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Autocatalytic, lower-temperatures(1100 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 ck{@s®ntsr
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 reactienghich involve propyne, allene, and fulveraccount 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 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<(L100 K) methane pyrolysis.
Roscoe and Thompson attempted to build a small mechanism
(using species having three C atoms or less) for the prdéess.
ilAIthough this mechanism seemed to describe the observed
%utocatalysis, the reverse rate coefficients were assigned inde-
pendently from the forward ones. A check of these ratios showed
épat they were not consistent with the reaction equilibrium
constants. When the reverse rate coefficients were made
consistent, the predicted autocatalysis virtually disappeared.
O‘{hus, lower-temperature methane pyrolysis defied mechanistic
explanation, until the work of Dean in 1999.

1.1. Autocatalytic Behavior in Methane PyrolysisMethane
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, ref4¢3). The
pyrolysis of methane often produces large quantities of coke
carbon, and hydrogen, because these are the thermodynamica
favored products at almost all practical temperatdrgis
seriously limits its straightforward industrial applicatithso
that research focuses on novel reactor designs and catalysts th
could kinetically trap desirable products before coke and soot
dominate (see, for example, Faliks et!8l. Thus, proper
understanding of the homogeneous gas-phase mechanism
methane pyrolysis is crucial for successful reactor and catalyst Dean or d the importan f lopentadiene. formed
desigr? In addition, the correct modeling of combustion in fuel- . ean proposed the importance ot cyclopenta e. €, lorme

. . . . . via the pressure-dependent pathways of reaction 1:
rich regimes sometimes requires a methane pyrolysis submecha-

nism$
/ - . —_—
These demands have driven various attempts at a mechanistic/\ . NN
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-

5-17
atures and moderate pressure2 {00 K and 0.51.0 atm} Cyclopentadiene, once formed, may function as a chain brancher

by dissociating into the resonantly stabilized cyclopentadienyl
radical aml a H atom:
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Both the cyclopentadienyl radical and the H atom abstract H Indeed, an earlier attempt by several of the co-authors to apply
atoms from CH, under the experimental conditions: mechanism generation to methane pyrolysis failed to identify
many of the important reactions detailed below, primarily
2 because the approach to pressure-dependent reactions was not
D + CHy —> D + CHj systemati@?® In that approach, the rate constak(,P) for every
3) kinetically significant pressure-dependent reaction must be
placed in a user-constructed librapgforethe mechanism is

The cyclopentadiene product can dissociate to cause chaindeénerated, and only reactions appearing in this library can be
branching once again. With these reactions, Dean provided theincluded in the mechanism. But it is impossible to know which

first plausible explanation for the autocatalytic upturn measured réactions will be kinetically significant before building the
by Chen et até17 mechanism, and it is quite likely that even with a lakg€,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 ¢{TiH)
library. The other published mechanism-generation algorithms
have similar deficiencies, because they, too, cannot compute

recent values from various research groups -adekcal/mol k(T,P) estimates. Most of them neglect pressure dependence

higher (clustered at-62 kcal/mol). With the higher enthalpy entirely.

of formation for cyclopentadienyl, the dissociation barrier for ~ Here we present the first mechanism-generation algorithm

reaction 2 must increase by approximately the same amount,to include pressure-dependent reactions in a general and

to maintain thermodynamic consistency (reducing the rate by a Systematic manner, including on-the-fly calculationsk@f,P)

factor of~7 at 1000 K). At this new rate, reaction 2 no longer Wherever necessary. We apply this tool, called “XMG-PD¥’,

proceeds rapidly enough to drive autocatalysis to the extentt0 construct a more complete model of autocatalysis in methane

observed. Figure 1 below shows how the predictions of Dean’s Pyrolysis under the conditions of Chen, Back, and Btck!

1990 mechanism change when more-recent data for the cyclo-The approach reveals new and unexpected pathways that can

pentadienyl radical are used. That mechanism is now clearly €xplain the autocatalytic behavior observed experimentally.

unable to explain the strong autocatalysis in methane pyrolysis, Some of these pathways have never been considered in previous

and a new mechanism is needed. methane pyrolysis work and are rarely, if ever, given consid-
1.2. Pressure Dependence and Automated Mechanism eration in larger combustion or pyrolysis mechanisms.

Generation. The inability to construct an accurate mechanism

for methane pyrolysis by hand, in over 25 years of research, 2. Computational Method: Mechanism Generation with

motivates our use of a computerized, automated mechanismintegrated Pressure Dependence

generator teystematicallgonstruct a chemical model for these . -
conditions. Such a tool must explore and include all possible XMG-PDep is based on XM&;*'which was developed from

“important” reactions while excluding unimportant pathways. NetGens?~3 but XMG-PDep integrates the Activated Species

It must also treat pressure dependence correctly, becausé®lgorithm for building and truncating pressure-dependent
chemical activation and falloff are crucial to methane pyrolysis "€action networks®3’A complete description of the integrated
(as well as many other interesting systems). But, until now, no algorithm is presente.d in ref 30. Here we describe tho§e features
automated mechanism generator has ever incorporated pressur@f our approach for including pressure dependence in mecha-
dependence in an unbiased and systematic manner, despite th@iSm generation which are not discussed in refs 36 and 37.
large number of these programs developed over the past three 2.1. Building Pressure-Dependent Networks during Mech-

However, recent experimental and theoretical data on the
enthalpy and entropy of formation for cyclopentadiéfyi®
indicate that reactions-13 alone are not sufficient to explain
autocatalytic behavidi® Dean used a cyclopentadienyl enthalpy
of formation that was similar to the value McMillen and Golden
determined in 19824H?® = 58 kcal/mol)2” whereas more-

decades (see ref 28 for a recent review). anism Generation.XMG-PDep considers every reaction of the
form A+ B — C,B— C, or B— C + D to initiate a partial
4.0 pressure-dependent reaction network, such as those described
— 35 O Chen. Back and Back Data in ref 37. During mechanism generation, XMG-PDep builds a
(=] L .
T a0 00 Original AMD Mech. set of these partial pressure-dependent networks, and from these,
= ——Updated AMD Mech. . it constructs net pressure-dependent reactions and estimates their
-’-3‘2 2.51 . rate constant&(T,P). Unlike the earlier work, these networks
© 20 L are not fully explored and then truncated to determine the
i 151 . DD:‘ important fraction necessary fi(T,P) prediction3® Instead,
2 ' .0 each partial pressure-dependent network is explored by only
© 1.0 e g one activated isomer at a time. XMG-PDep continually evaluates
Dy 0.5 15 0T o a “leakage” fluxReakq for each partial network This value
0.0 : i : : i represents the flux to all parts of the network not yet explored;
o 500 1000 1500 2000 2500 3000 Reakq decreases as activated isomers are explored and added
Time (sec) to the network.

Figure 1. Attempts to explain autocatalysis in methane pyrolysis at  2.2. Determining Which Species or Isomer to AddXMG-

1038 K and 0.58 atm for very low conversions of methane. Open PDep periodically constructs a set of ordinary differential
symbols represents experimental data sets from Chen et al. Dotted "”eequations (ODESs) representing the evolution of the system
represents the prediction of the mechanism of Dean in 1990. Solid line described by its current mechanism. The code uses DASSL

illustrates the Dean mechanism once again, but this time with updated " . .
kinetic parameters, most importantly improved thermodynamic data O integrate the ODEs. At each DASSL time step, it calculates

for cyclopentadienyl radicaFf Clearly, a new model is needed to explain ~ the flux Rspeciesy t0 €ach candidate species that it has not yet
the autocatalysis. included in the mechanisnj;runs across all candidates for
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inclusion. It also evaluates each leakage fRixkg, wherei pared with measured data for the alleqpeopyne-cyclopropene
runs across all partial pressure-dependent networks (see refs 3@8ystem cited by Davi) the propargyH- acetylene results of
and 37). Moskaleva and Lirt! and all the Troe-form reactions of the
XMG-PDep tests these fluxes against the termination criteria rate-constant library given in the Supporting Information (the
Rumin, library, or literature, values were used for all these systems in
the actual generated mechanism). In all these cases the CHEM-
Ruin®) = i Repa® 4) 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
Repalt) = A / Z(Rreacted()(t))z ) at Ii)engtrﬁo,se,sz (AP

and fin is @ user-specified tolerance, typically 0.3%9%. In 3. Application to Methane Pyrolysis
eq 5,Reactedg(t) represents the net rate of change of each species
already in the mechanism. If all the flux&gpeciesy aNd Reak()

are less thaRmi,, integration proceeds to the next DASSL time
step. If not, XMG-PDep identifies the maximum flux from the
set 0f Rspeciesy 8Nd Rieak)-

When that maximum flux belongs to a candidate species (i.e.,
Respeciesy), XMG-PDep adds that species to the mechanism and
explores its reactions with other species already included in the
mechanisn?> 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 new(T,P) is calculated for each reaction in 3.1 In|t_|§1I Input Data. Generation began with an input file
that network (see refs 36 and 37). In either case, the ODE systenfhat specified the temperatur@ & 1038 K), pressureR =
has changed and the integration must start agaisadd. When 0.58 atm), and starting mole fraction of methargct, = 1.0).
all the fluxesRspeciegy and Reakp) are less thamy(t) for all t We used a tolerance dfin = 0.01 and specified a final
from t = 0 tot = tna, Mechanism generation is complete, and conversion of methan&ecy, = 0.0055, or 0.55% methane
XMG-PDep writes out a CHEMKIN version of the mechanism. conversion, to build a model covering the time scale of the

2.3. On-Line Estimation of Pressure-Dependent Rate ~ €XPeriments by Chen et al.

Constants.Every time a partial pressure-dependent network is ~ 3.2. Reaction Families. XMG-PDep must use reaction
created or expanded, XMG-PDep must quickly estinkéieP) families to discover elementary reaction steps. Each family has
for all of that network’s pressure-dependent reactions. If the an associated reaction matrix by which graph-theory algebra is
k(T,P) for a specific reaction is available in a library, it will be  applied to produce new species and specific reactions using the
used. But almost alwayk(T,P) must be calculated. To do this, ~methods of Broadbelt et &.34 The reaction families allowed
XMG-PDep uses a heavily modified and accelerated version in this work, with example instances, are given in Table 1.
of the CHEMDIS prograr? (see ref 30 for modifications to  Elementary-step families in Table 1 of the form-AB — C,

whereRena(t) is the characteristic rate for the entire mechanism
at timet, as given by Song et &P,

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!>1” 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!’ 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.

the original code). C— A + B, and C— D are also used to generate the pressure-
CHEMDIS is a Quantum-Rice-Ramsperger-Kassel/modified dependent pathways in each pressure-dependent network.
strong collision (QRRK/MSC) code for estimating thél,P) 3.2.1. Prohibited or Nonincluded FamiliedVe omitted

of pressure-dependent reactions, given only the high-pressurecertain known chemistry from Table 1 for a combination of
limit rate constant&(T) for each elementary step in a pressure- practical and scientific reasons. First, XMG-PDep is similar to
dependent network (of arbitrary complexity), and some energy- its predecessors XMG and NetGen, in that it cannot handle
transfer properties of the bath gas. The required density of stateddiradical reactions; therefore, no families that involve them can
are estimated from the heat capacifiegnd those, in turn, appear in Table 1. Second, failures of the on-line group
usually come from group additivity. The bath gas properties contribution tool GAPP?31 in predicting the thermodynamic
[M] (the concentration of the bath gases) dadEldown (the properties of a species were repaired manually using the
average downward collisional energy transfer) are estimated andTHERM code>354 However, allowing 1,3 and 1,4 intraradical
are assumed to be unchanged over the timespan of theadditions generated a large number of strained unsaturated cyclic
simulation. radicals: these confused the group-contribution tool so often
CHEMDIS is a highly approximate method. While its thatis was impossible to correct the erroneous thermochemical
accuracy has never been systematically studied, a substantiatesults manually (the group-contribution tool has recently been
body of practical evidence from combustion and pyrolysis improved in response to these issues). Given this difficulty, and
case¥404249 gyggests that the errors introduced by the QRRK/ the fact that the expected barriers for these types of reactions
MSC approximations are acceptable for most reactions (they are high and, thus, not likely to be important in the larger
are usually less than the uncertainties in #%T) used as mechanism, 1,3 and 1,4 radical additions were left out of Table
inputs). We tested the accuracy of the CHEMDIS method, under 1. Finally, similar issues, and the lack of rate estimates, made
the conditions of Chen et al. (1038 K and 0.58 atmyZHgainst it impractical to include thenereaction, Diels-Alder reactions,
that of experiments or higher-level calculations for many of this singlet methylenes and vinylidenes, and photochemistry, none
work’s important systems. CHEMDIS predictions were com- of which are expected to be important under the conditions of
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TABLE 1: Elementary-Step Reaction Families for Methane Pyrolysis Mechanism Generation at Lower Temperatures and Low
Conversion of Methané&

FAMILY DESCRIPTION | EXAMPLE

Dissociation C-C and C-H
bond ]
dissociation of a /\ > / +CH;
molecule

Recombination Reverse of o
Dissociation H+ / I /

Radical Addition Radical addition

to double or
triple bond of a
molecule

IO N —

Beta-scission

Reverse of
Radical Addition

:ﬁ.—> :j\ +H

H-abstraction

Abstraction of H
atom from a
molecule by a
radical

P N g

Disproportionation

Radical disprop.

/ ° + CH3 —_— / + CH4

to form two
molecules
Reverse H transfer to an o
Disproportionation | unsaturated / + // » / + /\
carbon / °
H-shift (1,2 | Intra-radical H-

through 1,6)

abstraction

N

— NN

Intra-radical
Addition (1,5 and
1,6)

Intra-radical
addition to a
double or triple

bond (1,5 and

1,6 only)

Ring-Opening Beta scission

Beta-scission which opens a / ®
ring radical s —> /\/\/
(reverse of Intra-

radical addition)

aThese 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.

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

reaction mechanism at tretart of generation:

NN

\\\o\\o
N\ N\

generated mechanism is partially dependent on the assumption . wH

that Table 1 includes all the important reaction families at the

conditions of Chen et al. %
3.2.2. Allene-Propyne IsomerizatiorAlthough XMG-PDep - / +H

could not build or discover reactions through diradical inter-
mediates, the well-known alleng@ropyne isomerization system  The Supporting Information gives a more complete description
was included in the mechanism, because the barriers forof our modeling of the allenepropyne isomerization system.
isomerization are lower than those for dissociation to propargyl ~ 3.3. Thermodynamic Library. Thermodynamic parameters
and a H atom (see, for example, refs 50 and 55), and the overalffor 38 species were adapted in part, or wholly, from the
methane pyrolysis kinetics are predicted to be sensitive to allene literature; these are detailed in the Supporting Information.
propyne, and propargyl. Allene may isomerize to cyclopropene, Different from prior work!®2°we use the modern values for
which, in turn, will rapidly isomerize back to allene or propyne, the cyclopentadienyl radical.

all at rates much faster than the dissociation to propargyl and a Often, only a few values, such as the enthalpy of formation,
H atom. We assumed that cyclopropene formed in this systemcould be found for a species. In these cases, we used the
would immediately isomerize to allene or propyne, and, thus, THERM codé354to combine available literature values with
we added three net pressure-dependent reactions directly to thgroup-additivity predictions to build a NASA polynomial
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TABLE 2: High-Pressure-Limit Rate Rules Used in Constructing the Partial Pressure-Dependent Networks

rate rule A n> Ea source
Recombination
H recombination with any radical 1.0010* 0 0 ref 56
CH; recombination with any radical 1.0010% 0 0 ref 56
all other radical recombinations 8.0010'? 0 0 ref 56
Radical Addition
H addition to terminal C of a double bond 1.6010'° 0 12 ref 56
H addition to internal C of a double bond 1.6010° 0 2.9 ref 56
H addition to terminal C of a triple bond 1.72010% 0.97 2.8 ref 50
H addition to internal C of a triple bond 2.0310* 0.77 6.75 ref 50
CH; addition to terminal C of a double bond 8.5010'° 0 7.8 ref 56
CHjs addition to internal C of a double bond 8.5010'° 0 10.6 ref 56
CHjs addition to terminal C of a triple bond 1.50107 1.87 8.2 ref 50
CH; addition to internal C of a triple bond 8.5010'° 0 10.6 ref 56
generic radical addition to terminal C 8.5010% 0 7.8 ref 56
generic radical addition to internal C 8.5010% 0 10.6 ref 58
1,2 H-Shif¢
v—a 3.56x 10% 0.88 38.7 ref 57
p—p 3.56x 10%° 0.88 40.0 ref 36
p—s 3.56x 10% 0.88 37.3 ref 36
p—t 3.56 x 101 0.88 34.6 ref 36
p—a 3.56x 10t 0.88 29.6 ref 36
s—s 3.56x 10% 0.88 39.1 ref 36
s—t 3.56x 10 0.88 37.7 ref 36
s—a 3.56x 10% 0.88 315 ref 36
t—t 3.56x 10 0.88 40.0 ref 36
1,3 H-Shift
v—a 3.80x 10% 0.67 38.7 ref 36
p—p 3.80x 10%° 0.67 38.8 ref 36
p—s 3.80x 10% 0.67 36.6 ref 36
p—t 3.80x 10% 0.67 34.3 ref 36
s—s 3.80x 10% 0.67 38.2 ref 36
s—t 3.80x 10 0.67 36.1 ref 36
t—t 3.80x 10 0.67 36.6 ref 36
1,4 H-Shif¢
p—p 7.85x 101t -0.12 23.1 ref 36
p—s 7.85x 10t -0.12 20.6 ref 36
p—t 7.85x 101 —0.12 18.3 ref 36
p—a 7.85x 10 -0.12 15.3 ref 36
s—s 7.85x 101 -0.12 235 ref 36
s—t 7.85x 101 -0.12 20.6 ref 36
t—t 7.85x 104 —0.12 19.4 ref 36
1,5 H-Shift
p—p 3.67x 1012 -0.6 15.3 ref 36
1,6 H-Shift
p—p 2.80x 10 0 20.3 ref 36
1,5 Intraradical Addition
endo ring closure 1.22 10° 1.05 15.82 ref 36
exo ring closure 2.5% 10° 0 6.85 ref 36
strained endo ring closure 1.221C° 1.05 17.42 see text
strained exo ring closure 2.54 100 0 8.05 see text
1,6 Intraradical Addition
endo ring closure 1.0@ 10° 0.855 5.9 ref 36
strained endo ring closure 1.6010° 0.855 7.5 see text
allylic radical ring-closure correction 15 see text

aValues are given in units of kcal/mol and gifmol sy* K=", using the modified Arrhenius forlAT" exp[—E/(RT)]. ® Indicates a rate rule we
developed using RRHO transition-state theory and the quantum ab initio results of the refefdstmeviations 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.

representation of the thermodynamic data. All other species wereother rate constants used to construct the full model were
estimated via GAPP or, in cases of on-line GAPP failure, using computed on-the-fly in the present work. For some reactions,
the THERM code. both high-pressure-limit and pressure-dependent rate constant
3.4. Rate-Constant Library. Although XMG-PDep must data were available, but the pressure-dependent rate constants
usually resort to rate rules to estimate rate constants for thewere not appropriate for our conditions. In these cases only the
reactions it discovers, reliable literature data are preferable, high-pressure-limit data could be used.
where available. This condition is especially true for important ~ We performed one set of ab initio calculations to estimate
or sensitive reactions of the mechanism. In the present examplethe barrier and transition-state properties for the ring-opening
49 rate constants were taken from the literature; these arebeta-scission of 1,3-cyclopentadien-2-yl. The Supporting Infor-
detailed in the Supporting Information. All the thousands of mation presents details of that calculation. All the reactions in
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TABLE 3: General H-Shift Parameters? pressure-dependence code CHEMDIS. All rate rules are posed
in only one direction: the “designated forward” direction. The

Rotor LossA and Parameter . . - .
mechanism generator fits modified Arrhenius parameters for

number of rotors lostin TS A n” the reverse instance of the reaction, which were computed using
1 3.56x 101 0.88 the thermochemistry.
2 3.80x 10° 0.67 3.5.1. H-ShiftsThe “specific” H-shifts in Table 2 are used
j ggg’i 1&2 :8:%2 for the specified unimolecular transformation from the radical
5 2.80% 1010 0.0 of the first type to the radical of the second type. For example,
) ) ) the “1-2 H-Shift, p— s” is a rate rule for a unimolecular H-shift
Ring-Strain Correctionse,s® reaction that converts a primary radical to a secondary radical.
ring size Ea Table 3 represents parameters used to evageteralH-shifts,
3 256 i.e., the default if no value for a specific type is available. In
4 24.1 these casesh® and n® were selected from the rotor logs’
5 8.8 andn> values in Table 3, as described in Matheu etathe
? é-g generator then evaluates the barrier heghtvia the relation
_ ES ~ E+ a+ bAHZ? (6)
Evans-Polanyi a b
134 0.6 whereE; is the appropriate ring-strain correction amdndb

a Units are the same as those presented for Table 2. These rate rule§’® Evans-Polanyi parameters, all chosen from Table 3. For
(specifically for H-shifts) are derived from Table 2 in Matheu ef@l.,  endothermic H-shifts, the rate for the exothermic direction would
and the zero-rotor-loss case was assumed to be equivalent to the onebe estimated and converted to the desired direction, using the
IFDOItDOF'[OSS f_aset"- Rc;tﬁf loss £) antdn are ClhOtS?n agcor]::iing ttﬁ XMG; t reaction thermochemistry, followed by the reverse Arrhenius
e oo e g o oy paraMeter fting procecire mertioed previously.
according to how many members are in the transition-state ring for . 3.5.2. Intraradlcal er.]g. CIo;uresRate rules for intraradical
the intraradical H-abstraction. ring closures are first divided into “exo” and “endo” forms. In

exo-ring closures, the radical site adds to the unsaturated bond
the rate-constant library are posed in only one direction; the in such a way that the product radical site is not on the formed
mechanism generator fits modified Arrhenius parameters for ring. In endo-closures, the radical site ends up on the formed
the reverse instance of the reactib(see Chapter 6 in ref 30)  ring. These are further divided into strained and unstrained ring
to maintain the thermodynamic consistency of the mechanism. closures. On the basis of the work of Moskaleva and®tia,

3.5. High-Pressure-Limit Rate RulesTables 2 and 3 present  correction of 1.6 kcal/mol was added to the barrier for cases
high-pressure-limit rate rules used in the CHEMDIS calcula- where the transition state for the ring closure would be
tions; Table 4 presents the rate rules for pressure-independentstrained”; that is, it would have two consecutive partial double
reactions. These rate rules were developed from a variety ofbonds, or a partial triple bond, in the transition state.
sources. When the rate rules were taken from the literature, these Finally, considering the work of Martinez and Cook%gnd
tables give the source; in other cases, these rules were estimatedur B3LYP/6-311G** calculation for the ring-opening transition
based on our experience with calculations and specific literature state of 1,3-cyclopentadien-2-yl (see the Supporting Informa-
values for instances of the reaction. Although these rate rulestion), we added 15 kcal/mol to any ring closure that starts from
are modified Arrhenius parameter sets, the activation energiesan allylic-stabilized reactant. Such reactants must give up their
given have real significance: They are estimates of the true allylic stabilization to undergo ring closure; the 15 kcal/mol
barriers for reaction and, thus, are appropriate as inputs to thepenalty used above is approximately the difference between

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

rate rule A n E source
H abstraction by H (generic) 4.5610° 2.0 5.0 ref 56
H abstraction by H to form a primary radical 9.331C° 2.0 7.7 ref 56
H abstraction by H to form a secondary radical 45680° 2.0 5.0 ref 56
H abstraction by H to form a tertiary radical 1.2610“ O 7.3 ref 56
H abstraction by Ckl(generic) 2.00x 10 0 9.5 ref 56
H abstraction by Cklto form a primary radical 21% 10" 0 11.6 ref 56
H abstraction by Cklto form a secondary radical 2.0010% 0 9.5 ref 56
H abstraction by Cklto form a tertiary radical 1.0& 10" O 7.9 ref 56
H abstraction by gHs (generic) 250« 10° 0 10.4 ref 56
H abstraction by ¢Hs to form a primary radical 1.6%x10° O 13.4 ref 56
H abstraction by ¢Hs to form a secondary radical 250101 0 104 ref 56
H abstraction by ¢Hs to form a tertiary radical 1.0& 101 0 7.9 ref 56
H abstraction by €Hs (generic) 1.02« 1¢° 3.1 8.8 from GH3 + CsHg to i-CsH7 in ref 59
H abstraction by ¢Hs to form a primary radical 6.0% 1% 3.3 105 from GH3 + C3Hg to n-CsHy in ref 59
H abstraction by ¢Hs to form a secondary radical 1.021C° 3.1 8.8 from GH3 + CgHg to i-C3H7 in ref 59
H abstraction by ¢H; to form a tertiary radical 9.03 10t 35 2.61 from GHs + i-C4Hyo to tert-butyl in ref 60
H abstraction by any radical 250100 0 104 from that previously given for “H abstraction byHz”
H abstraction by any radical to form a primary radical 1610 0 134 from that previously given for8s
H abstraction by any radical to form a secondary radical ~28@° 0 104 from that previously given for:8s
H abstraction by any radical to form a tertiary radical 100t 0 7.9 from that previously given for€ls
disproportionation (all) 1.0 102 0 0 ref 61

aUnits are the same as those given in other tables (kcal/mdl(mml s K) ).
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the barrier for 1,3-pentadien-5-yl ring closure as predicted by but falls within the error of repeated runs in the autocatalytic

Martinez and Cooksy and the barrier from the normal 1,5 endo- regime ¢ > 2000 s).

ring-closure rule. In addition to ethane, the principal stable products of methane
3.6. Pressure-Independent Rate Rule§.able 4 shows the  pyrolysis under these conditions and at low conversion are

rate rules used for non-pressure-dependent reactions in this Workhydrogen, ethy]ene’ acety|ene, propene, a||ene’ and propyne;

These rate rules are taken from various sources. _ of these products, Back and co-workers measured all but
3.7. Other Data. Table 2 in the work by Dean, Bozzelli,  propyne. Figures-37 show how the mechanism agrees with
and Rittef? provided Lennard-Jones parameters kB[ for measured concentrations of these species. Predictions for

methane as a bath gas; from their valué®iLy;, we estimated  acetylene and propene concentrations, in particular, are much

mEQown = 1285 cnt! at 1038 K. Lennard-Jones collision improved over the 1990 Dean mechani¥m.

parameters for most other spt_acies were provided by GAPP, or The last plot (Figure 7) shows some discrepancy between

by default values, on 'the basis of_the number of heavy atoms 1o measured and predicted concentrations of allene at later

and Whgther the species was C.YC“C' Generally, the CHEMDIS times; this is addressed in the Discussion. In all other cases,

Ez;lecglanons were not very sensitive to the Lennard-Jones VaIueSagreement of the unadjusted, unfitted mechanism with the data
: is quite good. Thus, our pressure-dependent mechanism-

. . neration algorithm in ring the vital elemen
4. Results: The Methane Pyrolysis Mechanism generation algorithm succeeds in capturing the vital elements

XMG-PDep examined over 12 000 candidate species and 1.0 ST B el FOER D
12 000 possible pressure-dependent networks as it automatically Sos] o
constructed a methane pyrolysis mechanism for the Chen, Back, * ol ii:ﬂcé a:g_%ae;k L
and Back experiments. The code performed more than 300 on- s /
the-fly k(T,P) estimations via CHEMDIS. The final generated g 04 /
mechanism has-100 species and-1000 reversible reactions, ' 0.2 g
342 of which are pressure-dependent; it may be the first accurate = 5 ng/
mechanism developed systematically via flux-limit criteria. No T R T TR T

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

Time (sec)

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

which at least on&(T,P) calculation was required). In all the < CH. Pyrolysis ot 1036 K. 0.58 atm

other possible networks, XMG-PDep found that the value of X015 o anasack ey

Reakg) did not justify expansion of the network beyond the 5 O e Bk A Bk Jore @)

entrance channel. These inactive cases were all chemical 5 0.10 XMG w/P-Dep

activation systems in whicReaxs) Was equal to the entrance %

channel's estimated reactant concentrations multiplied by 2 %%

k®(T). Even with this value (which is the highest possible for 3 0.004

Reakg in a given network) Reaxg was still less tharRyin for S 0 500 1000 1500 2000 2500

the entire simulation, and so these networks never needed Time (sec)

exploration. Figure 4. XMG-PDep predicted ethylene mole fraction versus

The Supporting Information presents this mechanism in experimental data.
CHEMKIN format. A record of each active pressure-dependent

network, with sufficient information to build the CHEMDIS “§15.0 O Poraiveie ot 1038 K 058 at
input file and to estimat&(T,P), is also included. % AN
Figure 2 highlights the ability of the computer-generated S 10.0] & Chen,Backand Back 1976 &)
. . . . 15} O Chen, Back and Back 1976 (b)
mechanism to predict autocatalysis. Our prediction for the ethane g XMG wiP-Dep
mole fraction agrees well with the data of Chen, Back, and Back 2 50
from various experiments. The computer-generated mechanism =
prediction does miss the ethane plateau concentratior359%, z 00 3
o YV
0 500 1000 1500 2000 2500
35 Time (sec)
'S 30 CH, Pyrolysis at 1038 K, 0.58 atm _ ) o .
=7 & chen, Backand Back 1976 (a) Figure 5. Acetylene mole fraction prediction versus experimental data.
£251 ¢ Ghen, Back and Back 1976 (0) Compare this graph to Figure 4 in the work of D&aand note the
2.0 ——XMG-PDep improvement in the prediction of this important species.
o
IC 1.5 —~
3101 © 4.01 CH, Pyrolysis at 1038 K, 0.58 atm
= X
~ A Chen, Back and Back 1976
%0'5' 5 304 ¢ Ch::, Biﬁk::d aiﬁklgie 53
8 0.0/ B XMG w/P-Dep
0 500 1000 1500 2000 2500 £ 201
Time (sec) %
s 1.04
Figure 2. XMG-PDep generated mechanism prediction for ethane ©
concentration versus time, compared with various experimental data §3 0.04

setst>7Data set (a) refers to the data table of ref 17; data set (b) refers 0 500 1000 1500 2000 2500
to data from Figure 4 of the same work. The generated model predicts Time (sec)
the autocatalysis without recourse to parameter adjustment or fitting. Figure 6. Propene mole fraction prediction versus experimental data.
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<1.0 o .
5 d
-~ CH, Pyrolysis at 1038 K, 0.58 atm Q e —_ + H
2081 o 4Chen, Back and Back 1976 (b) X Q D
S XMG w/P-Dep = 4 -—-- /c/ +CHy === AN *+ CHy
= 064" = XMG w/P-Dep and propargyl + propargy! 8 T
Pl -
L 04 S _ _
2 2 &
S 02 g _____
= = + CHy
Z 00! 5 E§
O . . . . . ‘ £ 21
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. . . . . a
Figure 7. Allene mole fraction prediction versus time, compared with 5
experimental data. Dotted line shows the effect of including our best £ P
by-hand model of the complicated propargylpropargyl system. 0 {amtises : i :
500 1000 1500 2000 2500
of methane pyrolysis under these conditions, with no fitting or Time (sec)

adjustment ofany parameters to the experimental data. Figure 8. Main radical production routes for autocatalysis in methane

) ) pyrolysis. Each curve representsnat rate, in which the reverse
5. Discussion recombination or disproportionation flux has been taken into account.

51 Sources of Autocatalvsis.Sensitivit d rate-of Note the early importance of the allefremethane pathway. There are
- . ysiS.>ensilivity -and rate-ol- four other pathways with curves very similar to that for fulvehe
production/destruction analyses alone are not sufficient to Show methane; these have been left out for clarity.

what leads to autocatalysis in the new mechanism. A radical-
production analysis is needed to learn which reactions provide a GHs product from propargyl addition to acetylene. Its thermal
the greatest net increase in radicals and are therefore the “most’stability, and experimental agreement with the prediction of
chain-branching. Combining radical production, sensitivity, and Moskaleva and Lin, suggest that this species is cyclopentadieny!
rate-of-production/consumption provides a comprehensive pic- formed via the chemically activated pathway of reaction 7. Thus,
ture of pathways in methane pyrolysis. cyclopentadienyl formation via propargyl acetylene is quite
5.1.1. Radical Production Analysi§he top three net-radical-  reasonable and should be expected under our methane pyrolysis
producing reactions, along with selected other reactions, areconditions.
shown in Figure 8, with their net production rates as a function  The allyl+ acetylene channel, previously proposed as a route
of time. Cyclopentadiene is still important as a chain brancher, to the cyclopentadiene/cyclopentadienyl chain branching, seems
but reverse disproportionations are also quite important for to be unimportant, under these conditions. With our tolerances,
radical production. In particular, the reverse disproportionation XMG-PDep does not explore this pressure-dependent network
of allene and methane to form an allyl radical plus a methyl beyond the first adduct. The addition of the full altylacetylene
radical seems to be crucial during the induction period. pressure-dependent network, by hand, to the generated mech-
5.1.1.1. A Key Route to Cyclopentadierd& noted previ- anism produces very little change in any of the species profiles.
ously, with modern thermochemistry, the allyl acetylene This result might seem strange at first, because the initial barrier
channel (reaction 1) does not produce sufficient cyclopentadienefor propargyl addition to acetylene is higher than that for allyl
to account for autocatalysis. The mechanism generator found aaddition to acetylene. However, our rate constants for the
different chemically activated pathway, one that produces the pressure-dependent reactions

cyclopentadienyl radical directly (in the Supporting Information,
./\ + % e @ +H
z—10)

see pressure-dependent network 158):
o:: [ : / +
@)

/ S ///_\. =
are quite similar £1.0 x 10° cm?® (mol s)™* at 1038 K and

The net pressure-dependent reaction propatggktetylene—~ 0.58 atm methane), because of the particular structure of their
cyclopentadienyl accounts for almost all the net cyclopentadienyl corresponding pressure-dependent networks. Furthermore, both
radical production in our system. The cyclopentadienyl then the Dean mechanism and the generated mechanism agree that
abstracts H atoms from GHo form a cyclopentadiene that the concentration of propargyl is considerably larger than that
dissociates relatively quickly, in a chain-branching reaction. To of allyl. The generated mechanism includes loss pathways for
our knowledge, no previous methane pyrolysis mechanism the allyl radical (specifically, H-shifts to vinylic species), which
included the propargyt acetylene pathway. Note that, without were left out of the Dean 1990 mechanisthese further lower
integrated pressure dependence, our mechanism generator coulthe concentration of the allyl radical in the new simulation,
not have discovered this important reaction system. making the allyl+ acetylene pathway even less important.

At first, the ring-closure step in reaction 7 might seem too  5.1.1.2. Importance of Rerse Disproportionation Reactions.
strained to be reasonable. Moskaleva and Lin recently performedFigure 8 shows that reverse disproportionation of allene and
a detailed computational study of the potential surface for the methane to form allyl and methyl radicals is key to explaining
cyclopentadienyl dissociation system, which included the pro- autocatalysis in methane pyrolysis; the cyclopentadiene chain-
pargyl + acetylene channél. They found the barrier for the  branching reaction accounts for only 25% of radical production
ring closure to be only slightly more than that for an unstrained after 2450 s (the endpoint of model integration, wh¥égg, =
ring closure, such as that forming cycloperi§/in addition, 0.0055). Cumulatively, reverse disproportionations seem to be
Knyazev and Slagf@ found strong experimental evidence for quite important and account for more than half of the radical

l
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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

500

ation reactions, compared to radical production from all other reactions terms of agreement with data.
except methane dissociation, which produces radicals at a constant 1.3

x 10% mol (cr? s) L. . 16.] h—amn
production during the induction period leading to the autocata- & 14 CHy +CiH; ==
lytic regime (see Figure 9). e 124 S

To predict the reverse disproportionation rate constants, § 109 o m
XMG-PDep uses thermodynamic reversibility and the single > 8 f ) L
disproportionation rule in Table 4, as given by Dafinin = e T ~/ T 7
general, disproportionation reactions are not well-studied ex- @ 4] CH; +CHg == CpHs + CHy
perimentally or theoretically, but the Dahm rate rule could be S 2] -mmmm CH; + CH; == CyHg
considered somewhat high. Tsang's refiewsuggests a rate 2 o S
constant of 3.3x 10! cm?® (mol s) %, compared to the Dahm % 2]
rate rule of 1.0x 10' for the reverse of the key molecular E 4] N
addition: S 5 .

7 1500 2000 2500
/c + CH4 === /\. + CH3 ® Time (sec)

Figure 11. Normalized sensitivity coefficients for ethane formation
Using Tsang’s recommendation for this reaction has little effect in the autocatalysis regime. Reactions are written in the direction of
on the predicted ethane concentration, however, lowering it by M€t flux at 2450 s. Because the thermochemistry is fixed, increasing a
less than 15% in the autocatalytic regime. The effects on the rate constant forward also increases its reverse. The “noise” in the curves
. - 90 e is a consequence of solving the sensitivity equations with a loose
othelrI measured species mentioned in Figure8 dre similarly tolerance and is not physically significant.
small.
In addition, Dahm'’s “fast” rate rule is within the range of
disproportionation rate constants suggested by the Allara and 5.1.2. Sensitity and Rate-of-Production/Consumption Analy-
Shaw table$? these authors gave estimates in the range of 1.6 sis. Normalized sensitivities from the SENKIN progréhfor
x 101-2.0 x 10% cm® (mol sy per H atom for the ethane are presented in Figure 11. Because these sensitivities
disproportionation of small alkyl radicals with each other. were computed using reversible reactions and fixed thermo-
Disproportionations in which the H atom is the abstractor can chemistry, both the forward and reverse rate constants are varied
be higher by an order of magnitude, so it is not clear that Dahm’s simultaneously. Since conversion of methane is quite low,
rule is necessarily too fast, if one is applying a general rule for methane dissociation dominates the sensitivities. Unimolecular
all disproportionations. ethane decomposition to methyl radicals has the strongest
Significant radical production via reverse disproportionation negative influence. The reverse disproportionation of methyl
is not merely a consequence of the Dahm rate rule. Reducingand allyl radical appears again in this analysis. The pressure-
the rate constant by a factor of 3 for the top five reverse dependent addition of methyl radical to ethylene, to form
disproportionation reactions has the effect shown in Figure 10 propene ad a H atom, seems to be a key step, as is the pressure-
on predicted ethane concentration. The autocatalytic effect is dependent beta-scission of propyl radical. In fact, of the four
still present, although it is clearly weaker with the reduced rate. reactions with significant positive sensitivities, three “produce”
Thus, while Dahm’s rule may be primitive, the computer- an allyl radical or propene (the disproportionation reaction net
generated mechanism suggests that, as a class, reverse disprfiux is toward allyl and CH). This suggests that allyl or propene
portionations are critical to explaining the radical production formation could be rate-limiting for the onset of autocatalysis,
that leads to methane autocatalysis at lower temperatures.  as signified by the end of the “plateau” in ethane concentration.
This work is the first to suggest the specific importance of A relative rate-of-consumption analysis supports the idea of
reverse disproportionations to methane autocatalysis. An earlierpropene or allyl-radical formation being generally rate-limiting
mechanism did include a few of these reacti¥h&ack and in the autocatalytic regime, as suggested by Figure 12. Propene
Back suggested broadly that “bimolecular reactions of unsat- and the allyl radical are entrance points to “loop” pathways with
urates” could contribute to autocataly$tsBut in other cases,  significant chain branching and methane consumption. First,
no reverse disproportionations were included (see, for example,more than half of the propene at 2450 s forms allyl radicals.
ref 18), and these reactions were once assumed to be too slowl'he majority (65%) of the allyl will form propyne or allene by
to be of importancé’ direct beta-scission, or by a pressure-dependent H-shift
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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 thaothistisady-state picture

but instead represents predicted fluxes in the autocatalytic regime.

followed by beta-scission. Propyne and allene are rapidly affect on the predicted allene concentration and the predicted
equilibrated via the isomerizations through cyclopropene, as ethane concentration (as Figure 11 would imply, in that beta-
studied by Davis? so that propyne in excess of equilbrium scission of an allyl radical does not seem to be a sensitive
quickly becomes allene. reaction). A possible explanation lies in Figure 12 itself:
Next, some of the allene undergoes reverse disproportionationdecreased allene formation by direct allyl beta-scission simply
with methane to re-form allyl radicals. This process forms means that more allyl radical converts to propyne, which then
radicals, so that the reaction “loop” from allyl to allene, followed finds its way to allene. This explanation is only tentative,
by the chain-branching conversion of methane to methyl, is a however, because the barriers for the pressure-dependent H-shift

powerful acceleration mechanism. and beta-scission steps that convert the allyl radical to propyne
Much of the remaining allene will undergo reverse dispro- and a H atom are also uncertain.
portionation with propyne to give a propargyl radical. In all, 5.1.3. Adding Allene or Propene to Methane Pyroly$ise

more than two-thirds of the allene participates in chain-branching comprehensive picture in Figure 12 might lead one to conclude
reverse disproportionation of some type. The great majority of that adding a very small amount of propene or allene to methane
the propargyl abstracts hydrogen from £Hl re-form propyne, at the start of pyrolysis, under the conditions of Chen, Back,
which is equilibrated with allene, closing the outer loop. and Back, could have a strong effect on the results. Figure 13
Finally, some of the propargyl combines with acetylene to shows that this is partially true. The addition of propene or allene
form the cyclopentadienyl radical via reaction 7. The cyclo- at a very small concentration (a mole fraction of %Q1075)
pentadienyl loop in Figure 12 represents a second chain-would seemingly boost the concentration of ethane in the
branching system, because cyclopentadienyl recombination withautocatalytic regime by40%—50%. The addition of the same
a H atom is not significant under these conditions. Most

cyclopentadienyl will abstra@ H atom from methane, forming © 501 ___ AMethane ]

cyclopentadiene. Almost all of this cyclopentadiene eventually 3 - - -0.001% Allene M

undergoes a chain-branching dissociation or reverse dispropor- 5 401 - ggglj E{ﬁpe”e ,'

tionation to re-form cyclopentadienyl (the combination of S 304 PrhEhane

reaction 3 and its reverse is actually a net cyclopentadiene i

producer, because of the high concentration of methane). Figure 2 2.0

8 would suggest that the cyclopentadienyl and aheailyl loops =

are, roughly, equally important in explaining methane autoca- T 1.0 :

talysis, although the relative significance of the cyclopentadienyl © ;

system grows as the methane conversion increases. 0 500 1000 1500 2000 2500
Figure 12 implies that allyl decomposition to allene and a H Time (sec)

atom could be quite important. In XMG-PDep, the barrier for Figure 13. Predicted response of the ethane product in methane
allyl radical beta-scission is calculated from the reverse of the pyrolysis to the addition of very small amounts of allene, propene, or

library pgrarsrg)eters for hydrogen addition to allene to form the gihane at the beginning of the Chen et al. experiments. Note that the
allyl radical>® We find that increasing the barrier by 2 kcal/  addition of almost any small amount of alkane or alkene will have a
mol in the relevant pressure-dependent networks has only a wealpromotional effect.
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amount of ethane, however, has a similar (although diminished) increases by a factor of 2 at 2500 s, but no data are available in
effect, probably because the ethane will convert to a methyl this range. Generally, the results of Figures34are not seriously
radical and/or ethylene, which, together, readily form propene. perturbed and are largely unchanged in the regions where data
In fact, almostany stable alkane, alkene, or alkyne could form are available. The broad effect of autocatalysis is still clearly
the ubiquitous allyl or propargyl radicals in just a few steps present.
under these conditions, providing an alternate entry point to these It may seem odd that allene, which is so important in Figures
radicals in Figure 12. Indeed, we find that adding any one of 11—13, could be halved in concentration, with other species
many stable species of the mechanism (acetylene, 1-butyne profiles unchanged or somewhat increased. The likely explana-
2-butyne, 1,2 butadiene, 1-methyl-1,3-cyclopentadiene), in a tion is that many species can perform the role of allene in Figure
very small concentration, has an effect similar to that for propene 12. In particular, fulvene (which is a key product of the
or allene in Figure 13. Exceptions include hydrogen gas and propargyl+ propargyl recombination) undergoes reverse dis-
benzene, which have no effect at the low mole fraction .0  proportionation to form resonantly stabilized radicals; the
1075 and the low conversions of this work. This result is importance of fulvene is already implied by Figure 11. Probably,
expected, because hydrogen and benzene do not have facilefulvene makes up the chain-branching deficiency left by depleted
rapid routes to allyl or propargyl radicals in our model. allene in this hand-adjusted mechanism, so that other species
Although small, the difference between the effects of concentrations remain unaffected. In any case, the mechanism
incremental amounts of ethane, benzene, and allene at leasts likely more accurate with the propargyl propargyl system
suggest simple experiments to examine whether an incrementaincluded.
amount of allene would have a more pronounced effect on 5.3. CH; Pyrolysis under Other Conditions. Chen et al.
methane pyrolysis than the same amount of ethane. Such arexamined other conditions near 1038 K and 0.58 atm, although
experiment would be a helpful test of our mechanism’s accuracy. they reported specific pressures for only a few of these
5.2. Allene Concentration.As noted earlier, Figure 7 shows ~€xperiments. We successfully applied our mechanism generator
some discrepancy between the predicted and measured allen their 1038 K/0.13 atm and 1103 K/0.59 atm cases, using the

concentrations. There is only one data set for allene concentra-Same reaction familes, rate rules, rate-constant library, and
tion under the conditions of Chen et &l.;despite many thermodynamic library as for the main example at 1038 K/0.58

experiments and reviews on methane pyrolysis by these atm. The mechanisms generated at these conditions are available
researcher¥-17.66-68 the allene measurement was never re- from the authors; in both cases, the autogenerated models
peated. This seems odd, because in Figure 4 of the work bycaptured the measured species cpncgntrations W(_all, \{vithout
Chen et al allene is the only measured species that seems to@djustment of any parameters, validating the algorithmic ap-
plateauafter the autocatalytic regime has set in. Such behavior Proach and data used for the main case.
should mark it as a species of interest. For various reasons, our 9-3.1. Conditions of 1038 K and 0.13 atfigures 14 and
mechanism generator was halted at the methane conversiont> respectively show predicted results from the generated
specified above, and thus the generated mechanism could notMechanism for ethane and ethylene concentration against
technically, predict whether allene would plateau after 2500 s, measured data at 1038 K and 0.13 atm. Agreement of the
as the Chen, Back, and Back figure implied. However, integrat- Predicted concentrations with experimental data is good,
ing our mechanism beyond this endpoint of generation did comparable to that found in the pre-autocatalytic region of
predict a plateau in the allene concentration. Figures 2 and 4 (thg-axis scales in I_:igu_res 14 and 15 are
Assuming that the measured allene profile represented rea/9reatly expanded, compared to those in Figures 2 and 4, which

behavior, we attempted to correct our model prediction by span much_—larger con_centration ranges in order to show the
adding a version of the propargyt propargyl pressure- autocatalysis .at later .tlmes). ) .

dependent reaction network, as studied by Miller and Méflus. B_ecause this exp_erlment did not proceed to the autocatalytic
Itis believed that, via a chemically activated, pressure-dependent’©9ime, the mechanism generated for 1038 K and 0.13 atm turns

network, propargy! radicals may combine to form benzene and out to be a su.bset of that generated at 1_038 K and 0.58 atm.
fulvene, as well as the direct recombination isomers. Unfortu- NO néw chemical pathways appear at this lower pressure. In
nately, XMG-PDep cannot handle reactions through diradical fact, for the pre-auto_catalyﬂc region, the concentrations of the
intermediates and did not have the reaction families which would tWO measured species are strongly dependent on the rates of
represent some of the unusual isomerizations that occur in the®Nly & few reactions:

propargyl+ propargyl network. Thus, the mechanism generator

could not have found this system “on its own”. CH,=CH; +H
Therefore, we used hand-constructed CHEMDIS input files CH, + C,Hg = CH, + C,H,

(provided by H.-H. Carstensé&h representing the head-to-head,

head-to-tail, and tail-to-tail chemical activation channels for this CH; + CH; = CH,

system, based on the surface described in the work of Miller
and Melius®® The resultant net reactions were added to the The rates and thermochemistry for these three pathways (two
generated CHEMKIN mechanism. This lead to a marked of which are pressure-dependent) are drawn from the reaction
improvement in the allene prediction, as compared with the rate library and thermodynamic data library. Only a few
experimental result, as Figure 7 shows. reactions control behavior in the pre-autocatalytic regime;
The addition of the propargyt propargyl system weakly  therefore, it is no surprise that the reactions found by the
affects other species concentration predictions in Figure® 4  generator for the 0.13 atm experiment are a subset of those found
in the regimes where experimental data are available. Thefor the 0.58 atm case.
predicted ethane concentration increases-#9p% at 2400 s, 5.3.2. Conditions of 1103 K and 0.59 atithe Chen et al.
putting it just above the highest data point in Figure 2; other experiment at 1103 K and 0.59 atm produced carbon film
species profiles increase by 16%0% in the autocatalytic ~ deposits soon after the onset of autocatalysis (aft225 s).
regime. The predicted concentration of hydrogen in Figure 3 XMG-PDep does not treat surface chemistry; furthermore, the
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Figure 14. XMG-PDep generated mechanism prediction for ethane Figure 17. Predicted and experimental ethylene concentration at 1103
mole fraction versus time at 1038 K and 0.13 atm. Symbols are data K and 0.592 atm.

from Chen et al? Compare this figure with Figure 2 (1038 K and
0.58 atm) but note that theaxis scale in this graph is 10 times larger
than that in Figure 2; these data are in the pre-autocatalytic regime.
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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 $haxis scale is
expanded by a factor of 1000 in this figure.

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 ChJ.
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Figure 18. Predicted and experimental acetylene concentration at 1103
K and 0.592 atm.

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:

/‘—=/.+H
/\ /+CH3

\

()

— .
—_—

(10)

Figure 16 presents the generated model’'s predicted ethane
concentration, along with experimental data at 1103 K and 0.59 At the same time, many of the secondary reverse dispropor-
atm. The generated mechanism once again captures the autodonation pathways (examples of which are shown in Figure 8)

catalytic effect well, with an accuracy similar to that in Figure
2. Figures 17 and 18 respectively show our results for the

become less significant to net radical production at 1103 K.
The 1038 K/0.13 atm and 1103 K/0.59 atm conditions are

ethylene and acetylene concentrations; agreement with thequite similar, from a chemical kinetics standpoint, to the main
experiment is good, although the generated model overpredictscase studied here; thus, the success of the mechanism generator

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 cyclopentadienytanH atom (reaction
2) is still the most important chain-branching reaction in the

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 AdditionFigures 16-12 suggest the

autocatalytic region, followed by allene and methane reverse need for more accurate disproportionation rate constants. The

disproportionation (reaction 8). The fulvenallene reverse
disproportionation of Figure 8 is also important at 1103 K. The

accuracy of the mechanism depends, in part, on the rate of
methyl + allyl disproportionation and its reverse, which has

generator does find a few more triple-bonded species at thenot yet been successfully measufethlthough ethyl+- allyl

higher temperature, but all the reactions important to autoca-

talysis appear in both mechanisms.
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Figure 16. Predicted and experimental ethane concentration for the
Chen et al. experiment at 1103 K and 0.592 &tXMG-PDep captures

disproportionation has been measufédijth the recommended
rate constant being almost exactly equal to the Dahnf3ule
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 Systenis 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 propargylpropargyl 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.

the autocatalytic effect under these conditions also, using the same datd-inally, ene reactions, concerted eliminations, 1,3 and 1,4

libraries as those used for the main example presented.

intraradical additions, and retro-Diel#\lder reactions are
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among the families not considered in this work; extension of Division of Chemical Sciences, Office of Basic Energy Sciences,

this mechanism may need to include such families. Office of Energy Research, U.S. Department of Energy, through
) Grant No. DE-FG02-98ER14914, and an NSF CAREER Award
6. Conclusions to W.H.G. (No. CTS-9875335).
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