
Decomposition and Vibrational Relaxation in CH3I and Self-Reaction of CH3 Radicals

Xueliang Yang,† C. Franklin Goldsmith,‡ and Robert S. Tranter*,†

Chemical Sciences and Engineering DiVision, Argonne National Laboratory, 9700 South Cass AVenue,
Argonne, Illinois 60439, and Department of Chemical Engineering, Massachusetts Institute of Technology,
77 Massachusetts AVenue, Cambridge, Massachusetts 02139-4307

ReceiVed: April 10, 2009; ReVised Manuscript ReceiVed: May 22, 2009

Vibrational relaxation and dissociation of CH3I, 2-20% in krypton, have been investigated behind incident
shock waves in a diaphragmless shock tube at 20, 66, 148, and 280 Torr and 630-2200 K by laser schlieren
densitometry. The effective collision energy obtained from the vibrational relaxation experiments has a small,
positive temperature dependence, 〈∆E〉down ) 63 × (T/298)0.56 cm-1. First-order rate coefficients for dissociation
of CH3I show a strong pressure dependence and are close to the low-pressure limit. Restricted-rotor Gorin
model RRKM calculations fit the experimental results very well with 〈∆E〉down ) 378 × (T/298)0.457 cm-1.
The secondary chemistry of this reaction system is dominated by reactions of methyl radicals and the reaction
of the H atom with CH3I. The results of the decomposition experiments are very well simulated with a model
that incorporates methyl recombination and reactions of methylene. Second-order rate coefficients for ethane
dissociation to two methyl radicals were derived from the experiments and yield k ) (4.50 ( 0.50) × 1017

exp(-32709/T) cm3 mol-1 s-1, in good agreement with previous measurements. Rate coefficients for H +
CH3I were also obtained and give k ) (7.50 ( 1.0) × 1013 exp(-601/T) cm3 mol-1 s-1, in reasonable agreement
with a previous experimental value.

Introduction

Methyl iodide is potentially a clean, thermal, high-temperature
source of CH3 radicals for shock tube experiments because it
dissociates solely by fission of the C-I bond1-6 and the I atom
is essentially inactive.

Consequently, reaction 1 could be an effective method of
generating CH3 radicals to study their recombination reactions
and reactions with other species. However, methyl radicals are
reactive, and unless their subsequent reactions are effectively
suppressed, secondary chemistry may limit the usefulness of
CH3I as a precursor. Prior shock tube, ST, experiments that
either investigated the dissociation of methyl iodide or used it
as a CH3 source were performed with I-ARAS1,6 (atomic
resonance absorption spectroscopy), CH3 ultraviolet (UV)
absorption,4,5,7 or CH3I UV absorption2,3 and were conducted
with low reagent concentrations, <0.02%, which minimized
secondary reactions. Techniques such as ST/TOF-MS (time-
of-flight mass spectrometry) and ST/LS (laser schlieren densi-
tometry) typically require initial reagent concentrations in the
0.5-5% range, and even at quite low reaction pressures,
secondary chemistry can be expected to be quite significant and
must be accounted for when determining the concentrations of
reactive species such as CH3. Thus, prior to using methyl iodide
as a source of methyl radicals, as is our intent, it is necessary
to fully characterize the dissociation reaction, reaction 1, and
secondary chemistry over the range of anticipated reaction
conditions.

As well as the shock tube investigations mentioned above,
the decomposition of CH3I has also been studied in static
reactors8,9 and flow reactors10,11 with a variety of diagnostics.
The high-temperature second-order rate coefficients for reaction
1 from Takahashi et al.1 and Kumaran et al.6 are in excellent
agreement, and they used argon and krypton, respectively, as
bath gases. The measurements of Davidson et al.,4 argon bath
gas, lie about 30% higher than Kumaran et al. and have an
activation energy of around 30% lower. The data of Baeck et
al.5 have an activation energy that is about 35% lower than that
of Kumaran et al. but a smaller A factor, and the two data sets
cross at about 1470 K. The results of Saito et al.2,3 are lower
than these by factors of 3 and 6 for argon and krypton bath
gases, respectively. While differences in the rate expressions
exist, all of the previous studies agree that the sole initial reaction
for CH3I pyrolysis is reaction 1 and that there is no evidence
for HI elimination.

In experiments where the reagent concentrations are sufficient
to promote secondary chemistry, a complex chain process
initiated by the methyl-methyl self-reaction can be anticipated.
This alkyl radical recombination has four channels, reactions
2-5, which have been investigated to varying degrees.

Reaction 2 and its reverse reaction have been examined
experimentally and theoretically in studies too numerous to cite,
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CH3I + M f CH3 + I + M (1)

CH3 + CH3 + M f C2H6 + M (2)

CH3 + CH3 f C2H5 + H (3)

CH3 + CH3 f
3CH2 + CH4 (4)

CH3 + CH3 f
1CH2 + CH4 (5)
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and the reader is referred to the NIST kinetics database12 for a
comprehensive list that includes several critical evaluations. The
most recent experimental reports concerning reaction 2 at
temperatures and pressures close to the current work are a ST/
LS study of the reverse of reaction 2, reaction -2,13 and a ST/
UV absorption study also of reaction -2, which monitored CH3

production.14 The results of the two studies are in good
agreement and the experimental rate coefficients, k-2, are in good
agreement with master equation (M.E.) calculations.13 Kiefer
et al. also proposed a high-temperature model for ethane
dissociation, and this model may be expected to describe the
CH3-initiated secondary reactions adequately in this study of
CH3I dissociation at similar conditions, 1400 < T < 2200 K
and 70 < P < 5700 Torr, and the same diagnostic, LS (P < 500
Torr), were used as in the current work.

Reaction 3 has been investigated at high temperatures in
several shock tube studies.7,15-18 Frank and Braun-Unkhoff17

and Lim and Michael15 used H-ARAS to monitor the reaction
directly and obtained results that are within 20% of each other.
A more indirect estimation of the rate coefficient has been made
by Davidson et al.7 and is in good agreement with the ARAS
work.

The literature data for reactions 4 and 5 are considerably more
limited. They have been experimentally studied at low temper-
ature by Bohland et al.,19 and while they are unlikely to
contribute significantly to the removal of CH3 radicals compared
to reactions 2 and 3, the products, 3CH2 and 1CH2, are
reactive,7,20 and subsequent reactions are likely to be important.

At sufficiently low reaction pressures, the rather sparse
vibrational-state density in methyl iodide suggests that vibra-
tional relaxation in the molecule should be observable with ST/
LS, and incubation delays may be significant in the dissociation
studies. As has been previously demonstrated, LS is particularly
well suited to the study of incubation and vibrational relaxation
at elevated temperatures; see, for example, refs 21-23.

Given the above considerations, to use reaction 1 as a source
of CH3 radicals in relatively high concentration reaction
environments, dissociation of CH3I needs to be thoroughly
investigated, and the effects of incubation need to be considered.
Consequently, a series of experiments have been performed
using ST/LS to investigate not only the dissociation reaction
but the associated secondary chemistry due to methyl self-
reaction. Furthermore, the current studies incorporate investiga-
tion of relaxation and incubation in CH3I/Kr mixtures at elevated
temperatures and low pressures. These additional results have
been used in conjunction with pure dissociation experiments to
develop a model for the high-temperature self-reaction of methyl
radicals.

Experimental Section

The LS experiments were performed in a diaphragmless shock
tube, DFST, for which the operation and characteristics have
been fully described elsewhere.24 The driver section of the DFST
contains a fast-acting valve which replaces the more traditional
diaphragm. When the valve is closed, the driver and driven
sections can be filled to the desired loading pressures, and the
DFST is fired by rapidly opening the valve. By varying both
the driver section pressure, P4, and the driven section pressure,
P1, the pressure behind the incident shock wave, P2, can be
constrained to very narrow ranges,24 typically <(3%, over a
wide range of temperatures.

The driven section of the shock tube has an internal diameter
of 7.012 cm, and the quartz windows through which the beam
from a helium-neon laser passes for LS measurements are

located sufficiently far downstream to allow the shock wave to
be fully developed after firing the DFST. A set of six pressure
transducers evenly spaced along the side of the driven section
are centered around the LS windows, and incident shock wave
velocities are obtained by interpolation of the five intervals
calculated from the measured times taken for the shock wave
to arrive at successive pressure transducers. From these veloci-
ties and the loading conditions, the temperature and pressure
behind the incident shock wave are calculated assuming frozen
conditions. The uncertainty in velocity is estimated as 0.2%,
corresponding to a temperature error of less than 0.5%, here
amounting to the order of 10-15 K.

The LS diagnostics have also been described previously, and
a similar configuration to that of Kiefer et al.25,26 is used with
the only significant difference being the use of a 14-bit
Compuscope 14100 data acquisition card (GAGE Applied
Electronics) in place of a 12-bit data acquisition card. The molar
refractivity of Kr ) 6.367 was taken from Gardiner et al.,27

and that of CH3I ) 19.25 was calculated from its refractive
index, 1.53, and molar density, 2.28 cm3/mol, at 20 °C. As usual,
the reasonable assumption that changes in the mixture refractive
index are negligible throughout the course of reaction25 is made.

Regent Mixtures. Mixtures of CH3I dilute in krypton were
prepared manometrically in a 50 L glass vessel that had been
evacuated to <10-3 Torr. Krypton (AGA 99.999%), was used
as supplied. CH3I (Aldrich Chemical Co., 99%) was degassed
by repeated freeze-pump-thaw cycles with liquid nitrogen
before use. Mixtures containing 2 and 4% CH3I were prepared
for dissociation experiments, and mixtures of 2, 10, and 20%
were prepared for the vibrational relaxation experiments. The
mixture compositions had uncertainties of less than (0.1% and
were allowed to homogenize for several hours prior to use.

Results and Discussion

Vibrational Relaxation. Vibrational relaxation in methyl
iodide was observed over a temperature range of 636-1686 K
in mixtures of 2, 10, and 20% CH3I in Kr at post shock pressures
of 20 ( 1 Torr in 56 experiments. The postshock temperature
and pressure, T2 and P2, respectively, were calculated assuming
the fully relaxed condition. Typical raw LS profiles from two
experiments are shown in Figure 1. The large spike and
preceding valley are from interaction of the shock front with

Figure 1. Example laser schlieren profiles showing vibrational
relaxation in (a) 10 and (b) 20% CH3I/Kr mixtures.
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the laser beam. The signal prior to arrival of the shock wave at
the observation station is used to establish a baseline in each
experiment. At around 12 µs (Figure 1) there is a sharp change
in the signal, and the remainder of the data represents the signal
of interest. Semilog plots of density gradients that are derived
from the raw LS signals are presented in Figure 2. The raw
data shown in Figure 1a and b correspond to the density gradient
profiles presented in Figure 2a and b. The initial few, steeply
falling points in each plot of Figure 2 are from the tail of the
shock front/laser beam interaction in Figure 1.

The density gradients obtained from the 20 Torr experiments
are very closely exponential in all cases for T2 < 1400 K, Figure
2a, b, and e indicating that the signal is due to pure relaxation
with no contribution from the dissociation of CH3I. For T2 >
1400 K, in experiments with 10 and 20% methyl iodide,
dissociation of CH3I begins to contribute to the density gradient
profiles, and for a number of experiments, a two-stage decay
pattern with the first part being exponential is clearly observed,
from which a measure of incubation time can also be obtained.
An example two-stage profile is shown in Figure 2c, where the
solid line indicates the initial relaxation, the blue solid line
represents simulation of the dissociation process using the
mechanism in Table 1, and the vertical dashed line indicates
the start of dissociation and hence gives a measure of incubation
time. Above 1700 K, the relaxation time is very short, and it is
difficult to distinguish relaxation from dissociation and obtain
an accurate estimate of the relaxation time, as shown in Figure
2d, where the transition from relaxation to dissociation is not
clearly defined. As well, as the greater contribution of dissocia-
tion to the density gradient, the heat capacities of the 10 and
20% mixtures are quite large, which results in a large time

compression22 between laboratory and molecule time through
the increased density ratio across the shock front. In these
experiments, the net effect is to make resolution of relaxation
in high concentration mixtures at high temperatures difficult.
However, in the lower concentration, 2%, experiments relaxation
can be resolved to much higher temperatures. For example,
Figure 2f contains the density gradient plot for an experiment
with 2% CH3I and T2 ) 1697 K, and the density gradients are
clearly exponential over the first 4 µs. The latter part of the
signal may show traces of dissociation, but the density gradients
are very small, and accurate assignment is difficult. Furthermore,
it should be noted that the density gradients found in the 2%
experiments are about an order of magnitude smaller than those
from the 20% experiments. Apparent relaxation times, τapp, were
readily derived from the early linear portion of the semilog LS
profiles and converted to the vibrational energy relaxation time,
Pτ,28 using the Bethe-Teller approximation as specified by
Blythe,29 similar to previous LS studies of vibrational relaxation
at high temperature.30

The vibrationally relaxed conditions and derived Pτ are shown
in a Landau-Teller plot, Figure 3, and are available in the
electronic Supporting Information. The relaxation times decrease
steadily with increasing temperature, indicating that the collision
energy is increasing with the temperature. Above 1600 K, there
is an increase in Pτ in the 10% and 20% experiments that is
not observed in the more dilute 2% experiments. Fogg et al.31

estimated the relaxation time in pure CH3I at 373 K to be about
180 ns atm (Figure 3).

From each of the measured Pτ, an effective 〈∆E〉down has been
calculated which excludes the vibrational energy and the
collision frequency effects from the problem.32 The calculation

Figure 2. Example semilog plots of density gradients for vibrational relaxation in (a and b) 10, (c and d) 20, and (e and f) 2% CH3I/Kr mixtures.
The open circles (O) are experimental measurements, the solid lines are linear fits to the exponential signal due to relaxation, and the blue dashed
lines are the results of simulations using the mechanism listed in Table 1. The vertical dotted lines indicate the switch from relaxation to dissociation
and are used to mark incubation periods. See text for a discussion of relaxation and incubation in experiments similar to (d).
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of 〈∆E〉down, initially assumed that the Landau-Teller selection
was dominant and only single quantum jumps were permitted.
The assumption was validated by also estimating 〈∆E〉down

allowing all transitions, and negligible change was found. These
calculated 〈∆E〉down are shown in Figure 4, and a fit to the data,
excluding the 10 and 20% points above 1600 K, gives 〈∆E〉down

) (63 ( 3) × (T/298)0.56. Clearly, up to 1600 K, the 〈∆E〉down

obtained for 10 and 20% mixtures are in good agreement with
those from the 2% experiments. The remaining few high-
temperature points for the 10 and 20% experiments abruptly

flatten out and show no further increase, whereas the 2% results
follow the same increasing trend. We suggest that in the higher-
temperature 10 and 20% experiments, dissociation of CH3I is
contributing significantly to the early portion of the density
gradient profile and that relaxation can no longer be distin-
guished from dissociation, and thus, the apparent relaxation
gradients are in fact combinations of the two effects. This can
be seen in Figure 2d, where there is no clear break between
relaxation and dissociation, unlike that seen in Figure 2c, and
in fact, the assignment of the onset of dissociation in Figure 2d
is really quite arbitrary. Conversely, in the 2% experiments, the
density gradients remain exponential to at least 1600 K, Figure

TABLE 1: Reaction Mechanism and Arrhenius Parameters for Methyl Iodide Pyrolysisa

reaction log A n Ea ∆Hr,298 reaction in ref 13 source

R1 CH3I + M ) CH3 + I + M 35.600 -5.40 58.300 57.1 this work
R2 C2H6 + M ) CH3 + CH3 + M 18.250 0.00 69.996 90.2 1 this work
R3 CH3 + CH3 ) C2H5 + H 13.732 0.00 16.055 10.6 4 15
R4 CH4 + CH2 (T) ) CH3 + CH3 6.390 2.00 8.270 -5.5 7
R5 CH2 (S) + CH4 ) CH3 + CH3 13.204 0.00 -0.570 -14.5 7
R6 C2H4 + H ) C2H5 43.025 -9.28 13.974 -36.0 5 41
R7 H + CH3I ) CH3 + HI 13.877 0.00 1.195 -14.2 this work
R8 C2H6 + H ) C2H5 + H2 2.740 3.50 5.167 -3.5 2 37
R9 C2H6 + CH3 ) C2H5 + CH4 -0.261 4.00 8.286 -4.3 3 13
R10 C2H4 + H ) C2H3 + H2 7.703 1.93 12.951 6.2 6 42
R11 CH4 + M ) CH3 + H + M 47.219 -8.00 121.470 105.0 7 43
R12 C2H4 + M ) C2H2 + H2 + M 17.310 0.00 78.271 42.0 8 42
R13 C2H4 + M ) C2H3 + H + M 17.413 0.00 96.580 110.4 9 42
R14 C2H5 + H ) C2H4 + H2 12.300 0.00 0.000 -68.2 10 7
R15 C2H2 + H ) C2H3 31.079 -6.1 6.476 -35.8 11 41
R16 C2H3 + H ) C2H2 + H2 13.600 0.00 0.000 -68.4 12 42
R17 CH4 + H ) CH3 + H2 5.778 2.50 9.650 0.8 13 43
R18 CH2(T) + CH3 ) C2H4 + H 15.070 -0.34 -0.153 -63.9 20
R19 CH2 (S) + H2 ) H + CH3 13.800 0.00 0.000 -15.3 42
R20 CH3 + M ) CH2 (T) + H + M 16.000 0.00 90.611 110.5 42
R21 C3H8 + M ) CH3 + C2H5 + M 18.892 0.00 64.945 88.7 44
R22 CH3 + C2H5 ) C2H4 + CH4 11.950 0.00 0.000 -69.0 42
R23 H + H + M ) H2 + M 18.000 -1.00 0.000 -104.2 42
R24 C2H6 ) H + C2H5 42.488 -7.93 111.000 100.8 16
R25 CH2 (S) + CH3 ) C2H4 + H 13.079 0.00 -0.570 -72.8 7
R26 CH2 (S) + M ) CH2 (T) +M 12.950 0.00 0.600 -9.0 7
R27 CH2 (S) + C2H6 ) CH3 + C2H5 13.600 0.00 -0.550 -18.8 7
R28 CH2 (T) + CH2 (T) ) C2H2 + H2 13.500 0.00 0.000 -132.5 7
R29 CH2 (T) + H2 ) H + CH3 5.700 2.00 7.230 -6.3 7
R30 CH3 + CH3I ) CH2(T) + CH4 + I 12.100 0.00 12.100 62.63 45
R31 CH + H2 ) H + CH2(T) 14.500 0.00 3.100 3.20 7
R32 CH + CH2(T) ) H + C2H2 13.600 0.00 0.000 -129.26 7
R33 CH + CH3 ) H + C2H3 13.500 0.00 0.000 -54.48 7
R34 CH + CH4 ) H + C2H4 13.800 0.00 0.000 -59.87 7

a Pressure-dependent rate coefficients in the table are for 280 Torr. Units: kcal/mol cm3 mol s.

Figure 3. Landau-Teller plot of vibrational relaxation times for [9]
20, [blue 1] 10, and [0] 2% CH3I/Kr at 20 Torr. [Red O] is the
vibrational relaxation time of pure CH3I calculated from Fogg et al.31

at 373 K.

Figure 4. Values for 〈∆E〉down derived from relaxation times for [9]
20, [blue 1] 10, and [0] 2% CH3I/Kr at 20 Torr. The solid line is the
linear least-squares fit and gives 〈∆E〉down ) 63 × (T/298)0.56.

8310 J. Phys. Chem. A, Vol. 113, No. 29, 2009 Yang et al.



2f, with only faint indications of dissociation at long times for
T > 1600 K.

Calculated thermodynamic and experimental density changes
upon relaxation, ∆F ) F(∞) - F(0), the difference between fully
relaxed, F(∞), and unrelaxed, F(0), post shock densities are
shown in Figure 5 and are available in Table 1 of the Supporting
Information. When the density gradients are accurately expo-
nential as in the present experiments, the experimental ∆F can
be obtained by integration of the density gradient.30 The τapp

and (dF/dx)t)0, the density gradient at t0, are obtained directly
from plots similar to those in Figure 2, and u1 is the incident
shock velocity.

In principle, the ratio of experimental to thermodynamic ∆F
values should be close to unity, especially for the experiments
at low temperatures. These are plotted in Figure 5 and generally
lie around 1.3 for the 10 and 20% experiments, indicating that
the estimation of the relaxation times is reasonably accurate.
There is greater scatter in the results from the 2% experiments,
centered at around 1.5, than in the 10 and 20% data, which is
due in part to the weaker signals giving greater uncertainty in
the density gradient at t0.

Incubation. The incubation times for the onset of steady-
state dissociation are typically some small multiples of the
relaxation time,32 and they are important factors for the
determination of rate coefficients for the dissociation of CH3I,
R1 (Rx refers to reaction numbers in Table 1), from the
experimental results. As discussed above, it was possible in a
number of low-pressure experiments to obtain estimates of the
incubation times, tinc, and these vary from 1.5 to 3 µs.

Dissociation of CH3I. A total of 108 experiments on CH3I
pyrolysis were carried out for incident shock pressures of 66 (
2, 146 ( 4, and 280 ( 6 Torr and incident shock temperatures
of 1490-2181 K. Example raw LS profiles are shown in Figure
6, and the corresponding semilog density gradient plots are
shown in Figure 7. As in the vibrational relaxation work, the
initial valley and large spike in each plot of Figure 6 are due to
shock front/laser beam interaction. Figure 6a and b looks
superficially similar to the examples of vibrational relaxation
experiments shown in Figure 2, but in these experiments, the

Figure 5. The ∆Fexperiment/∆Fthermo for [9] 20, [blue 1] 10, and [0]
2% CH3I/Kr at 20 ( 1 Torr.

Figure 6. Example laser schlieren profiles for CH3I decomposition experiments at various temperatures and pressures, (a and c) 2 and (b and d)
4% CH3I/Kr.

∆F ) u1 ∫0

∞ (dF
dx )t)0

exp(-t/τapp)dt ) u1τapp(dF
dx )t)0
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temperatures and pressures are much too high to resolve
relaxation, and the signals following the spike are due to
chemical reaction. Panels c and d of Figure 6 have an additional
feature in the form of a valley following the shock front signal.
Such valleys in LS signals are characteristic of strong
exothermic processes.

In Figure 7, the first few falling points on each plot are due
to the passage of the shock front through the laser beam, as
before. The location of t0, the point at which reaction starts, is
obscured by the shock front, which is a ubiquitous problem with
ST/LS experiments. However, methods for locating t0 have been
discussed in previous work,33 and a well-established procedure
is used that typically locates t0 within 0.1-0.2 µs. The remaining
points in the semilog plots represent the density gradient of
interest. Rate coefficients for dissociation of the parent molecule
are obtained by extrapolation of the density gradient profile back
to t0, where this is the sole reaction and (dF/dx)t0 ∝ k1. For the
lower-temperature experiments, this extrapolation is initially
made, quite accurately, by inspection, and subsequently, the
estimates are refined through simulation typically resulting in
a <10% change in the initial estimates. For the higher-
temperature experiments, determining the density gradient at t0

is more difficult due to the steep slope of the early part of the
data, and the initial rate coefficients are best determined through
simulation of the complete LS profile by an iterative process,
discussed later. However, even in these cases, the initial
estimates rarely change by more than 10-20%.

The second-order rate coefficients for R1 are shown in Figure
8a and compared to the existing literature data in Figure 8b
along with the existing literature data from shock tube studies.
There is very little scatter in the results from the current work,
and the second-order values can be represented by the following
expression over the range of 1500-2200 K

The current results at 1600 K are about a factor of 1.3 higher
than the CH3 UV absorption results of Davidson et al.4,7 and
about 1.6 higher than the I-ARAS results of Kumaran et al.6

While these differences are somewhat larger than desirable, the
results of Davidson et al., Kumaran et al., and the current work
are in reasonable agreement given the likely experimental errors.

In the present experiments, the most significant systematic
error is the determination of t0, which is generally most severe
in the lower-pressure, low-temperature experiments due to
greater curvature of the shock front. However, these experiments
represent only a handful of the total set, and the profiles are
very well simulated, yielding values for k1 that are consistent
with the higher-pressure and -temperature results. On the basis
of the prior literature data, it has been assumed that CH3I
dissociates only by R1 and is the sole contributor to the density
gradient at t0. If a secondary channel exists, then k1 may be

Figure 7. Example semilog plots of density gradients for the dissociation of CH3I dilute in krypton. Absolute values are plotted. Experimental
data: [O] represent positive values; [b] represent negative values. Simulation results using the mechanism listed in Table. 1 are represented by [s];
(a) 2% CH3I, [red - - -] simulations with 14 step model (see text); (b) 4% CH3I; (c) 2% CH3I, [red - - -] Table 1 mechanism but with k1 from ref
6; (d) 4% CH3I [red - - -] simulations with the 14 step model (see text), [blue · · · ] simulation with 14 step model + R7, CH3I + H ) CH3 + HI.

k1 ) 1050.626(0.037T -9.52 exp(-35962
T ) cm3 mol-1 s-1
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overestimated. However, the two possibilities, elimination of
HI and C-H fission, both have ∆Hr,298 that are at least 50 kcal/
mol higher than that of R1 and can be excluded. For the C-H
fission channel, the heat of reaction was estimated using 54.5
kcal/mol34 as the heat of formation of CH2I. Finally, in the
lower-temperature experiments of the current work, secondary
chemistry, discussed later, does not influence the determination
of the density gradient at t0, and in these experiments, estimation
of k1 at t0 is straightforward. Consequently, as is evident from
the following expression for the calculation of density gradients,
the only remaining parameters that could influence the deter-
mination of k1 are shock wave properties and thermochemical
properties.

In the above expression r is the rate of reaction, ∆H the heat of
reaction, ∆N the change in mole number, and the remaining
quantities are just molecular heat capacities or incident shock
parameters. The accuracy of the shock wave properties was
addressed earlier, and variation of the thermochemical properties
within the stated error bars35 changed k1 by only a few percent.

The first-order experimental rate constants for CH3I dissocia-
tion were simulated with a restricted-rotor Gorin model RRKM

calculation. The molecular parameters, E0, and hindrance
parameter were taken from Kumaran et al.,6 with the only
exception being the collision energy between CH3I and Kr,
〈∆E〉down. As shown in Figure 9, the first-order rate constants
are very well predicted with a temperature-dependent 〈∆E〉down

) 378 × (T/298)0.457 cm-1. This has a similar temperature
dependence as the collision energy determined from the
vibrational relaxation experiments, but the absolute values are
about 5-6 times larger. The difference between the 〈∆E〉down

calculated from LS relaxation studies and that used in RRKM
calculations has been seen in other LS studies and discussed
therein; see, for example, ref 13. Kumaran et al. assumed a
temperature-independent value for 〈∆E〉down ) 590 cm-1 which
is about 200 cm-1 lower than the current value at 1600 K.

Simulation of Density Gradients. For all of the experiments
with the exception of the lowest temperature, 66 Torr, ones,
the early positive density gradients rapidly turn negative and
reach a minimum before returning to the baseline at late time.
This behavior is characteristic of an endothermic process being
followed by an exothermic process, and the location of the
transition from positive to negative gradients, the depth of the
minimum, and the shape of the profile are all sensitive to
the reaction mechanism and provide targets for mechanism
development.

The density gradient profiles for all of the dissociation
experiments were simulated using a computer code designed
for reactive flows behind shock waves,36 which also accounts
for temperature changes due to reaction. Reverse reactions were
included for all reactions through the equilibrium constant using
thermodynamic data from Burcat and Russic.35 An initial
mechanism was constructed by simply adding R1 to the ethane
pyrolysis mechanism of Kiefer et al.13 The reactions from the
Kiefer et al. mechanism are indicated in Table 1, which contains
the final mechanism from this work. During the initial simula-
tions, all rate coefficients were fixed at the values used by Kiefer
et al., with the exception of R1.

At low reaction temperatures, this initial model provides a
very good simulation of the experimental data, as shown in
Figure 7a. However, at higher temperatures, the simulations fail
to predict the experimental density gradients (Figure 7d, dashed
red line), with the switch from positive to negative density
gradients occurring later than observed experimentally and the
overall shape of the profile being a poor fit to the experimental

Figure 8. Arrhenius plot of second-order rate constants for CH3I f
CH3 + I from laser schlieren experiments (a) and a comparison with
the literature data (b); 4% CH3I/Kr: P2 ) [9] 280, [red 1] 146, and
[O] 66 Torr; 2% CH3I/Kr: P2 ) [0] 280 and [blue 3] 146 Torr. The
solid line is a least-squares fit (see text). [)- - -)] Kumaran et al.;6

[3- - -3] Davidson et al.;7 [+· · ·+] Baeck et al.;5 [×- - -× ] Takahashi
et al.1 The blue lines represent the results of Saito et al., krypton bath
gas [- - -]3 and argon bath gas [- · - · - · ].2

dF
dx

)
FΣr(∆H - CpT∆N)

F0u(CpT/M - CvV
2/R)

Figure 9. Arrhenius plots of the first-order rate constants for CH3I at
different pressures, 4% CH3I/Kr at [9] 280, [red 1] 146, and [b] 66
Torr and 2% CH3I/Kr at [0] 280 and [blue 3] 146 Torr. The lines
represent RRKM calculations based on a restricted-rotor Gorin model
with molecular parameters from Kumaran et al.6 and 〈∆E〉down ) 378
× (T/298)0.457; [s] 280, [- - -] 146, and [- · - · - · ] 66 Torr.
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data. Qualitatively, the prediction of experimental data also
worsens with increasing pressure and reagent concentration.

Analysis of the low- and high-temperature simulations
performed with the initial 14-step mechanism indicates the
following: (a) In the low temperature regime, R1 is dominant
throughout the reaction period; (b) R-2, methyl recombination
to ethane (negative reaction numbers indicate the reverse
reaction), contributes around one-third of the total density
gradient after about 4 µs, with almost all of the remainder of
the density gradient coming from R1; (c) also at 4 µs, R3, CH3

+ CH3 f C2H5 + H, and R-6, C2H5 f C2H4 + H, start to
contribute a few percent to the total density gradient. Conse-
quently, the density gradient in the first few microseconds of
reaction is entirely due to R1 making assignment of k1 at t0

straightforward and accurate.
At high reaction temperatures, the situation is surprisingly

not somewhat more complicated. Again, at early times, R1 is
effectively the only reaction occurring; however at about 0.5
µs, R3 and R-6, dissociation of C2H5, also make significant
contributions to the positive density gradient. From 0.2 µs, R-2

starts to make negative contributions to the observed density
gradient, with the maximum contribution at 2 µs, and the effect
of R-2 tails after 4 µs as CH3I and CH3 radicals are consumed.
At about 1 µs, the reactions of H-atoms with CH3, R11, and
C2H3, R16, also make large negative contributions to the density
gradients. The remainder of the mechanism makes little or no
contribution to the observed density gradient.

In contrast to the attempts to simulate the CH3I experiments
with the 14-step model, the Kiefer et al. mechanism accurately
simulated their ethane dissociation LS experiments over a wide
range of conditions that are similar to the current work.
Furthermore, the experimental values for k2 were accurately
predicted by M.E. calculations from 70 to 5700 Torr, which
included measurements of R-2 by CH3 UV absorption.13

Consequently, there is little reason to believe that the failure of
the 14-step model to simulate the current high-temperature
results is due to deficiencies in the rate coefficients of the initial
model with the possible exception of R1, dissociation of CH3I.
However, at low reaction temperatures, the 14-step model
predicts the experimental density gradients very well, and
altering k1 by more than 10-15% would degrade the fit
particularly in the first 1-2 µs. This is illustrated by the dashed
line in Figure 7c, where k1 from Kumaran et al.6 replaced k1

determined here in a simulation performed with the full
mechanism, Table 1. While the simulation still hits the initial
part of the experimental profile, the production of CH3 radicals
is far too slow. The simulation could be forced to provide a
reasonable fit to the particular experiment shown in Figure 7c
by increasing k2 and adjusting other rate parameters. However,
the changes required are not realistic and would not be
applicable over the whole range of experiments. Furthermore,
they would produce results that are incompatible with the ethane
dissociation work of Kiefer et al. It is therefore most likely that
the inability of the 14-step model to simulate the high-

Figure 10. Examples showing the effect on the simulations of perturbations on various rate coefficients for the experiments shown in Figure 7d
(P2 ) 284 Torr, T2 ) 2095 K, 4% CH3I/Kr). Here, the abscissa has a linear scale unlike Figure 7d, where a log scale was used. The open circles
[O] are the experimental values, and [s] are simulation results using the mechanism listed in Table 1 with the optimum rate constants; (a) [red - - -]
k1 × 1.2, [blue · · · ] k1 × 0.8; (b) [red - - -] k2 × 2, [blue · · · ] k2 × 0.5; (c) [red - - -] k7 × 2, [ · · · ] k7 × 0.5; (d) [red - - -] (k4 + k5) × 2, [ · · · ]
(k4 + k5) × 0.5.
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temperature experimental data is due not to inaccuracies in rate
coefficients but rather to missing reactions.

Of the possible channels for methyl recombination represented
by R-2, R3, R4, and R5, only the first two appear in Kiefer’s
mechanism. While R4 and R5 would not contribute significantly
to the density gradient due to their small heats of reaction,
∆Hr,298K ) -5.5 and ∆Hr,298K ) –14.5 kcal/mol, respectively,
several of the subsequent reactions initiated by 1CH2 and 3CH2

would make significant contributions, Table 1. The results of
simulations with the full mechanism in Table 1 and optimized
values for, k1, k2, and k7, discussed later, are shown in Figure
7a-d by the solid black lines, and the fit to the experimental
results is very good.

At low reaction temperatures, analysis of the simulation
results yields similar observations to those for the 14-step
mechanism, with the primary difference being a small negative
contribution from R7, the attack of H atoms on CH3I, which is
initiated by the dissociation of C2H5, R-6. The difference
between the simulation results with the initial model and those
with the full model are slight and only evident after about 6 µs
in Figure 7a. At high temperatures, large negative contributions
to the density gradient are made between 1 and 4 µs by R18,
3CH2 + CH3, and R7. R26 and R11 also make small negative
contributions that affect mainly the late density gradient.
Additionally, the importance of these bimolecular reactions
varies somewhat with reagent concentration and reaction
pressure.

In Figure 10, the sensitivity of the simulation to several
parameters is demonstrated for the experiment shown in Figure
7d, where T2 ) 2095 K and P2 ) 284 Torr. In all of the sub
figures, the solid black line represents the simulation results
obtained with the optimized model, and the dashed and dotted
lines represent perturbations of various rate coefficients. As
shown in Figure 10a, the simulations are most sensitive to k1,
and a variation of only 20% has quite a dramatic effect. The
location of the transition from positive to negative density
gradients and the depth of the minimum are affected by both k2

and k7, Figure 10b and c, although these are rather more sensitive
to k2. However, as shown by the blue dotted line in Figure 7d,
R7 is an important addition to the to the initial 14-step reaction
mechanism, and its inclusion makes a large improvement to
the early part of the density gradient profile. Finally, the
sequence of reactions involving methylene, especially R18, that
affect the late gradient are initiated by R4 and R5, the primary
methylene-generating reactions. As discussed above, these two
reactions do not contribute directly to the density gradient, but
the sensitivity to perturbations in methylene concentration can
be crudely tested by varying k4 and k5. As shown in Figure 10d,
the mechanism shows little sensitivity to the reduced rate for
these reactions, although doubling the rate does perturb the
simulation somewhat.

The rate coefficient for reaction R8, C2H6 + H ) C2H5 +
H2, has been increased to the recommendation of Tsang and
Hampson37 from that estimated by Kiefer et al.13 The effect is
fairly small and mostly evident in the late profile as the density
gradient recovers from the minimum toward the baseline.
Overall, the increase in k8 improves the curvature in this region
across the whole experimental range.

In the final modeling, all rate coefficients, except those for
R1, R2, and R7, were fixed at literature values, and where
appropriate, expressions were calculated for each reaction
pressure from stated Troe parameters. In addition, incubation
delays were accounted for by estimating incubation times from
the collision energy, 〈∆E〉down, obtained from the vibrational

relaxation experiments and the method of Dove and Troe.38 The
estimated incubation times are about 1.8 µs for 20 Torr, in
agreement with the observed incubation times 0.55 µs for 66
Torr, 0.22 µs for 146 Torr, and 0.1 µs for 280 Torr experiments.
Figure 7b shows a low-pressure experiment where incubation
has been incorporated into the simulation.

The location of the switch from positive to negative total
density gradients and the depth of the minimum in the density
gradient profile were quite sensitive to R2. However, it was not
necessary to vary the rate coefficient for this parameter by more
than (10% compared to that of Kiefer et al.13 A comparison of
the first-order rate coefficients at 66, 146, and 280 Torr from
this work and the results of RRKM calculations from Kiefer et
al. is shown in Figure 11. The bimolecular rate coefficients for
R2 from this work have been fitted with an Arrhenius expression.

R7 is the only reaction other than R1 that removes CH3I; R30

plays no role and mainly affects the curvature of the positive
density gradient in the early part of the reaction. An Arrhenius
expression has been fit to the bimolecular rate constants
determined for R7 over the temperature range of 1500-2000
K, and this is compared with the scant literature data in Figure
12.

The current results are a factor of 1.7 higher than an
extrapolation of the experimental measurements of Yuan et al.39

(flash photolysis resonance fluorescence at 295-757 K and
62-100 Torr) and about a factor of 3.5 lower than the theoretical
predictions of Marshall et al.40 Varying k7 between these
extremes requires only a small adjustment in k1 to fit the early
profile but forces large changes in other rate expressions to fit
the remainder of the profile. These additional changes are not
consistent across the experimental range and are also incompat-
ible with the literature. Furthermore, introduction of R7 into the
14-step mechanism produced a small improvement to the
simulations of the high-temperature experiments by increasing

Figure 11. Arrhenius plots of the first-order rate constants for R2

determined by fitting the CH3I dissociation experiments; 4% CH3I/Kr
at [9] 280, [red 1] 146, and [b] 66 Torr and 2% CH3I/Kr at [0] 280
and [blue 3] 146 Torr. The lines are results of RRKM calculations for
[s] 280, [ · · · ] 146, and [- - -] 66 Torr using the model of Kiefer
et al.13

k2 ) 1017.65(0.10 exp(-32708
T ) cm3 mol-1 s-1

k7 ) 1013.88(0.12 exp(-601
T ) cm3 mol-1 s-1

Decomposition and Vibrational Relaxation in CH3I J. Phys. Chem. A, Vol. 113, No. 29, 2009 8315



consumption of CH3I and producing methyl radicals; but by
itself, it was not nearly sufficient.

The final mechanism presented in Table 1 simulated all of
the dissociation experiments extremely well. The examples
shown in Figure 7 span the whole experimental range of
temperature, pressure, and concentration, and only minor
adjustments of a few percent to R1, R2 and R7 were needed to
optimize the fit for each experiment.

In the current work, the methyl radical submechanism of
Table 1 has been optimized to simulate the high-temperature
self-reaction of methyl radicals. However, it should be equally
capable of simulating the dissociation of ethane. To this end,
we have repeated several of the ethane decomposition experi-
ments of Kiefer et al.13 and simulated the LS profiles with the
mechanism in Table 1. An example is shown in Figure 13.
Clearly, the agreement between simulation and experiment is
superb.

Conclusion

The dissociation of CH3I at high temperatures has been
studied and a reaction mechanism developed that provides
superb simulation of the complete set of 108 dissociation
experiments over a broad range of reaction conditions and

reagent concentrations. The reaction mechanism incorporates
the formation of 1CH2 and 3CH2 via CH3 recombination, and
subsequent reactions are essential for simulation of the experi-
ments in the higher-temperature range of the current work. In
addition, the mechanism provides excellent simulations of ethane
dissociation experiments at similar reaction conditions to the
CH3I dissociation. Consequently, we suggest that the mechanism
here is a good high-temperature description of the pyrolytic
reactions of methyl radicals.

Rate coefficients were determined for R1, the dissociation of
methyl iodide. The values are self-consistent over the entire
experimental range but lie about a factor of 1.3-1.6 higher at
1600 K than previous studies using ARAS and UV absorption.
On the basis of consideration of potential sources of error in
the current work and the success of the modeling effort, the
difference cannot be reconciled. The first-order rate coefficients
from the current work are very well simulated by RRKM
calculations based on a model by Kumaran et al.6 but with a
larger temperature-dependent energy-transfer parameter.

Finally, vibrational relaxation was observed in CH3I at low
reaction pressures and a wide range of temperatures. From some
of these experiments, incubation times were also obtained and
used to estimate incubation delays in the dissociation experiments.

Thus, a solid mechanism has been developed that simulates
the LS profiles associated with CH3I dissociation and accurately
describes the secondary chemistry, which achieves the initial
goal of characterizing CH3I as a methyl radical source in high-
concentration environments.
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