383^ 16), 17.2 (653^ 56), 21.5 (816^ 52).

Fig. 2 Pseudo-Ðrst-order constant vs. [NO]; lower curve : thekcexperimental parameters are those of Fig. 1 ; s~1,kw] \ 30 kloss\ (3.55
^ 0.24) 10~12 cm3 molecule~1 s~1 ; s~1. Upper curve :kw \ (58^ 30)
P\ 5.03 Torr, T \ 248 K, v\ 2172 cm s~1 ; s~1,kw] \ 18 kloss\ (7.29

cm3 molecule~1 s~1, s~1.^ 1.1)] 10~12 kw \ (58^ 15)

Fig. 3 Decay curves of log vs. reaction time for three NO[CH3O]
concentrations (PLP/LIF experiments) ; pressure of He\ 200 Torr.
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Fig. 4 Pseudo-Ðrst-order rate constants vs. [NO] at three di†er-kobsent temperatures (PLP/LIF experiments) ; pressure of He \ 200 Torr ;
the derived rate constants (in 10~11 cm3 molecule~1 s~1) are : 293 K:

325 K: 359 K:kloss\ 2.45 ; kloss \ 2.0 ; kloss\ 1.86.

(p \ 1.6] 10~18 cm2 molecule~1),18 and a typical laser
Ñuence of 10 mJ cm~2, we estimate an average concentration
of molecule cm~3 in the reaction cell. As[CH3O]B 2 ] 1011
usual, the decay curve of vs. reaction time is simply[CH3O]
obtained by plotting the LIF signal vs. the delay timeCH3Obetween the photolysis laser pulse and the probe laser pulse. A
typical decay consists of 20È50 points at di†erent delays
between the two lasers, each averaged over, typically, 30 laser
shots. Di†erent delays are realized by a digital delay generator
(EG&G 9650), which is controlled by a PC. All experiments
have been performed at a repetition rate of 2 Hz.

With this technique, temperature-dependent measurements
were performed at three pressures 50, 100 and 200 Torr He in
the temperature range 284È364 K. At room temperature, the
rate constant was measured in the pressure range 30È510 Torr
of He and 14È500 Torr of Ar. The obtained decay curves were
always exponential.

Results
Regeneration of at long reaction timesCH

3
O

Before considering the results in more detail, it is necessary to
discuss brieÑy the origin of the apparent regeneration of

that we observed at long reaction times. Although weCH3Oare aware that this peculiar feature has not been reported in
the two previous investigations using the DF technique,8,9 we
have routinely observed these small deviations in our low-
pressure experiments at long reaction times under various
experimental conditions. An example of such a curve
exhibiting a signiÐcant deviation is displayed in Fig. 5. It
should be added that McCaulley et al.8 mentioned two anom-
alies in their DF experiments : (i) the occurrence of curved
semilog plots (log versus injector position) in several[CH3O]
experiments and (ii) the existence of a small back-CH3Oground LIF signal with the microwave discharge o† but in
presence of NO, and In our experimental condi-F2 , NO2 .
tions, in agreement with McCaulley et al.,8 it is worth stress-
ing that the initial part of the log was always linear[CH3O]
for a reaction distance large enough to derive a reliable slope.

A simple interpretation could be a slow population of the
(X, vA \ 0) ground level (the level which is probed byCH3OLIF) by cascading from upper vibrational levels within the

same ground electronic state (X, via collisions with NOvA D 0)
or He :

CH3O(X, vA D 0)] NO ] CH3O(X, vA \ 0)] NO* (5)

This possibility is allowed by the energetic of the reaction (2a)
of formation of Furthermore, the presence of vA \ 0, 1CH3O.
and 2 vibrational states vibration) of the electronic ground(l3_state, with relative nascent populations of 1, 0.24 and 0.04 in

Fig. 5 Non-linear plot of log vs. reaction distance ; experi-[CH3O]
mental parameters : Torr, v\ 3528 cm s~1, T \ 298 K,Pc\ 1.09
[NO]\ 2 ] 1014 molecule cm~3 ; the non-linear decay starts at ca. 6
ms.

Ar carrier have been observed by Agrawalla and Setser.19 To
our knowledge, there are no data concerning the rate of reac-
tion (5) ; only the electronic quenching rate of the (A)CH3Ostate by a few colliders has been measured ;20 in contrast, a
few data exist for the relaxation rates of the radical OH(X,
vA D 0).21,22

Nevertheless, we rule out the possibility of reaction (5) for
two main reasons : (i) The previous interpretation would
require that reaction (5), a vibrational energy transfer, is
rather slow, in particular, slower than the reaction (1) of
chemical consumption of in the pressure range studiedCH3O(ca. 4 ] 10~12 cm3 molecule~1 s~1). This is not in line with
the few measurements21,22 concerning the relaxation rates of
radicals with polar molecules, nor with the occurrence of fre-
quent wall collisions at this reduced pressure. (ii) It has been
recently shown,23 on the basis of an extensive analysis of liter-
ature data, that the rates of vibrational relaxation are nearly
as fast as the high-pressure recombination reaction chemical
rates ; for reaction (5), this would suggest a relaxation rate of
ca. 4 ] 10~11 cm3 molecule~1 s~1, well above the (chemical)
reaction rate in the pressure range studied.

To conclude the above discussion, we tentatively suggest
that the slow reaction of regeneration of could ariseCH3Ofrom an unidentiÐed chemical reaction.

Measurements at room temperature

Our room temperature results (from DF/LIF and PLP/LIF
techniques) are collected in Table 2 ; the complete set of avail-
able data (from low or high pressure experiments) is displayed
in Fig. 6 (when measurements have been performed in Ar bath
gas, to account for the di†erence between the collision effi-
ciencies of Ar and He, the Ar gas concentrations werebcscaled by the ratio ZLJ(Ar)bc(Ar)/ZLJ(He)bc(He)\ 1.3,
assuming that where is the LennardÈbc(Ar)/bc(He)\ 1.75 ZLJJones collisional frequency). As evidenced by this Ðgure, our
DF data are in overall good agreement with those of previous
investigations. As an example, we can compare the di†erent
values of the loss rate constant (in 10~12 cm3CH3O klossmolecule~1 s~1) measured at roughly 0.9 Torr : 3.97^ 0.57
(0.85 Torr, ref. 8), 3.16 (0.88 Torr, ref. 9), 4.8^ 0.4 (1 Torr, ref.
24) and 3.51 ^ 0.5 (0.88 Torr, this work). However, Fig. 6 also
shows that our set of values at the lowest pressures (below
0.75 Torr) are obviously below any reasonable extrapolation.
We have not noticed any particular anomaly in this range of
pressures (the decay curves are well behaved) ; interestingly, in
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Table 2 Room-temperature measurements of vs. bath gas pres-klosssurea

P/Torr

He Ar
kloss/10~12 cm3
molecule~1 s~1

0.47 1.82^ 0.3
0.57 2.45^ 0.6
0.66 2.39^ 0.36
0.7 3.27^ 0.5
0.8 2.9^ 0.45
0.88 3.51^ 0.5
1.05 2.9^ 0.43
1.1 3.3^ 0.55
1.13 3.65^ 0.55
1.3 4.01^ 0.6
2.04 4.11^ 0.6

18.2 12^ 2
40 14.7^ 2

50 15.3 ^ 2.3
65 17.6^ 2.6

75 19.2 ^ 3
100 20 ^ 3
150 22 ^ 3.3
200 23.4 ^ 3.5
250 24.6 ^ 3.7
300 24.7 ^ 4
410 26 ^ 4
510 26.5 ^ 4

520 27.2^ 4

a The data of the upper part of the table are from the DF/LIF tech-
nique whereas those from the lower part are from the PLP/LIF tech-
nique. A systematic uncertainty of ^15% has been applied.

the literature, there are hardly any measurements performed
at reduced pressure, i.e. below 0.5 Torr, probably because of
the increasing importance of the corrections (larger di†usion,
reduced Ñow velocity). Nevertheless, it is worth mentioning
that Grother et al.25 have shown the applicability of Ñow
reactors down to pressures as low as 0.25 Torr, provided two
corrections (similar to those used here) are applied : Poiseuille
law and di†usions [eqn. (I)]. These points are not included in
the Ðt.

As predicted1 for reaction proceeding via two pathways
[reactions (1a) and (1b)], the pressure dependence of the rate
constant is S-shaped, similar to the fall-o† curve of aklossdissociation/recombination reaction, however, with a Ðnite
second-order limiting low-pressure rate constant. The analysis
of such a curve is developed in the subsequent discussion.

Fig. 6 Pressure dependence of the bimolecular rate constant ofklossthe reaction of with NO at room temperature ; (*) : this work ;CH3Oref. 6 ; ref. 5 ; ref. 9 ; (X) : ref. 8. The continuous line is the(K) : (…) : (|) :
result of a two-channel RRKM calculation (see text).

Measurements at variable temperature

Measurements have been performed between 248 and 473 K
for the low-pressure range 0.8È5 Torr and between 286 and
364 K for the pressure range 50È200 Torr. They are presented
in Table 3. Low-pressure data do not exhibit a clear pressure
dependence ; some of them, along with the results of ref. 5, 8
and 9, are presented in Fig. 7 and 8, which display the tem-
perature dependence of at total gas concentrationkloss[M]\ 3.25] 1016 molecule cm3 and [M]\ 1.62] 1017
molecule cm3 (P\ 1 Torr and P\ 5 Torr at T \ 298 K,
respectively). These two pressures have been chosen since this
is where the three sets of experimental data, this work and ref.
5 and 8, overlap. Despite the scatter of data, it can be
observed that these Arrhenius plots are non-linear. This will
be analyzed subsequently. High-pressure data show a classical
pressure fall-o† behaviour and a negative temperature depen-
dence, which is shown in Fig. 9 for [M]\ 1.62] 1018
molecule cm3 (P\ 50 Torr at T \ 298 K) pressure, where the
results of this work and those of Frost and Smith5 overlap.

Table 3 Results for the temperature dependence of kloss
klossa/1012 cm3

[He]/1016 molecule cm~3 T /K molecule~1 s~1

3.47 248 6.1^ 0.9
4.17 248 5.74^ 1.1
7.98 248 6.7^ 1

19.6 248 7.3^ 1.1
7.47 273 5.6^ 1.1
2.12 373 3.2^ 0.8
2.60 423 1.6^ 0.4
7 423 2.0^ 0.15

11.5 423 1.7^ 0.25
2.04 473 1.6^ 0.5

675 286 26 ^ 4
338 286 24.1^ 4
169 286 19.3^ 3
659 293 23 ^ 4
638 303 23 ^ 4
598 323 21 ^ 3
300 323 17 ^ 3
150 323 13 ^ 2
580 333 20 ^ 3
273 354 14 ^ 2
137 354 12 ^ 2
530 364 16 ^ 2.5

a Due to a large scatter, the values of above room temperatureklossderived from the DF/LIF technique exhibit larger uncertainties.

Fig. 7 Arrhenius representation of the bimolecular rate constant
of the reaction of with NO. [M]\ 3.25] 1016 cm3kloss CH3Omolecule~1 s~1 (P\ 1 Torr at T \ 298 K). this work ; ref.(L) : (K) :

9 ; ref. 8. Lines are the results of calculations (see text) ; (É É É É É É É) :(…) :
disproportionation by direct H-abstraction ; (È È È È) : dispro-
portionation via an energized adduct ; (ÈÈ): disproportionation
simultaneously via both pathways.
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Fig. 8 Arrhenius representation of the bimolecular rate constant klossof the reaction of with NO. [M]\ 1.62] 1017 cm3CH3Omolecule~1 s~1 (P\ 5 Torr at T \ 298 K). this work ; ref.(L) : (K) :
9 ; ref. 8 ; ref. 5. Lines are the results of calculations (see text) ;(…) : (|) :
(É É É É É É É) : disproportionation by direct H-abstraction ; (È È È È) dis-
proportionation via an energized adduct : (ÈÈÈ): dispro-
portionation simultaneously via both pathways.

Altogether these data correspond to a variation of inklossT T2.1.
A kinetic analysis, based on the reaction scheme presented

in the Introduction and supported by these experimental
results together with all the previous data,5,6,8,9 will be devel-
oped in the following section. We Ðrst perform quantum
chemical calculations of the enthalpies of formation and of
molecular parameters of all species involved in these reactions.
These results are then used as input data in a multichannel
RRKM calculation.

Calculation
Ab initio quantum chemical calculations

Two di†erent theoretical methods have been used to explore
the potential energy surface (PES), the BAC-MP4 method and
density functional theory (DFT). Calculations were performed
to determine equilibrium structures and saddle points on the
singlet PES of the reaction using theCH3O] NO
GAUSSIAN94 and Melius BAC programs.

The BAC-MP4 method has been described in detail pre-
viously.26h28 In a Ðrst step, equilibrium and saddle-point
geometries as well as harmonic frequencies are computed at
the HF/6-31G(d) level of theory using the GAUSSIAN94
package of programs.29 Vibrational frequencies calculated at
this level are systematically scaled down by a factor of 0.89
since they are known to be systematically larger than experi-
mental values.30 Electronic correlation is taken into account
by performing MP4(SDTQ) single-point calculations using
the 6-31G(d,p) basis set. In a second step, the Melius BAC

Fig. 9 Temperature dependence of the bimolecular rate constant of
the reaction of with NO. [M]\ 1.62] 1018 cm3 molecule~1CH3Os~1 (P\ 50 Torr at T \ 298 K). this work ; ref. 5. Line is the(L) : (|) :
result of calculation (see text).

program improves the results obtained by empirical correc-
tions using bond-additivity approximations for the systematic
errors in the ab initio calculations, resulting mainly from basis
set truncation. Additional corrections for electron spins are
made, either to remove spin contamination for open-shell
systems or to account for the UHF instability of closed-shell
systems.

Regarding the DFT theory, BeckeÏs three-parameter func-
tion and the non-local correlation provided by the LYP
expression, (B3LYP)31 have been used, together with
DunningÏs correlation consistent cc-PVDZ basis set32 which
includes polarization functions.

Results of calculations. Both theoretical methods yielded
nearly the same results for energies and structures and, there-
fore, lead to the same interpretation.

A minimum in the singlet PES has been found, correspond-
ing to the formation of 176.6 kJ mol~1 (BAC-CH3ONO,
MP4) and 160.7 kJ mol~1 (DFT) below the reactants level (at
temperature 0 K). No barrier between this structure and the
reactants was found. A saddle point, (TS1), has been located
on the reaction path (d) connecting to the productsCH3ONO

and HNO. This saddle point lies 8.8 kJ mol~1 belowCH2Othe reactant energy at the BAC-MP4 level. Using the DFT
method, this saddle point is at the same energy level as the
reactants. A pathway (r), corresponding to the direct
abstraction of H by NO to give HNO has also been con-
sidered. Unlike the similar disproportionation reaction in the

system,12 no barrier was found using either theCF3O] NO2BAC-MP4 or the DFT method. The computed enthalpies of
formation, corrected for the zero-point energy, vibrational fre-
quencies and rotational constants of reactants, intermediate
structures, and transition state are summarized in Table 4.
Also given in the Table 4 are the estimated errors for the enth-
alpies of formation, corresponding to the size of the BAC spin
correction and the consistency of the BAC-MP4 method28
with other levels of theory. The large estimated error calcu-
lated for the transition state is mainly due to the UHF insta-
bility found in the system. In the value proposed in Table 4 a
correction has been included to account for this shortcoming.
The results of the BAC-MP4 calculation are presented graphi-

Table 4 Molecular and transition-state parameters computed using
the BAC-MP4 method for the reactionCH3O ] NO

CH3O NO CH3ONO TS1

Vibrational frequenciesa/cm~1
2918 (2992) 2221 (1992) 3004 (3172) 2879 (2952)
2901 (2952) 2979 (3115) 2814 (2880)
2842 (2888) 2905 (3037) 2007 (1919)
1487 (1493) 1748 (1707) 1530 (1536)
1423 (1339) 1469 (1461) 1434 (1478)
1414 (1339) 1462 (1442) 1291 (1370)
1082 (1117) 1440 (1414) 1264 (1255)
990 (951) 1194 (1172) 1236 (1209)
726 (723) 1149 (1137) 1188 (1197)

1094 (1003) 721 (735)
903 (867) 516 (532)
788 (671) 481 (440)
355 (372) 291 (282)
330 (352) 223 (223)
222 (184) i1502 (i1082)

Rotational constants/cm~1
5.346 1.778 0.718 0.806
0.920 0.257 0.172
0.918 0.196 0.159

*fH00(*fH0 298)/kJ mol~1, BAC-MP4 values
35.6^ 4.6 90.4^ 8.4 [50.6^ 5 117.2^ 67
(27.6) (90.4) ([64) (104.2)

a Values of frequencies in parentheses are from DFT calculations.
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Fig. 10 Energy diagram and transition-state geometrical structures
of the system. Enthalpies of formation of molecular andCH3OÈNO
transition state at 0 K were computed by the BAC-MP4 method.
Units : kJ mol~1 ; the origin of the energy is set at the energy level of
the reactants Geometrical distances of TS1 andCH3O ] NO.

in units ofCH3ONO Ó.

cally in Fig. 10. The most recent experimental determination
of the enthalpy of formation of from a study of theCH3Odissociation dynamics of this radical33 gives *fH2980 \ 20.5
kJ mol~1, a value which agrees with ab initio calculations by
Curtiss et al.34 and with the value, 21 kJ mol~1, resulting
from a unimolecular dissociation study of Our cal-CH3O.35
culated value is 6.6 kJ mol~1 higher than these values. Pre-
vious values of the enthalpy of formation of [6736CH3ONO,
and [6437 kJ mol~1, are in good agreement with our calcu-
lated value.

These results, therefore, indicate that the production of
can occur not only by rearrangement of theCH2O] NO

adduct via the transition state (TS1), but also byCH3ONO
direct hydrogen atom abstraction from the methyl group by
the nitrogen atom of the radical NO. The structural and ther-
mochemical data are employed in the RRKM calculations for
di†erent reaction channels described below. To be consistent,
all the energetic input data used in the statistical RRKM cal-
culation have been taken from the BAC-MP4 calculation.
This yields kJ mol~1 for the enthalpy*H00 \ ([176.6 ^ 13)
di†erence between the reactants and the inter-CH3O] NO
mediate and a barrier height of (168^ 63)CH3ONO EdkJ mol~1 for the exit channel (d) through the transition state
(TS1).

RRKM calculations

A statistical RRKM procedure has been used for calculations
in the two-channel chemically activated process. The dispro-
portionation involving the adduct formation, theCH3ONO*
collision stabilization by bu†er gas [M] (st) and the formation
of the products (d) proceed via this same inter-CH2O] HNO
mediate (see reaction scheme in the Introduction). As a result,
calculations must take into account the competition between
the collision stabilization of this species (st), and its disso-
ciation back to the reactant ([a) or into the product (d).
RRKM theory is used to describe these two unimolecular dis-
sociation pathways of The steady-state formula-CH3ONO.
tion proposed by Berman and Lin11 for such a process has
been improved to take into account the conservation of the
total angular momentum. All species are treated as symmetric
tops and the conservation of total angular momentum J is
taken into account. The external K-rotor, associated with the
smallest moment of inertia is treated as an active degree of
freedom completely coupled with vibrations. The total rate

constant for loss is then expressed byCH3O kloss ,

kloss \
QCH3ONOe, t

QCH3OQNO
;

J/0

=
(2J ] 1)

P
0

= u] kd(E, J)

u] kd(E, J) ] k~a(E, J)

]k~a(E, J)N(E, J)e~E@RTdE

where E is the total energy ; is the product of theQCH3ONOe, t
translational and electronic partition function of the interme-
diate and are the total partition func-CH3ONO; QCH3O QNOtions of the reactants ; is the e†ectiveu\ bcZLJ[M]\ kst[M]
collision frequency where is the collision efficiency andbc , ZLJis the LennardÈJones collision frequency ; N(E, J) is the vibra-
tional density of states of J) and J) areCH3ONO; kd(E, k~a(E,
the microcanonical rate constants at total energy E and total
angular momentum J for the unimolecular dissociations of

given by RRKM theory asCH3ONO*

k(E, J) \
G(E, J)

hN(E, J)

where G(E, J) is the sum of states at the corresponding tran-
sition state for either channel (d) or ([a). G(E, J) is evaluated
in two di†erent ways, depending on the nature of the tran-
sition state (tight or loose). For the tight exit transition state
TS1, vibration frequencies and rotational constants are taken
from the ab initio calculations (Table 4) and, G(E, J) is derived
by taking the inverse Laplace transform of the calculated par-
tition function of this species. Calculation of the correspond-
ing microcanonical rate constant (E, J) is carried out usingkdthe program FALLOFF.38 For the case of the loose entrance
transition state TSe where there is no barrier involved, the
MVIPF theory (microcanonical variational theory by inver-
sion of the interpolated partition function)39,40 is implement-
ed to determine the transition state variationally along the
reaction coordinate r. Only a brief outline of this method is
presented. The partition function of the transition state as a
function of the distance r, Q*(r), is obtained by interpolation
of the logarithms of the appropriate reactant and products
partition functions using a Gaussian switching function char-
acterized by an adjustable parameter c. Q*(r) is inverted to
obtain the state count G(E, J, r) for the transition state, which
is then minimized with respect to r at a given energy E and
angular momentum J, and used in the k (E, J) expression of
the loose transition state. The reaction is assumed to take
place under an e†ective potential which is approximatedVeff(r)by treating the dissociation as the fragmentation of a quasi-
diatom:

Veff(r) \ V (r) ] Be(re/r)2J(J ] 1)

where V (r) is taken as a simple Morse function, is the equi-relibrium bond length and is the nearly doubly degenerateBerotational constant of This calculation of (E,CH3ONO. k~aJ) is performed with the program INTERVAR.41
It seems useful to split into that component which cor-klossresponds to formation and that which correspondsCH3ONO

to the formation of the products CH2O] HNO:

kst(loss)\
QCH3ONOe, t

QCH3OQNO
;

J/0

=
(2J ] 1)

P
0

= u
u] kd(E, J) ] k~a(E, J)

]k~a(E, J)N(E, J)e~E@RTdE

kd(loss)\
QCH3ONOe, t

QCH3OQNO
;

J/0

=
(2J ] 1)

P
0

= kd(E, J)

u] kd(E, J) ] k~a(E, J)

]k~a(E, J)N(E, J)e~E@RTdE

It is worth noting that if exhibits the classical behaviourkst(loss)of a fall-o† curve (i.e. increases with pressure), haskst(loss) kd(loss)a quite di†erent behaviour, since it increases when [M] (i.e. u)
decreases, reaching a plateau at [M]\ 0. Thus, over a large
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range of pressure, the expected theoretical pressure depen-
dence of is similar to the fall-o† curve of a dissociation/klossrecombination reaction, but with a Ðnite second-order limiting
low-pressure rate constant, Therefore, this curve is S-kd(loss)0 .
shaped, Ñattening out at both high and low-pressure.

Analysis of the experimental results at room temperature.
The calculations are Ðrst developed at room temperature,
where the largest body of experimental data have been report-
ed and where the highest pressure measurements have been
performed. Two mechanisms will be successively assumed: (i)
the disproportionation reaction proceeds via an energized
adduct and a RRKM calculation will be performed for chemi-
cal activation. (ii) The disproportionation reaction occurs by a
parallel independent reaction and the calculated isklossobtained by adding a constant value to a classical
dissociation/recombination RRKM calculation.

In the Ðrst case, the rate constant J) of the disso-k~a(E,
ciation of back into the reactants involving theCH3ONO*
loose transition state TSe is calculated variationally by the
INTERVAR41 procedure, as explained above. The Morse
parameter b of the e†ective potential is estimated from the
frequency of the reaction coordinate, the and values arere Befrom ab initio calculations (Table 4). The parameter c of the
switching function is adjusted to obtain the best agreement
between the calculated and experimental values measured in
the present work at the highest pressure (ca. 500 Torr He).
The rate constant, (E, J) of the dissociationkd CH3ONO*
into the products, involving the tight transition state TS1, is
calculated by the program FALLOFF38 using the structural
parameters deduced from ab initio calculations (Table 4). The
calculated value of depends to a major extent on thekd(loss)height of the exit barrier or more precisely on the di†erenceEdwhere is the potential-well depth equalE0[ Ed E0 CH3ONO
to the absolute value of since the entrance channel is*H00 ,
barrierless (Fig. 10). For the ab initio calculated value E0kJ mol~1, the calculated second-order limiting[ Ed\ 8.8
low-pressure is cm3 molecule~1 s~1. Thiskd(loss)0\ 0.3] 1012
value turns out to be too low to account for the low-pressure
experimental data. Taking into account that the ab initio
values are calculated with a fairly large uncertainty, we reduce
the exit barrier height until the experimental data are well
reproduced. The best Ðt is obtained with E0 [ Ed\ 19.2
kJ mol~1 giving cm3 molecule~1 s~1.kd(loss)0\ 2.5 ] 10~12
The value of the high-pressure limiting rate constant k= ,
obtained by adjusting the parameter c, is equal to 3.4 ] 10~11
cm3 molecule~1 s~1. The resulting curve, shown in Fig. 6, is
obtained with a slightly high value for He used asbc \ 0.28,
the bu†er gas. It can be seen that, except for the three lowest
pressure data, all the available experimental rate constants are
well reproduced. The pressure dependence of the branching
ratios for the products and for theCH2O ] NO CH3ONO
formation, deÐned by andCCH2O`HNO \ kd(loss)/kloss CCH3ONO \

respectively, can be easily calculated and com-kst(loss)/kloss ,pared to the experimental results. It is seen in Fig. 11 (solid
line) that the experimental values of the branching ratio are
well predicted by the model. From this analysis it can be con-
cluded that this chemically activated two-channel mechanism
accounts well for most of the experimental data at room tem-
perature.

However, as suggested by the results of quantum chemical
calculations, the occurrence of disproportionation by a direct
hydrogen abstraction cannot be discarded. In this event, the

loss being assumed to proceed via two independentCH3Ochannels, the pressure dependence for the overall rate con-
stant should be calculated by adding a pressure-independent
rate coefficient to a conventional RRKM association/
dissociation fall-o†. By this procedure, a curve kloss \ f ([M])
quasi-identical to that calculated by the chemically activated
mechanism is obtained with the additive constant kr B 2.2

] 10~12 cm3 molecule~1 s~1, and with k=\ 3.3 ] 10~11
cm3 molecule~1 s~1 and The comparison betweenbc \ 0.25.
the calculated and experimental pressure dependences of the
branching ratio is slightly less satisfactory but still correct
(Fig. 11). Therefore, the room-temperature data alone do not
provide evidence as to whether a direct route or a route via an
energized adduct is prominent in the mechanism. More infor-
mation may be inferred from analysis of the temperature
dependence of the rate constant.

Analysis of the temperature dependence of the rate constant
Firstly, it is assumed that the disproportionation reac-k

loss
.

tion only occurs by a direct hydrogen abstraction. Calcu-
lations are then performed at several temperatures with the
value of the variational constant c adjusted to room tem-
perature and assuming a temperature dependence of bc B 0.25
(T /298 K)~0.5. It was observed that the best representation of
the experimental data was obtained with the additive constant

independent of the temperature and equal to the room-krtemperature value. In the low-pressure range, for P\ 30 Torr,
the calculated temperature dependences of are displayedklossin Fig. 7 and 8 for [M]\ 3.25] 1016 molecule cm~3 and
[M]\ 1.62] 1017 molecule cm~3 and compared to the
experimental ones. The comparison is not convincing, espe-
cially at 1 Torr where calculated values are too low at tem-
peratures below 298 K and too high at those above. In spite
of the dispersion of the experimental results, it appears that a
minimum of the rate constant should be observed at T B 400
K, followed by a slight increase beyond this value. This is par-
ticularly apparent from the data of Frost and Smith5 repro-
duced in Fig. 8.

The two-channel RRKM calculation involving CH3ONO*
adduct formation is then carried out at several temperatures
using the values of and of the parameter c determinedE0 [ Edat room temperature. Calculation produces, without any
Ðtting, the following temperature dependence of the rate coef-
Ðcients : (T /298 K)~0.75 cm3 molecule~1 s~1k=\ 3.4]10~11
and (T /298 K)~1.85 cm3molecule~1 s~1 ;kd(loss)0\2.5]10~12
a temperature dependence of (T /298 K)~0.5 is againbc B 0.28
assumed. The calculated curves are displayed in Fig. 7 and 8.
A good representation of the experimental results is obtained
for T O 350 K. For higher temperatures, calculated values are
below the experimental data and the experimental minimum is
not predicted by this two-channel model.

Fig. 11 pressure dependence of the branching ratio CCH2O`HNO : (…)
ref. 9 ; (X) ref. 8 ; ref. 45. Lines are the results of calculations.(K) :
(ÈÈÈ): T \ 298 K, disproportionation via an energized adduct ;
(É É É É É É É) : T \ 298 K, disproportionation by direct H-abstraction ;
(È È È È) T \ 573 K, disproportionation simultaneously via both
pathways.

3328 J. Chem. Soc., Faraday T rans., 1998, 94, 3321È3330
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This could provide a hint for the occurrence of the direct
reaction channel (negligible at temperatures lower than ca.
350 K) with a rate coefficient exhibiting a positive temperature
dependence and taking place simultaneously with the chemi-
cally activated process just described. To test this hypothesis,
analysis of the experimental data is then carried out assuming
that a pressure-independent rate coefficient increasing withkr ,temperature, has to be added to the chemically activated cal-
culated rate constant The best representation of mostkloss .experimental data is then obtained with expkr\ 4 ] 10~11
([1760 K/T ) cm3 molecule~1 s~1, where the preexponential
factor and the temperature coefficient are adjusted parameters.
The resulting curve is presented in Fig. 7 and 8 (solid line). It
is noticeable that the experimental minimum of the rate con-
stant is now correctly predicted by the model. However, due
to the scatter of the experimental results, there is a large
uncertainty regarding these two adjusted parameters and the
relative contribution of the two processes.

This last mechanism, including the direct reaction channel,
is also used for analyzing the experimental results obtained in
the higher pressure range P[ ca. 30 Torr. In this pressure
range, the stabilization process is now dominant and experi-
mental and calculated rate constants, which are in good agree-
ment, exhibit negative temperature dependence. Calculated
values are Ðtted to the expression k \ A (T /298 K)~n. A com-
parison is displayed in Fig. 9 at P\ 50 Torr, where the results
from this work and from ref. 5 overlap. At this pressure n B 2.
Similar curves should be obtained at higher pressures ; it is
worth mentioning that, in this pressure range, most experi-
mental results are well Ðtted by the model.

To conclude, a detailed kinetic modelling taking into
account all the available experimental results covering di†er-
ent pressure and temperature ranges, points to the simulta-
neous occurrence of two pathways for the disproportionation
channel of the reaction of with NO.CH2O] HNO CH3OThis could be anticipated by the ab initio calculations of the
PESs of this system. However, the scatter of the available
experimental results from di†erent authors and the fairly large
uncertainty in the ab initio calculations do not really allow a
quantitative determination of their relative contributions.

Discussion
It is of interest to compare the present analysis with previous
related works.

Value of k=
Most previous experimental results obtained at room tem-
perature between 1 and 100 Torr are consistent. However, as
the values of resulted from long extrapolation they arek=scattered (see Table 1). Present experiments, performed up to
500 Torr, allow us a better determination of and conse-k=quently of the value of the microcanonical rate constant

Moreover, our data obtained at several temperaturesk~a(E).
in this pressure range, as well as the highest pressure data of
Frost and Smith,5 are well accounted for by our kinetic
model, thus conÐrming the calculated negative temperature
coefficient of the expression determined in this work,k= :

(T /298 K)~0.75 cm3 molecule~1 s~1 is notk=\ 3.4] 10~11
far from that of these authors (T /298k=\ 3.6] 10~11
K)~0.6 cm3 molecule~1 s~1.

Branching ratio

The pressure dependence of the branching ratio for the CH2O] HNO channel calculated by our model Ðts correctly the
experimental data, obtained by Dobe� et al.9 at room tem-
perature, in contrast to the extended LindemannÈ
Hinshelwood model proposed by these authors.

Detailed chemical mechanism

In the low-pressure range, there are two sets of results con-
cerning the temperature dependence of the rate constant of

loss.5,8 Two di†erent analyses of these results are pro-CH3Oposed, each one being appropriate in its range of experimental
conditions. From measurements performed between 5 and 100
Torr in the range 298È573 K, Frost and Smith5 found the
disproportionation rate constant cm3kd(loss)0\ 5 ] 10~12
molecule~1 s~1, almost independent of temperature. This
value is clearly too high compared to the experimental values
of at 1 Torr and 298 K which are ca. 3 ] 10~12 cm3klossmolecule~1 s~1.8,9, this work. From measurements in the lower
pressure and temperature ranges, 1È5 Torr and 223È470 K,
MacCaulley et al.8 have derived a negative temperature
dependence [exp (]400 K/T )] with a value of ca. 3 ] 10~12
cm3 molecule~1 s~1 at 298 K, in better agreement with our
own analysis, which gives a value of ca. 2.5 ] 10~12
cm3 molecule~1 s~1. However, at higher temperatures, the
analysis of MacCaulley et al.8 predicts too low values for the

loss rate constants compared to the experimentalCH3Oresults of Frost and Smith.5 Our ““combinedÏÏ modelling by
two simultaneous pathways for the disproportionation reac-
tion, which accounts for most of the experimental results in
the pressure range lower than ca. 30 Torr, allows us to Ðt
simultaneously : (i) the negative temperature dependence of the

loss rate constant in the temperature range 220È400 KCH3Oand, (ii) at temperatures beyond 400 K, the increasingly small
temperature coefficient of the rate constant.

Our analysis shows that neither of the two possible dispro-
portionation pathways, rearrangement of an energized

ONO* complex and direct hydrogen abstraction, can,CH3alone, account for the whole set of experimental data in the
low-pressure range. However, though our suggested com-
bination of these two processes allows us to account for most
experimental results, the scatter of data prevents us from deÐ-
nitely discarding other combinations. A few experimental data
cannot be included in this representation and there is a lack of
consistent experimental results in the low-pressure and high-
temperature range. Therefore, the presented adjusted values of
the pre-exponential factor and of the temperature coefficient
factor of the rate constant must only be considered askrÐtting parameters having a large uncertainty and some other
combinations of the two pathways for the disproportionation
reaction could be proposed. For instance an expression for krindependent of temperature, as suggested by ab initio calcu-
lations, is not totally inconsistent with the experimental data.

Furthermore, the analysis predicts the pressure and tem-
perature dependence of the branching ratio. At room tem-
perature, the disproportionation channel is negligible near
atmospheric pressure represents ca. 50% of the(CCH2O B 0.01),
total loss of at ca. 3 Torr and becomes the majorCH3Ochannel below ca. 1 Torr. The calculated pressure dependence
of at 573 K is reported in Fig. 11. At all pressures theCCH2Obranching ratio for products increases withCH2O] HNO
increasing temperature and, at T \ 573 K, the calculated
value of is predicted to be ca. 0.2 at atmospheric pres-CCH2Osure. Qualitatively, this increase in the branching ratio results
essentially from the broadening of the fall-o† for the associ-
ation pathway, together with the simultaneous increase of the
rate constant of the direct disproportionation.

It is interesting to compare the kinetic behaviour of the
reaction with that of the analogousCH3O] NO CF3O] NO reaction studied earlier.42 For this reaction, the ab

initio calculated PES42 is similar to that calculated here for
the reaction but with a much lower exit barrierCH3O] NO
for the disproportionation channel. In this case, E0[ Ed B

kJ mol~1 (instead of ca. 16.7 kJ mol~1 for83.7 CH3O] NO)
resulting in a much higher rate constant for the dispro-
portionation pathway than for the stabilization pathway and
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Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
98

. D
ow

nl
oa

de
d 

on
 2

5/
10

/2
01

4 
03

:3
1:

27
. 

View Article Online

http://dx.doi.org/10.1039/a807456i


thus predicting a pressure-independent rate constant for the
loss (as observed experimentally). In the same way, theCF3Oenergetics of the andCH3O] NO243 CF3O] NO212systems show barrier heights for the exit channel similar to

that of the reaction and, consequently, exhibitCH3O] NO
similar kinetic behaviour, i.e. a pressure-dependent rate con-
stant for the loss.CX3OIt is convenient to express the pressure and temperature
dependence of using an analytical representation whichklosswill easily provide values of this rate constant in the ranges
1È760 Torr and 220È600 K. Such an expression may be
obtained by adding a constant value to the conventional Troe
expression,44

kloss \ Cst(T )]
k0(T )[M]

1 ] k0(T )[M]/k=(T )
FMFc(T ), [M]N

where K)~n ; K)~m ;k0(T )\ k0298(T /298 k=(T )\ k=298(T /298
([T /C) ; Cst \ A exp (B/T )] D(T /298 K)F. TheFc \ exp

four parameters Cst(T ), are obtained atk0(T ), k=(T ), Fc(T )
each temperature by non-linear least-square Ðtting of this klossexpression to the calculated values obtained from our
““combined mechanism.ÏÏ The calculated value of accord-Fc ,
ing to the Troe procedure, is ca. 0.55È0.6 at 298 K, corre-
sponding to CB 600. However, as the best Ðt obtained at
each temperature leads to CB 900, at 298 K), this(Fc B 0.7
latter value is retained. The following optimized expressions
are then derived : (T /298 K)~2.8k0(T )\ 2.65 ] 10~29
cm6 molecule~2 s~1 ; (T /298 K)~0.6k=\ 3.26 ] 10~11
cm3 molecule~1 s~1 ; Cst \ 1.25] 10~11 exp ([1015
K/T )] 1.92] 10~12 (T /298 K)~2.56 cm3 molecule~1 s~1 ;

([T /900 K), for He as bu†er gas.Fc \ exp

Conclusion
By a multichannel RRKM analysis of the pressure and tem-
perature dependence of the rate constant for the reaction

it is established that the disproportionationCH3O] NO,
reaction to products may occur simulta-CH2O] HNO
neously (i) by a direct hydrogen abstraction reaction and (ii)
via the formation of energized complex in com-CH3ONO*
petition with the association reaction. This analysis is con-
Ðrmed by the result of ab initio calculation of the PES of this
system. The proposed kinetic modelling, accounts for the
major part of the available experimental results. It allows a
reliable representation of the overall rate constant and pre-
dicts the evolution of the branching ratios, for the 1È760 Torr
and 220È600 K pressure and temperature ranges.
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