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Autocatalytic, lower-temperature (e1100 K) methane pyrolysis has defied mechanistic explanation for almost
three decades. The most recent attempt (by Dean in 1990) invoked the chemically activated addition of an
allyl radical to acetylene, leading to a cyclopentadiene/cyclopentadienyl chain-branching system that prompted
the observed autocatalysis. However, newer, more accurate thermochemical data for the cyclopentadienyl
radical render that explanation untenable. A new model for methane pyrolysis is constructed here, using a
novel mechanism generation approach that automatically computes any needed rate constantsk(T,P) for
chemically or thermally activated pressure-dependent reactions. The computer-generated mechanism accurately
predicts the observed autocatalysis and concentration profiles without any adjustable parameters. Radical-
forming reverse disproportionation reactionsswhich involve propyne, allene, and fulvenesaccount for at
least half of the experimentally observed autocatalytic effect. Many of these reverse disproportionations were
neglected in previous studies. The cyclopentadienyl radical is also important, but it is formed primarily by
the chemically activated reaction of propargyl with acetylene. New rate estimates for unimolecular ring-
closure reactions of unsaturated radicals are also presented. This approach is the first to incorporate pressure-
dependent reactions generally and systematically during computerized mechanism construction. It successfully
identifies complex but critical chemical-reaction pathways and autocatalytic loops missed by experienced
kineticists.

1. Introduction

1.1. Autocatalytic Behavior in Methane Pyrolysis.Methane
pyrolysis has been extensively studied for many decades, both
for its potential to convert methane to more valuable hydro-
carbons and because of its importance within larger combustion
and pyrolysis mechanisms (see, for example, refs 1-13). The
pyrolysis of methane often produces large quantities of coke,
carbon, and hydrogen, because these are the thermodynamically
favored products at almost all practical temperatures.7 This
seriously limits its straightforward industrial application,10 so
that research focuses on novel reactor designs and catalysts that
could kinetically trap desirable products before coke and soot
dominate (see, for example, Faliks et al.14). Thus, proper
understanding of the homogeneous gas-phase mechanism of
methane pyrolysis is crucial for successful reactor and catalyst
design.2 In addition, the correct modeling of combustion in fuel-
rich regimes sometimes requires a methane pyrolysis submecha-
nism.6

These demands have driven various attempts at a mechanistic
understanding, over a wide range of temperatures and pressures.
Beginning in the 1970s, Chen and co-workers performed
numerous experiments on methane pyrolysis at lower temper-
atures and moderate pressures (<1100 K and 0.5-1.0 atm)15-17

and discovered a sharp autocatalysis at very low methane
conversion (<1%) that neither surface reactions nor the then-
current gas-phase chemical kinetics models could explain.
Indeed, they found autocatalysis to be a general but inexplicable
feature of lower-temperature (<1100 K) methane pyrolysis.
Roscoe and Thompson attempted to build a small mechanism
(using species having three C atoms or less) for the process.18

Although this mechanism seemed to describe the observed
autocatalysis, the reverse rate coefficients were assigned inde-
pendently from the forward ones. A check of these ratios showed
that they were not consistent with the reaction equilibrium
constants. When the reverse rate coefficients were made
consistent, the predicted autocatalysis virtually disappeared.
Thus, lower-temperature methane pyrolysis defied mechanistic
explanation, until the work of Dean in 1990.19

Dean proposed the importance of cyclopentadiene, formed
via the pressure-dependent pathways of reaction 1:

Cyclopentadiene, once formed, may function as a chain brancher
by dissociating into the resonantly stabilized cyclopentadienyl
radical and a H atom:
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Both the cyclopentadienyl radical and the H atom abstract H
atoms from CH4, under the experimental conditions:

The cyclopentadiene product can dissociate to cause chain
branching once again. With these reactions, Dean provided the
first plausible explanation for the autocatalytic upturn measured
by Chen et al.16,17

However, recent experimental and theoretical data on the
enthalpy and entropy of formation for cyclopentadienyl20-25

indicate that reactions 1-3 alone are not sufficient to explain
autocatalytic behavior.26 Dean used a cyclopentadienyl enthalpy
of formation that was similar to the value McMillen and Golden
determined in 1982 (∆Hf

298 ) 58 kcal/mol),27 whereas more-
recent values from various research groups are∼4 kcal/mol
higher (clustered at∼62 kcal/mol). With the higher enthalpy
of formation for cyclopentadienyl, the dissociation barrier for
reaction 2 must increase by approximately the same amount,
to maintain thermodynamic consistency (reducing the rate by a
factor of∼7 at 1000 K). At this new rate, reaction 2 no longer
proceeds rapidly enough to drive autocatalysis to the extent
observed. Figure 1 below shows how the predictions of Dean’s
1990 mechanism change when more-recent data for the cyclo-
pentadienyl radical are used. That mechanism is now clearly
unable to explain the strong autocatalysis in methane pyrolysis,
and a new mechanism is needed.

1.2. Pressure Dependence and Automated Mechanism
Generation. The inability to construct an accurate mechanism
for methane pyrolysis by hand, in over 25 years of research,
motivates our use of a computerized, automated mechanism
generator tosystematicallyconstruct a chemical model for these
conditions. Such a tool must explore and include all possible
“important” reactions while excluding unimportant pathways.
It must also treat pressure dependence correctly, because
chemical activation and falloff are crucial to methane pyrolysis
(as well as many other interesting systems). But, until now, no
automated mechanism generator has ever incorporated pressure
dependence in an unbiased and systematic manner, despite the
large number of these programs developed over the past three
decades (see ref 28 for a recent review).

Indeed, an earlier attempt by several of the co-authors to apply
mechanism generation to methane pyrolysis failed to identify
many of the important reactions detailed below, primarily
because the approach to pressure-dependent reactions was not
systematic.29 In that approach, the rate constantsk(T,P) for every
kinetically significant pressure-dependent reaction must be
placed in a user-constructed librarybefore the mechanism is
generated, and only reactions appearing in this library can be
included in the mechanism. But it is impossible to know which
reactions will be kinetically significant before building the
mechanism, and it is quite likely that even with a largek(T,P)
library, important pressure-dependent pathways will be omitted.
Because that algorithm could not compute pressure-dependent
reactions “from scratch”, it essentially reproduced the 1990 Dean
mechanism, which had been used as the source of itsk(T,P)
library. The other published mechanism-generation algorithms
have similar deficiencies, because they, too, cannot compute
k(T,P) estimates. Most of them neglect pressure dependence
entirely.

Here we present the first mechanism-generation algorithm
to include pressure-dependent reactions in a general and
systematic manner, including on-the-fly calculations ofk(T,P)
wherever necessary. We apply this tool, called “XMG-PDep”,30

to construct a more complete model of autocatalysis in methane
pyrolysis under the conditions of Chen, Back, and Back.15-17

The approach reveals new and unexpected pathways that can
explain the autocatalytic behavior observed experimentally.
Some of these pathways have never been considered in previous
methane pyrolysis work and are rarely, if ever, given consid-
eration in larger combustion or pyrolysis mechanisms.

2. Computational Method: Mechanism Generation with
Integrated Pressure Dependence

XMG-PDep is based on XMG,29,31which was developed from
NetGen,32-35 but XMG-PDep integrates the Activated Species
Algorithm for building and truncating pressure-dependent
reaction networks.36,37A complete description of the integrated
algorithm is presented in ref 30. Here we describe those features
of our approach for including pressure dependence in mecha-
nism generation which are not discussed in refs 36 and 37.

2.1. Building Pressure-Dependent Networks during Mech-
anism Generation.XMG-PDep considers every reaction of the
form A + B f C, B f C, or B f C + D to initiate a partial
pressure-dependent reaction network, such as those described
in ref 37. During mechanism generation, XMG-PDep builds a
set of these partial pressure-dependent networks, and from these,
it constructs net pressure-dependent reactions and estimates their
rate constantsk(T,P). Unlike the earlier work, these networks
are not fully explored and then truncated to determine the
important fraction necessary fork(T,P) prediction.36 Instead,
each partial pressure-dependent network is explored by only
one activated isomer at a time. XMG-PDep continually evaluates
a “leakage” fluxRleak(i) for each partial networki. This value
represents the flux to all parts of the network not yet explored;
Rleak(i) decreases as activated isomers are explored and added
to the network.

2.2. Determining Which Species or Isomer to Add.XMG-
PDep periodically constructs a set of ordinary differential
equations (ODEs) representing the evolution of the system
described by its current mechanism. The code uses DASSL38

to integrate the ODEs. At each DASSL time step, it calculates
the flux Rspecies(j) to each candidate species that it has not yet
included in the mechanism;j runs across all candidates for

Figure 1. Attempts to explain autocatalysis in methane pyrolysis at
1038 K and 0.58 atm for very low conversions of methane. Open
symbols represents experimental data sets from Chen et al. Dotted line
represents the prediction of the mechanism of Dean in 1990. Solid line
illustrates the Dean mechanism once again, but this time with updated
kinetic parameters, most importantly improved thermodynamic data
for cyclopentadienyl radical.25 Clearly, a new model is needed to explain
the autocatalysis.
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inclusion. It also evaluates each leakage fluxRleak(i), where i
runs across all partial pressure-dependent networks (see refs 30
and 37).

XMG-PDep tests these fluxes against the termination criteria
Rmin,

whereRchar(t) is the characteristic rate for the entire mechanism
at time t, as given by Song et al.,39

and fmin is a user-specified tolerance, typically 0.1%-1%. In
eq 5,Rreacted(k)(t) represents the net rate of change of each species
already in the mechanism. If all the fluxesRspecies(j) andRleak(i)

are less thanRmin, integration proceeds to the next DASSL time
step. If not, XMG-PDep identifies the maximum flux from the
set ofRspecies(j) andRleak(i).

When that maximum flux belongs to a candidate species (i.e.,
Rspecies(j)), XMG-PDep adds that species to the mechanism and
explores its reactions with other species already included in the
mechanism.35 When the maximum flux is the leakage flux from
a partial pressure-dependent network, then that network is
augmented by one more isomer (or “well”), with all its pathways
and channels. A newk(T,P) is calculated for each reaction in
that network (see refs 36 and 37). In either case, the ODE system
has changed and the integration must start again att ) 0. When
all the fluxesRspecies(j) andRleak(i) are less thanRmin(t) for all t
from t ) 0 to t ) tfinal, mechanism generation is complete, and
XMG-PDep writes out a CHEMKIN version of the mechanism.

2.3. On-Line Estimation of Pressure-Dependent Rate
Constants.Every time a partial pressure-dependent network is
created or expanded, XMG-PDep must quickly estimatek(T,P)
for all of that network’s pressure-dependent reactions. If the
k(T,P) for a specific reaction is available in a library, it will be
used. But almost always,k(T,P) must be calculated. To do this,
XMG-PDep uses a heavily modified and accelerated version
of the CHEMDIS program40 (see ref 30 for modifications to
the original code).

CHEMDIS is a Quantum-Rice-Ramsperger-Kassel/modified
strong collision (QRRK/MSC) code for estimating thek(T,P)
of pressure-dependent reactions, given only the high-pressure-
limit rate constantsk∞(T) for each elementary step in a pressure-
dependent network (of arbitrary complexity), and some energy-
transfer properties of the bath gas. The required density of states
are estimated from the heat capacities,41 and those, in turn,
usually come from group additivity. The bath gas properties
[M] (the concentration of the bath gases) and〈∆E〉down (the
average downward collisional energy transfer) are estimated and
are assumed to be unchanged over the timespan of the
simulation.

CHEMDIS is a highly approximate method. While its
accuracy has never been systematically studied, a substantial
body of practical evidence from combustion and pyrolysis
cases36,40,42-49 suggests that the errors introduced by the QRRK/
MSC approximations are acceptable for most reactions (they
are usually less than the uncertainties in thek∞(T) used as
inputs). We tested the accuracy of the CHEMDIS method, under
the conditions of Chen et al. (1038 K and 0.58 atm CH4), against
that of experiments or higher-level calculations for many of this
work’s important systems. CHEMDIS predictions were com-

pared with measured data for the allene-propyne-cyclopropene
system cited by Davis,50 the propargyl+ acetylene results of
Moskaleva and Lin,51 and all the Troe-form reactions of the
rate-constant library given in the Supporting Information (the
library, or literature, values were used for all these systems in
the actual generated mechanism). In all these cases the CHEM-
DIS results were within a factor of 10 of the higher-level
calculations or the experimental results, and were usually within
a factor of 5. Note that the required computational intensity,
and the need for detailed transition-state information for every
elementary step in each pressure-dependent system, make more
accurate methods (such as an RRKM/master equation approach)
impractical for on-linek(T,P) predictions, as we have discussed
at length.30,36,52

3. Application to Methane Pyrolysis

We modeled the Chen, Back, and Back experiments by
assuming a homogeneous, constant-volume, isothermal batch
pyrolysis, starting with pure methane at the conditions they
specified.15,17 Given the small conversions and slow process
evolution, as well as experimental work showing that surface
reactions were not significant at the low experimental conver-
sions,17 the aforementioned batch model for the experiments
seemed appropriate. In addition, we assumed that the pressure
did not change significantly during the experiment, considering
the extremely low conversion (<1%) of methane.

3.1. Initial Input Data. Generation began with an input file
that specified the temperature (T ) 1038 K), pressure (P )
0.58 atm), and starting mole fraction of methane (x0,CH4 ) 1.0).
We used a tolerance offmin ) 0.01 and specified a final
conversion of methaneXF,CH4 ) 0.0055, or 0.55% methane
conversion, to build a model covering the time scale of the
experiments by Chen et al.

3.2. Reaction Families. XMG-PDep must use reaction
families to discover elementary reaction steps. Each family has
an associated reaction matrix by which graph-theory algebra is
applied to produce new species and specific reactions using the
methods of Broadbelt et al.32-34 The reaction families allowed
in this work, with example instances, are given in Table 1.
Elementary-step families in Table 1 of the form A+ B f C,
C f A + B, and Cf D are also used to generate the pressure-
dependent pathways in each pressure-dependent network.

3.2.1. Prohibited or Nonincluded Families.We omitted
certain known chemistry from Table 1 for a combination of
practical and scientific reasons. First, XMG-PDep is similar to
its predecessors XMG and NetGen, in that it cannot handle
diradical reactions; therefore, no families that involve them can
appear in Table 1. Second, failures of the on-line group
contribution tool GAPP29,31 in predicting the thermodynamic
properties of a species were repaired manually using the
THERM code.53,54 However, allowing 1,3 and 1,4 intraradical
additions generated a large number of strained unsaturated cyclic
radicals: these confused the group-contribution tool so often
that is was impossible to correct the erroneous thermochemical
results manually (the group-contribution tool has recently been
improved in response to these issues). Given this difficulty, and
the fact that the expected barriers for these types of reactions
are high and, thus, not likely to be important in the larger
mechanism, 1,3 and 1,4 radical additions were left out of Table
1. Finally, similar issues, and the lack of rate estimates, made
it impractical to include theenereaction, Diels-Alder reactions,
singlet methylenes and vinylidenes, and photochemistry, none
of which are expected to be important under the conditions of

Rmin(t) ) fminRchar(t) (4)

Rchar(t) ) x∑
k

(Rreacted(k)(t))
2 (5)
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Chen et al. It is doubtful whether any computer program will
ever exhaustively include all possible reactions.

Such decisions represent a bias in our mechanism construction
approach. The advantage here is that the bias is clearly defined
and easily stated. Mechanism construction proceeds in a very
systematic manner, given these rules. The accuracy of the
generated mechanism is partially dependent on the assumption
that Table 1 includes all the important reaction families at the
conditions of Chen et al.

3.2.2. Allene-Propyne Isomerization.Although XMG-PDep
could not build or discover reactions through diradical inter-
mediates, the well-known allene-propyne isomerization system
was included in the mechanism, because the barriers for
isomerization are lower than those for dissociation to propargyl
and a H atom (see, for example, refs 50 and 55), and the overall
methane pyrolysis kinetics are predicted to be sensitive to allene,
propyne, and propargyl. Allene may isomerize to cyclopropene,
which, in turn, will rapidly isomerize back to allene or propyne,
all at rates much faster than the dissociation to propargyl and a
H atom. We assumed that cyclopropene formed in this system
would immediately isomerize to allene or propyne, and, thus,
we added three net pressure-dependent reactions directly to the

reaction mechanism at thestart of generation:

The Supporting Information gives a more complete description
of our modeling of the allene-propyne isomerization system.

3.3. Thermodynamic Library. Thermodynamic parameters
for 38 species were adapted in part, or wholly, from the
literature; these are detailed in the Supporting Information.
Different from prior work,19,29 we use the modern values for
the cyclopentadienyl radical.

Often, only a few values, such as the enthalpy of formation,
could be found for a species. In these cases, we used the
THERM code53,54 to combine available literature values with
group-additivity predictions to build a NASA polynomial

TABLE 1: Elementary-Step Reaction Families for Methane Pyrolysis Mechanism Generation at Lower Temperatures and Low
Conversion of Methanea

a These families represent all the elementary reaction types used to generate the mechanism. After a species or pressure-dependent isomer has
been chosen for exploration, the generator will explore all possible instances of each family in which that species might participate.
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representation of the thermodynamic data. All other species were
estimated via GAPP or, in cases of on-line GAPP failure, using
the THERM code.

3.4. Rate-Constant Library. Although XMG-PDep must
usually resort to rate rules to estimate rate constants for the
reactions it discovers, reliable literature data are preferable,
where available. This condition is especially true for important
or sensitive reactions of the mechanism. In the present example,
49 rate constants were taken from the literature; these are
detailed in the Supporting Information. All the thousands of

other rate constants used to construct the full model were
computed on-the-fly in the present work. For some reactions,
both high-pressure-limit and pressure-dependent rate constant
data were available, but the pressure-dependent rate constants
were not appropriate for our conditions. In these cases only the
high-pressure-limit data could be used.

We performed one set of ab initio calculations to estimate
the barrier and transition-state properties for the ring-opening
beta-scission of 1,3-cyclopentadien-2-yl. The Supporting Infor-
mation presents details of that calculation. All the reactions in

TABLE 2: High-Pressure-Limit Rate Rules Used in Constructing the Partial Pressure-Dependent Networksa

rate rule A∞ n∞ Ea source

Recombination
H recombination with any radical 1.00× 1014 0 0 ref 56
CH3 recombination with any radical 1.00× 1013 0 0 ref 56
all other radical recombinations 8.00× 1012 0 0 ref 56

Radical Addition
H addition to terminal C of a double bond 1.00× 1013 0 1.2 ref 56
H addition to internal C of a double bond 1.00× 1013 0 2.9 ref 56
H addition to terminal C of a triple bond 1.70× 1011 0.97 2.8 ref 50b

H addition to internal C of a triple bond 2.03× 1011 0.77 6.75 ref 50b

CH3 addition to terminal C of a double bond 8.50× 1010 0 7.8 ref 56
CH3 addition to internal C of a double bond 8.50× 1010 0 10.6 ref 56
CH3 addition to terminal C of a triple bond 1.50× 107 1.87 8.2 ref 50b

CH3 addition to internal C of a triple bond 8.50× 1010 0 10.6 ref 56
generic radical addition to terminal C 8.50× 1010 0 7.8 ref 56b

generic radical addition to internal C 8.50× 1010 0 10.6 ref 56b

1,2 H-Shiftc

v f a 3.56× 1010 0.88 38.7 ref 57
p f p 3.56× 1010 0.88 40.0 ref 36
p f s 3.56× 1010 0.88 37.3 ref 36
p f t 3.56× 1010 0.88 34.6 ref 36
p f a 3.56× 1010 0.88 29.6 ref 36
s f s 3.56× 1010 0.88 39.1 ref 36
s f t 3.56× 1010 0.88 37.7 ref 36
s f a 3.56× 1010 0.88 31.5 ref 36
t f t 3.56× 1010 0.88 40.0 ref 36

1,3 H-Shiftc

v f a 3.80× 1010 0.67 38.7 ref 36
p f p 3.80× 1010 0.67 38.8 ref 36
p f s 3.80× 1010 0.67 36.6 ref 36
p f t 3.80× 1010 0.67 34.3 ref 36
s f s 3.80× 1010 0.67 38.2 ref 36
s f t 3.80× 1010 0.67 36.1 ref 36
t f t 3.80× 1010 0.67 36.6 ref 36

1,4 H-Shiftc

p f p 7.85× 1011 -0.12 23.1 ref 36
p f s 7.85× 1011 -0.12 20.6 ref 36
p f t 7.85× 1011 -0.12 18.3 ref 36
p f a 7.85× 1011 -0.12 15.3 ref 36
s f s 7.85× 1011 -0.12 23.5 ref 36
s f t 7.85× 1011 -0.12 20.6 ref 36
t f t 7.85× 1011 -0.12 19.4 ref 36

1,5 H-Shiftc

p f p 3.67× 1012 -0.6 15.3 ref 36

1,6 H-Shiftc

p f p 2.80× 1010 0 20.3 ref 36

1,5 Intraradical Addition
endo ring closure 1.22× 108 1.05 15.82 ref 36
exo ring closure 2.51× 1010 0 6.85 ref 36
strained endo ring closure 1.22× 108 1.05 17.42 see text
strained exo ring closure 2.51× 1010 0 8.05 see text

1,6 Intraradical Addition
endo ring closure 1.00× 108 0.855 5.9 ref 36
strained endo ring closure 1.00× 108 0.855 7.5 see text
allylic radical ring-closure correction 15 see text

a Values are given in units of kcal/mol and cm3 (mol s)-1 K-n, using the modified Arrhenius formATn exp[-E/(RT)]. b Indicates a rate rule we
developed using RRHO transition-state theory and the quantum ab initio results of the reference.c Abbreviations in H-shifts are as follows: v,
vinylic; p, primary; s, secondary; t, tertiary; and a, allylic. Nonspecific H-shift rules are given in the text and in Table 3.
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the rate-constant library are posed in only one direction; the
mechanism generator fits modified Arrhenius parameters for
the reverse instance of the reaction29 (see Chapter 6 in ref 30)
to maintain the thermodynamic consistency of the mechanism.

3.5. High-Pressure-Limit Rate Rules.Tables 2 and 3 present
high-pressure-limit rate rules used in the CHEMDIS calcula-
tions; Table 4 presents the rate rules for pressure-independent
reactions. These rate rules were developed from a variety of
sources. When the rate rules were taken from the literature, these
tables give the source; in other cases, these rules were estimated
based on our experience with calculations and specific literature
values for instances of the reaction. Although these rate rules
are modified Arrhenius parameter sets, the activation energies
given have real significance: They are estimates of the true
barriers for reaction and, thus, are appropriate as inputs to the

pressure-dependence code CHEMDIS. All rate rules are posed
in only one direction: the “designated forward” direction. The
mechanism generator fits modified Arrhenius parameters for
the reverse instance of the reaction, which were computed using
the thermochemistry.

3.5.1. H-Shifts.The “specific” H-shifts in Table 2 are used
for the specified unimolecular transformation from the radical
of the first type to the radical of the second type. For example,
the “1-2 H-Shift, pf s” is a rate rule for a unimolecular H-shift
reaction that converts a primary radical to a secondary radical.
Table 3 represents parameters used to evaluategeneralH-shifts,
i.e., the default if no value for a specific type is available. In
these cases,A∞ and n∞ were selected from the rotor lossA∞

andn∞ values in Table 3, as described in Matheu et al.36 The
generator then evaluates the barrier heightEa, via the relation

whereErs is the appropriate ring-strain correction anda andb
are Evans-Polanyi parameters, all chosen from Table 3. For
endothermic H-shifts, the rate for the exothermic direction would
be estimated and converted to the desired direction, using the
reaction thermochemistry, followed by the reverse Arrhenius
parameter fitting procedure mentioned previously.

3.5.2. Intraradical Ring Closures.Rate rules for intraradical
ring closures are first divided into “exo” and “endo” forms. In
exo-ring closures, the radical site adds to the unsaturated bond
in such a way that the product radical site is not on the formed
ring. In endo-closures, the radical site ends up on the formed
ring. These are further divided into strained and unstrained ring
closures. On the basis of the work of Moskaleva and Lin,51 a
correction of 1.6 kcal/mol was added to the barrier for cases
where the transition state for the ring closure would be
“strained”; that is, it would have two consecutive partial double
bonds, or a partial triple bond, in the transition state.

Finally, considering the work of Martinez and Cooksy58 and
our B3LYP/6-311G** calculation for the ring-opening transition
state of 1,3-cyclopentadien-2-yl (see the Supporting Informa-
tion), we added 15 kcal/mol to any ring closure that starts from
an allylic-stabilized reactant. Such reactants must give up their
allylic stabilization to undergo ring closure; the 15 kcal/mol
penalty used above is approximately the difference between

TABLE 3: General H-Shift Parametersa

Rotor LossA and Parameternb

number of rotors lost in TS A∞ n∞

1 3.56× 1010 0.88
2 3.80× 1010 0.67
3 7.85× 1011 -0.12
4 3.67× 1012 -0.6
5 2.80× 1010 0.0

Ring-Strain Corrections,Ers
c

ring size Ea

3 25.6
4 24.1
5 8.8
6 1.0
7 5.0

Evans-Polanyi a b

13.4 0.6

a Units are the same as those presented for Table 2. These rate rules
(specifically for H-shifts) are derived from Table 2 in Matheu et al.,36

and the zero-rotor-loss case was assumed to be equivalent to the one-
rotor-loss case.b Rotor loss (A) andn are chosen according to XMG-
PDep’s estimate of how many rotors are lost in going from the reactant
to the transition state.c Ring strain Ers for use in eq 6 is chosen
according to how many members are in the transition-state ring for
the intraradical H-abstraction.

TABLE 4: Rate Rules for Non-Pressure-Dependent Reactionsa

rate rule A n Ea source

H abstraction by H (generic) 4.55× 106 2.0 5.0 ref 56
H abstraction by H to form a primary radical 9.33× 106 2.0 7.7 ref 56
H abstraction by H to form a secondary radical 4.55× 106 2.0 5.0 ref 56
H abstraction by H to form a tertiary radical 1.26× 1014 0 7.3 ref 56
H abstraction by CH3 (generic) 2.00× 1011 0 9.5 ref 56
H abstraction by CH3 to form a primary radical 2.17× 1011 0 11.6 ref 56
H abstraction by CH3 to form a secondary radical 2.00× 1011 0 9.5 ref 56
H abstraction by CH3 to form a tertiary radical 1.00× 1011 0 7.9 ref 56
H abstraction by C2H5 (generic) 2.50× 1010 0 10.4 ref 56
H abstraction by C2H5 to form a primary radical 1.67× 1010 0 13.4 ref 56
H abstraction by C2H5 to form a secondary radical 2.50× 1010 0 10.4 ref 56
H abstraction by C2H5 to form a tertiary radical 1.00× 1011 0 7.9 ref 56
H abstraction by C2H3 (generic) 1.02× 103 3.1 8.8 from C2H3 + C3H8 to i-C3H7 in ref 59
H abstraction by C2H3 to form a primary radical 6.02× 102 3.3 10.5 from C2H3 + C3H8 to n-C3H7 in ref 59
H abstraction by C2H3 to form a secondary radical 1.02× 103 3.1 8.8 from C2H3 + C3H8 to i-C3H7 in ref 59
H abstraction by C2H3 to form a tertiary radical 9.03× 10-1 3.5 2.61 from C2H3 + i-C4H10 to tert-butyl in ref 60
H abstraction by any radical 2.50× 1010 0 10.4 from that previously given for “H abstraction by C2H5”
H abstraction by any radical to form a primary radical 1.67× 1010 0 13.4 from that previously given for C2H5

H abstraction by any radical to form a secondary radical 2.50× 1010 0 10.4 from that previously given for C2H5

H abstraction by any radical to form a tertiary radical 1.00× 1011 0 7.9 from that previously given for C2H5

disproportionation (all) 1.00× 1012 0 0 ref 61

a Units are the same as those given in other tables (kcal/mol, cm3 (mol s K)-1).

Ea
∞ ≈ Ers + a + b∆Hrxn

298 (6)

Mechanism Generation with Pressure Dependence J. Phys. Chem. A, Vol. 107, No. 41, 20038557



the barrier for 1,3-pentadien-5-yl ring closure as predicted by
Martinez and Cooksy and the barrier from the normal 1,5 endo-
ring-closure rule.

3.6. Pressure-Independent Rate Rules.Table 4 shows the
rate rules used for non-pressure-dependent reactions in this work.
These rate rules are taken from various sources.

3.7. Other Data. Table 2 in the work by Dean, Bozzelli,
and Ritter42 provided Lennard-Jones parameters and〈∆E〉all for
methane as a bath gas; from their value of〈∆E〉all, we estimated
〈∆E〉down ) 1285 cm-1 at 1038 K. Lennard-Jones collision
parameters for most other species were provided by GAPP, or
by default values, on the basis of the number of heavy atoms
and whether the species was cyclic. Generally, the CHEMDIS
calculations were not very sensitive to the Lennard-Jones values
used.

4. Results: The Methane Pyrolysis Mechanism

XMG-PDep examined over 12 000 candidate species and
12 000 possible pressure-dependent networks as it automatically
constructed a methane pyrolysis mechanism for the Chen, Back,
and Back experiments. The code performed more than 300 on-
the-fly k(T,P) estimations via CHEMDIS. The final generated
mechanism has∼100 species and∼1000 reversible reactions,
342 of which are pressure-dependent; it may be the first accurate
mechanism developed systematically via flux-limit criteria. No
attempt has been made to reduce or condense the mechanism.
No parameters were adjusted to fit the data.

Of the 12 000 possible pressure-dependent networks exam-
ined,<400 could be considered “active” (that is, networks for
which at least onek(T,P) calculation was required). In all the
other possible networks, XMG-PDep found that the value of
Rleak(i) did not justify expansion of the network beyond the
entrance channel. These inactive cases were all chemical
activation systems in whichRleak(i) was equal to the entrance
channel’s estimated reactant concentrations multiplied by
k∞(T). Even with this value (which is the highest possible for
Rleak(i) in a given network),Rleak(i) was still less thanRmin for
the entire simulation, and so these networks never needed
exploration.

The Supporting Information presents this mechanism in
CHEMKIN format. A record of each active pressure-dependent
network, with sufficient information to build the CHEMDIS
input file and to estimatek(T,P), is also included.

Figure 2 highlights the ability of the computer-generated
mechanism to predict autocatalysis. Our prediction for the ethane
mole fraction agrees well with the data of Chen, Back, and Back
from various experiments. The computer-generated mechanism
prediction does miss the ethane plateau concentration, by∼35%,

but falls within the error of repeated runs in the autocatalytic
regime (t > 2000 s).

In addition to ethane, the principal stable products of methane
pyrolysis under these conditions and at low conversion are
hydrogen, ethylene, acetylene, propene, allene, and propyne;
of these products, Back and co-workers measured all but
propyne. Figures 3-7 show how the mechanism agrees with
measured concentrations of these species. Predictions for
acetylene and propene concentrations, in particular, are much
improved over the 1990 Dean mechanism.19

The last plot (Figure 7) shows some discrepancy between
the measured and predicted concentrations of allene at later
times; this is addressed in the Discussion. In all other cases,
agreement of the unadjusted, unfitted mechanism with the data
is quite good. Thus, our pressure-dependent mechanism-
generation algorithm succeeds in capturing the vital elements

Figure 2. XMG-PDep generated mechanism prediction for ethane
concentration versus time, compared with various experimental data
sets.15,17Data set (a) refers to the data table of ref 17; data set (b) refers
to data from Figure 4 of the same work. The generated model predicts
the autocatalysis without recourse to parameter adjustment or fitting.

Figure 3. XMG-PDep predicted hydrogen mole fraction versus
experimental data.

Figure 4. XMG-PDep predicted ethylene mole fraction versus
experimental data.

Figure 5. Acetylene mole fraction prediction versus experimental data.
Compare this graph to Figure 4 in the work of Dean19 and note the
improvement in the prediction of this important species.

Figure 6. Propene mole fraction prediction versus experimental data.
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of methane pyrolysis under these conditions, with no fitting or
adjustment ofany parameters to the experimental data.

5. Discussion

5.1. Sources of Autocatalysis.Sensitivity and rate-of-
production/destruction analyses alone are not sufficient to show
what leads to autocatalysis in the new mechanism. A radical-
production analysis is needed to learn which reactions provide
the greatest net increase in radicals and are therefore the “most”
chain-branching. Combining radical production, sensitivity, and
rate-of-production/consumption provides a comprehensive pic-
ture of pathways in methane pyrolysis.

5.1.1. Radical Production Analysis.The top three net-radical-
producing reactions, along with selected other reactions, are
shown in Figure 8, with their net production rates as a function
of time. Cyclopentadiene is still important as a chain brancher,
but reverse disproportionations are also quite important for
radical production. In particular, the reverse disproportionation
of allene and methane to form an allyl radical plus a methyl
radical seems to be crucial during the induction period.

5.1.1.1. A Key Route to Cyclopentadienyl.As noted previ-
ously, with modern thermochemistry, the allyl+ acetylene
channel (reaction 1) does not produce sufficient cyclopentadiene
to account for autocatalysis. The mechanism generator found a
different chemically activated pathway, one that produces the
cyclopentadienyl radical directly (in the Supporting Information,
see pressure-dependent network 158):

The net pressure-dependent reaction propargyl+ acetylenef
cyclopentadienyl accounts for almost all the net cyclopentadienyl
radical production in our system. The cyclopentadienyl then
abstracts H atoms from CH4 to form a cyclopentadiene that
dissociates relatively quickly, in a chain-branching reaction. To
our knowledge, no previous methane pyrolysis mechanism
included the propargyl+ acetylene pathway. Note that, without
integrated pressure dependence, our mechanism generator could
not have discovered this important reaction system.

At first, the ring-closure step in reaction 7 might seem too
strained to be reasonable. Moskaleva and Lin recently performed
a detailed computational study of the potential surface for the
cyclopentadienyl dissociation system, which included the pro-
pargyl + acetylene channel.51 They found the barrier for the
ring closure to be only slightly more than that for an unstrained
ring closure, such as that forming cyclopentyl.36 In addition,
Knyazev and Slagle62 found strong experimental evidence for

a C5H5 product from propargyl addition to acetylene. Its thermal
stability, and experimental agreement with the prediction of
Moskaleva and Lin, suggest that this species is cyclopentadienyl
formed via the chemically activated pathway of reaction 7. Thus,
cyclopentadienyl formation via propargyl+ acetylene is quite
reasonable and should be expected under our methane pyrolysis
conditions.

The allyl+ acetylene channel, previously proposed as a route
to the cyclopentadiene/cyclopentadienyl chain branching, seems
to be unimportant, under these conditions. With our tolerances,
XMG-PDep does not explore this pressure-dependent network
beyond the first adduct. The addition of the full allyl+ acetylene
pressure-dependent network, by hand, to the generated mech-
anism produces very little change in any of the species profiles.
This result might seem strange at first, because the initial barrier
for propargyl addition to acetylene is higher than that for allyl
addition to acetylene. However, our rate constants for the
pressure-dependent reactions

are quite similar (∼1.0 × 109 cm3 (mol s)-1 at 1038 K and
0.58 atm methane), because of the particular structure of their
corresponding pressure-dependent networks. Furthermore, both
the Dean mechanism and the generated mechanism agree that
the concentration of propargyl is considerably larger than that
of allyl. The generated mechanism includes loss pathways for
the allyl radical (specifically, H-shifts to vinylic species), which
were left out of the Dean 1990 mechanismsthese further lower
the concentration of the allyl radical in the new simulation,
making the allyl+ acetylene pathway even less important.

5.1.1.2. Importance of ReVerse Disproportionation Reactions.
Figure 8 shows that reverse disproportionation of allene and
methane to form allyl and methyl radicals is key to explaining
autocatalysis in methane pyrolysis; the cyclopentadiene chain-
branching reaction accounts for only 25% of radical production
after 2450 s (the endpoint of model integration, whereXCH4 )
0.0055). Cumulatively, reverse disproportionations seem to be
quite important and account for more than half of the radical

Figure 7. Allene mole fraction prediction versus time, compared with
experimental data. Dotted line shows the effect of including our best
by-hand model of the complicated propargyl+ propargyl system.

Figure 8. Main radical production routes for autocatalysis in methane
pyrolysis. Each curve represents anet rate, in which the reverse
recombination or disproportionation flux has been taken into account.
Note the early importance of the allene+ methane pathway. There are
four other pathways with curves very similar to that for fulvene+
methane; these have been left out for clarity.
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production during the induction period leading to the autocata-
lytic regime (see Figure 9).

To predict the reverse disproportionation rate constants,
XMG-PDep uses thermodynamic reversibility and the single
disproportionation rule in Table 4, as given by Dahm.61 In
general, disproportionation reactions are not well-studied ex-
perimentally or theoretically, but the Dahm rate rule could be
considered somewhat high. Tsang’s review63 suggests a rate
constant of 3.3× 1011 cm3 (mol s)-1, compared to the Dahm
rate rule of 1.0× 1012 for the reverse of the key molecular
addition:

Using Tsang’s recommendation for this reaction has little effect
on the predicted ethane concentration, however, lowering it by
less than 15% in the autocatalytic regime. The effects on the
other measured species mentioned in Figures 4-8 are similarly
small.

In addition, Dahm’s “fast” rate rule is within the range of
disproportionation rate constants suggested by the Allara and
Shaw tables;64 these authors gave estimates in the range of 1.6
× 1011-2.0 × 1012 cm3 (mol s)-1 per H atom for the
disproportionation of small alkyl radicals with each other.
Disproportionations in which the H atom is the abstractor can
be higher by an order of magnitude, so it is not clear that Dahm’s
rule is necessarily too fast, if one is applying a general rule for
all disproportionations.

Significant radical production via reverse disproportionation
is not merely a consequence of the Dahm rate rule. Reducing
the rate constant by a factor of 3 for the top five reverse
disproportionation reactions has the effect shown in Figure 10
on predicted ethane concentration. The autocatalytic effect is
still present, although it is clearly weaker with the reduced rate.
Thus, while Dahm’s rule may be primitive, the computer-
generated mechanism suggests that, as a class, reverse dispro-
portionations are critical to explaining the radical production
that leads to methane autocatalysis at lower temperatures.

This work is the first to suggest the specific importance of
reverse disproportionations to methane autocatalysis. An earlier
mechanism did include a few of these reactions;19 Back and
Back suggested broadly that “bimolecular reactions of unsat-
urates” could contribute to autocatalysis.15 But in other cases,
no reverse disproportionations were included (see, for example,
ref 18), and these reactions were once assumed to be too slow
to be of importance.17

5.1.2. SensitiVity and Rate-of-Production/Consumption Analy-
sis. Normalized sensitivities from the SENKIN program65 for
ethane are presented in Figure 11. Because these sensitivities
were computed using reversible reactions and fixed thermo-
chemistry, both the forward and reverse rate constants are varied
simultaneously. Since conversion of methane is quite low,
methane dissociation dominates the sensitivities. Unimolecular
ethane decomposition to methyl radicals has the strongest
negative influence. The reverse disproportionation of methyl
and allyl radical appears again in this analysis. The pressure-
dependent addition of methyl radical to ethylene, to form
propene and a H atom, seems to be a key step, as is the pressure-
dependent beta-scission of propyl radical. In fact, of the four
reactions with significant positive sensitivities, three “produce”
an allyl radical or propene (the disproportionation reaction net
flux is toward allyl and CH3). This suggests that allyl or propene
formation could be rate-limiting for the onset of autocatalysis,
as signified by the end of the “plateau” in ethane concentration.

A relative rate-of-consumption analysis supports the idea of
propene or allyl-radical formation being generally rate-limiting
in the autocatalytic regime, as suggested by Figure 12. Propene
and the allyl radical are entrance points to “loop” pathways with
significant chain branching and methane consumption. First,
more than half of the propene at 2450 s forms allyl radicals.
The majority (65%) of the allyl will form propyne or allene by
direct beta-scission, or by a pressure-dependent H-shift

Figure 9. Total net radical production from all reverse disproportion-
ation reactions, compared to radical production from all other reactions
except methane dissociation, which produces radicals at a constant 1.3
× 1012 mol (cm3 s)-1.

Figure 10. Predicted ethane concentration when the rate is reduced
by a factor of 3 for the top five reverse disproportionation reactions.
The autocatalytic effect is still pronounced and is still within the data
scatter at∼2400 s. Plots for other species in this case (one-third of the
disproportionation rate) show little change, or mild improvement, in
terms of agreement with data.

Figure 11. Normalized sensitivity coefficients for ethane formation
in the autocatalysis regime. Reactions are written in the direction of
net flux at 2450 s. Because the thermochemistry is fixed, increasing a
rate constant forward also increases its reverse. The “noise” in the curves
is a consequence of solving the sensitivity equations with a loose
tolerance and is not physically significant.
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followed by beta-scission. Propyne and allene are rapidly
equilibrated via the isomerizations through cyclopropene, as
studied by Davis,50 so that propyne in excess of equilbrium
quickly becomes allene.

Next, some of the allene undergoes reverse disproportionation
with methane to re-form allyl radicals. This process forms
radicals, so that the reaction “loop” from allyl to allene, followed
by the chain-branching conversion of methane to methyl, is a
powerful acceleration mechanism.

Much of the remaining allene will undergo reverse dispro-
portionation with propyne to give a propargyl radical. In all,
more than two-thirds of the allene participates in chain-branching
reverse disproportionation of some type. The great majority of
the propargyl abstracts hydrogen from CH4 to re-form propyne,
which is equilibrated with allene, closing the outer loop.

Finally, some of the propargyl combines with acetylene to
form the cyclopentadienyl radical via reaction 7. The cyclo-
pentadienyl loop in Figure 12 represents a second chain-
branching system, because cyclopentadienyl recombination with
a H atom is not significant under these conditions. Most
cyclopentadienyl will abstract a H atom from methane, forming
cyclopentadiene. Almost all of this cyclopentadiene eventually
undergoes a chain-branching dissociation or reverse dispropor-
tionation to re-form cyclopentadienyl (the combination of
reaction 3 and its reverse is actually a net cyclopentadiene
producer, because of the high concentration of methane). Figure
8 would suggest that the cyclopentadienyl and allene-allyl loops
are, roughly, equally important in explaining methane autoca-
talysis, although the relative significance of the cyclopentadienyl
system grows as the methane conversion increases.

Figure 12 implies that allyl decomposition to allene and a H
atom could be quite important. In XMG-PDep, the barrier for
allyl radical beta-scission is calculated from the reverse of the
library parameters for hydrogen addition to allene to form the
allyl radical.50 We find that increasing the barrier by 2 kcal/
mol in the relevant pressure-dependent networks has only a weak

affect on the predicted allene concentration and the predicted
ethane concentration (as Figure 11 would imply, in that beta-
scission of an allyl radical does not seem to be a sensitive
reaction). A possible explanation lies in Figure 12 itself:
decreased allene formation by direct allyl beta-scission simply
means that more allyl radical converts to propyne, which then
finds its way to allene. This explanation is only tentative,
however, because the barriers for the pressure-dependent H-shift
and beta-scission steps that convert the allyl radical to propyne
and a H atom are also uncertain.

5.1.3. Adding Allene or Propene to Methane Pyrolysis.The
comprehensive picture in Figure 12 might lead one to conclude
that adding a very small amount of propene or allene to methane
at the start of pyrolysis, under the conditions of Chen, Back,
and Back, could have a strong effect on the results. Figure 13
shows that this is partially true. The addition of propene or allene
at a very small concentration (a mole fraction of 1.0× 10-5)
would seemingly boost the concentration of ethane in the
autocatalytic regime by∼40%-50%. The addition of the same

Figure 12. Important net fluxes during autocatalysis at 2450 s. Not all pathways are shown. Dotted connections are to species that can effectively
re-enter the allene loop via beta-scission (to propyne or allene). Some of the propargyl formed by this loop will combine with acetylene, initiating
a more powerful cyclopentadiene autocatalysis loop. While most cyclopentadiene is actually “consumed” by the methyl radical abstraction of
hydrogen, the net effect of this reversible reaction is to produce cyclopentadiene from cyclopentadienyl. Note that this isnot a steady-state picture
but instead represents predicted fluxes in the autocatalytic regime.

Figure 13. Predicted response of the ethane product in methane
pyrolysis to the addition of very small amounts of allene, propene, or
ethane at the beginning of the Chen et al. experiments. Note that the
addition of almost any small amount of alkane or alkene will have a
promotional effect.
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amount of ethane, however, has a similar (although diminished)
effect, probably because the ethane will convert to a methyl
radical and/or ethylene, which, together, readily form propene.
In fact, almostanystable alkane, alkene, or alkyne could form
the ubiquitous allyl or propargyl radicals in just a few steps
under these conditions, providing an alternate entry point to these
radicals in Figure 12. Indeed, we find that adding any one of
many stable species of the mechanism (acetylene, 1-butyne,
2-butyne, 1,2 butadiene, 1-methyl-1,3-cyclopentadiene), in a
very small concentration, has an effect similar to that for propene
or allene in Figure 13. Exceptions include hydrogen gas and
benzene, which have no effect at the low mole fraction (1.0×
10-5) and the low conversions of this work. This result is
expected, because hydrogen and benzene do not have facile,
rapid routes to allyl or propargyl radicals in our model.

Although small, the difference between the effects of
incremental amounts of ethane, benzene, and allene at least
suggest simple experiments to examine whether an incremental
amount of allene would have a more pronounced effect on
methane pyrolysis than the same amount of ethane. Such an
experiment would be a helpful test of our mechanism’s accuracy.

5.2. Allene Concentration.As noted earlier, Figure 7 shows
some discrepancy between the predicted and measured allene
concentrations. There is only one data set for allene concentra-
tion under the conditions of Chen et al.;17 despite many
experiments and reviews on methane pyrolysis by these
researchers,15-17,66-68 the allene measurement was never re-
peated. This seems odd, because in Figure 4 of the work by
Chen et al.,17 allene is the only measured species that seems to
plateauafter the autocatalytic regime has set in. Such behavior
should mark it as a species of interest. For various reasons, our
mechanism generator was halted at the methane conversion
specified above, and thus the generated mechanism could not,
technically, predict whether allene would plateau after 2500 s,
as the Chen, Back, and Back figure implied. However, integrat-
ing our mechanism beyond this endpoint of generation did
predict a plateau in the allene concentration.

Assuming that the measured allene profile represented real
behavior, we attempted to correct our model prediction by
adding a version of the propargyl+ propargyl pressure-
dependent reaction network, as studied by Miller and Melius.69

It is believed that, via a chemically activated, pressure-dependent
network, propargyl radicals may combine to form benzene and
fulvene, as well as the direct recombination isomers. Unfortu-
nately, XMG-PDep cannot handle reactions through diradical
intermediates and did not have the reaction families which would
represent some of the unusual isomerizations that occur in the
propargyl+ propargyl network. Thus, the mechanism generator
could not have found this system “on its own”.

Therefore, we used hand-constructed CHEMDIS input files
(provided by H.-H. Carstensen70) representing the head-to-head,
head-to-tail, and tail-to-tail chemical activation channels for this
system, based on the surface described in the work of Miller
and Melius.69 The resultant net reactions were added to the
generated CHEMKIN mechanism. This lead to a marked
improvement in the allene prediction, as compared with the
experimental result, as Figure 7 shows.

The addition of the propargyl+ propargyl system weakly
affects other species concentration predictions in Figures 4-8,
in the regimes where experimental data are available. The
predicted ethane concentration increases by∼40% at 2400 s,
putting it just above the highest data point in Figure 2; other
species profiles increase by 10%-30% in the autocatalytic
regime. The predicted concentration of hydrogen in Figure 3

increases by a factor of 2 at 2500 s, but no data are available in
this range. Generally, the results of Figures 4-8 are not seriously
perturbed and are largely unchanged in the regions where data
are available. The broad effect of autocatalysis is still clearly
present.

It may seem odd that allene, which is so important in Figures
11-13, could be halved in concentration, with other species
profiles unchanged or somewhat increased. The likely explana-
tion is that many species can perform the role of allene in Figure
12. In particular, fulvene (which is a key product of the
propargyl+ propargyl recombination) undergoes reverse dis-
proportionation to form resonantly stabilized radicals; the
importance of fulvene is already implied by Figure 11. Probably,
fulvene makes up the chain-branching deficiency left by depleted
allene in this hand-adjusted mechanism, so that other species
concentrations remain unaffected. In any case, the mechanism
is likely more accurate with the propargyl+ propargyl system
included.

5.3. CH4 Pyrolysis under Other Conditions. Chen et al.
examined other conditions near 1038 K and 0.58 atm, although
they reported specific pressures for only a few of these
experiments. We successfully applied our mechanism generator
to their 1038 K/0.13 atm and 1103 K/0.59 atm cases, using the
same reaction familes, rate rules, rate-constant library, and
thermodynamic library as for the main example at 1038 K/0.58
atm. The mechanisms generated at these conditions are available
from the authors; in both cases, the autogenerated models
captured the measured species concentrations well, without
adjustment of any parameters, validating the algorithmic ap-
proach and data used for the main case.

5.3.1. Conditions of 1038 K and 0.13 atm.Figures 14 and
15 respectively show predicted results from the generated
mechanism for ethane and ethylene concentration against
measured data at 1038 K and 0.13 atm. Agreement of the
predicted concentrations with experimental data is good,
comparable to that found in the pre-autocatalytic region of
Figures 2 and 4 (they-axis scales in Figures 14 and 15 are
greatly expanded, compared to those in Figures 2 and 4, which
span much-larger concentration ranges in order to show the
autocatalysis at later times).

Because this experiment did not proceed to the autocatalytic
regime, the mechanism generated for 1038 K and 0.13 atm turns
out to be a subset of that generated at 1038 K and 0.58 atm.
No new chemical pathways appear at this lower pressure. In
fact, for the pre-autocatalytic region, the concentrations of the
two measured species are strongly dependent on the rates of
only a few reactions:

The rates and thermochemistry for these three pathways (two
of which are pressure-dependent) are drawn from the reaction
rate library and thermodynamic data library. Only a few
reactions control behavior in the pre-autocatalytic regime;
therefore, it is no surprise that the reactions found by the
generator for the 0.13 atm experiment are a subset of those found
for the 0.58 atm case.

5.3.2. Conditions of 1103 K and 0.59 atm.The Chen et al.
experiment at 1103 K and 0.59 atm produced carbon film
deposits soon after the onset of autocatalysis (after∼225 s).
XMG-PDep does not treat surface chemistry; furthermore, the

CH4 h CH3 + H

CH3 + C2H6 h CH4 + C2H5

CH3 + CH3 h C2H6
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sharp increase in the number of discovered species and reactions
soon after the onset of autocatalysis made mechanism generation
beyond 250 s prohibitive. For these reasons, we halted genera-
tion at 250 s (∼0.8% conversion of CH4).

Figure 16 presents the generated model’s predicted ethane
concentration, along with experimental data at 1103 K and 0.59
atm. The generated mechanism once again captures the auto-
catalytic effect well, with an accuracy similar to that in Figure
2. Figures 17 and 18 respectively show our results for the
ethylene and acetylene concentrations; agreement with the
experiment is good, although the generated model overpredicts
these species at later times.

The 1103 K/0.59 atm mechanism is very similar to that
discovered for the 1038 K/0.58 atm main example. Cyclopen-
tadiene dissociation to cyclopentadienyl and a H atom (reaction
2) is still the most important chain-branching reaction in the
autocatalytic region, followed by allene and methane reverse
disproportionation (reaction 8). The fulvene-allene reverse
disproportionation of Figure 8 is also important at 1103 K. The
generator does find a few more triple-bonded species at the
higher temperature, but all the reactions important to autoca-
talysis appear in both mechanisms.

Although the mechanisms are largely the same, dissociation
reactions forming resonant stabilized radicals, such as reactions
9 and 10, seem to be more important at the higher temperature:

At the same time, many of the secondary reverse dispropor-
tionation pathways (examples of which are shown in Figure 8)
become less significant to net radical production at 1103 K.

The 1038 K/0.13 atm and 1103 K/0.59 atm conditions are
quite similar, from a chemical kinetics standpoint, to the main
case studied here; thus, the success of the mechanism generator
for these cases is expected. But the accurate description of
nearby conditions supports the modeling and analysis of the
main example at 1038 K and 0.58 atm.

5.4. Directions for Model Improvement.5.4.1. Dispropor-
tionation and Molecular Addition.Figures 10-12 suggest the
need for more accurate disproportionation rate constants. The
accuracy of the mechanism depends, in part, on the rate of
methyl + allyl disproportionation and its reverse, which has
not yet been successfully measured71 (although ethyl+ allyl
disproportionation has been measured,72 with the recommended
rate constant being almost exactly equal to the Dahm rule63).
Kinetic experiments and computational work in lower-temper-
ature methane pyrolysis should consider the disproportionation
of allyl and methyl radicals.

5.4.2. Missing Families and the Propargyl System.It is not
reasonable to proceed further with automated mechanism
development for methane pyrolysis until certain diradical-
intermediate isomerization families can be added systematically;
in particular, systems such as propargyl+ propargyl need to
be handled properly. In addition, the diradical intermediate
isomerization of propyne and allene (through cyclopropene)
seems possible for any triple-bonded or allenic species and
should at least be considered for species such as 1,2-butadiene.
Finally, ene reactions, concerted eliminations, 1,3 and 1,4
intraradical additions, and retro-Diels-Alder reactions are

Figure 14. XMG-PDep generated mechanism prediction for ethane
mole fraction versus time at 1038 K and 0.13 atm. Symbols are data
from Chen et al.17 Compare this figure with Figure 2 (1038 K and
0.58 atm) but note that they-axis scale in this graph is 10 times larger
than that in Figure 2; these data are in the pre-autocatalytic regime.

Figure 15. XMG-PDep generated mechanism prediction for ethylene
mole fraction at 1038 K and 0.13 atm; symbols are data from Chen et
al. Compare this figure with Figure 4 but note that they-axis scale is
expanded by a factor of 1000 in this figure.

Figure 16. Predicted and experimental ethane concentration for the
Chen et al. experiment at 1103 K and 0.592 atm.17 XMG-PDep captures
the autocatalytic effect under these conditions also, using the same data
libraries as those used for the main example presented.

Figure 17. Predicted and experimental ethylene concentration at 1103
K and 0.592 atm.

Figure 18. Predicted and experimental acetylene concentration at 1103
K and 0.592 atm.
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among the families not considered in this work; extension of
this mechanism may need to include such families.

6. Conclusions

6.1. Automated Mechanism Generation.This work de-
scribes the first known mechanism generation tool that can
include pressure dependence in a general and systematic fashion
and can compute needed rate constantsk(T,P) on-the-fly. The
XMG-PDep tool builds a mechanism for low-temperature
methane pyrolysis, from scratch, that adequately explains the
autocatalytic behavior of that system. In applying it, this work
is the first to apparently resolve the mystery of low-temperature
methane autocatalysis while employing accurate thermodynamic
parameters for the important species. Successful automated
generation of the methane pyrolysis mechanism would have
been impossible without an integrated pressure-dependence tool;
this is a problem only a pressure-dependent mechanism genera-
tor (as opposed to other generators) could have approached.

6.2. A New Model for Lower-Temperature Methane
Pyrolysis. Predicted concentration profiles from the new,
computer-generated mechanism agree well with almost all
measured data at 1038 K and 0.58 atm and at nearby conditions
of 1038 K/0.13 atm and 1103 K/0.59 atm. The new model
suggests that, initially, autocatalysis stems in large part from a
set of rarely considered reverse disproportionation reactions. The
cyclopentadiene/cyclopentadienyl chain-branching system cited
by Dean19 is also quite important, especially at later times, but
the source of these species is actually the direct formation of
cyclopentadienyl from propargyl and acetylene, not the previ-
ously proposed formation of cyclopentadiene from allyl and
acetylene. Although the current model is appropriate only for a
low conversion of methane at∼1038 K and 0.58 atm, any model
including methane pyrolysis, operating near this regime, prob-
ably needs to account for the chain-branching loops of Figure
12.

Reverse disproportionation of allene and methane seems to
be a key step, but other species could easily play the same role
that allene does in this study. Experiments in which very small
amounts of allene or certain other species are added to methane
at the start of pyrolysis might help confirm the mechanism
presented here, in that our work predicts that allene or other
reactive unsaturated species will have a stronger effect than the
same amount of ethane, hydrogen, or benzene.

The success of this new, computer-aided approach for
accurately predicting such complex kinetics, without any
adjustable parameters, is extremely encouraging. Moreover, this
computer tool was able to identify critical reaction pathways
missed by experienced kineticists. In the future, systematic tools
such as XMG-PDep may allow kinetic modelers to build
accurate, predictive models for a variety of processes, while
avoiding the type of extensive parameter fitting that sacrifices
understanding for agreement with data.
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