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Abstract

We have taken existing experimental measurements of the chemical evolution of samples of CHy, subjected to photolysis at 123.6 and
147 nm. We have compared these measurements with the theoretical predictions of a photochemical box model using three different
reaction schemes with the ultimate aim of developing a scheme valid for all values of temperature, pressure and photolysis wavelength. The
laboratory results seem to have been influenced by an experimental wall effect leading to loss of H atoms. We propose a scheme of reactions
that seems the most robust under conditions of low temperatures and pressures, required for the modelling of planetary atmospheres, such as
that of Titan, and of the interstellar medium. It appears that there is still some uncertainty in the mechanism of production of C,H, under the
conditions of the two laboratory experiments studied. There is also a need to investigate the sensitivity of the results of such photochemical
schemes to the values of rate constants, absorption cross sections and quantum yields used. © 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

The gas-phase chemistry of simple hydrocarbons is com-
plex and still far from fully understood. In order to model
this chemistry, in environments as diverse as hydrocarbon
flames and the atmospheres of Jupiter [1], Saturn [2] and its
largest satellite, Titan [3-6], we require kinetic data for a
large number of reactions [7—12]. On account of the diffi-
culty of determining this data in the laboratory, particularly
under the conditions of pressure and temperature required
for these models, many rate constants are poorly known or
have yet to be determined. In addition, measurements of the
products and quantum yields for hydrocarbon photolyses are
also scarce.

In order to better constrain these data, and hence increase
our understanding of hydrocarbon chemistry, we must assess
how well the data currently available can explain the experi-
mental observations of the behaviour of non-trivial systems.
Therefore, we have compared the results of CH, photolyses
performed in the laboratory at 123.6 nm [13] and 147 nm
[14] with the predictions of a theoretical box model. We
have adapted two existing photochemical schemes [4,5] to
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the temperatures, pressures and photolysis wavelengths of
these two laboratory experiments. We have also judiciously
constructed, using the most recent chemical literature, our
own scheme containing the photolysis of 10 compounds and
72 subsequent radical reactions. The three schemes are
compared in Appendix A. The most obvious difference
between our scheme and the two existing ones is the
description of CH, dissociation; we take the quantum yields
from Smith and Raulin [15], while Yung et al. and Toublanc
et al. took the values of Slanger [16]. There are also many
minor differences between the schemes that arise from the
uncertainties in the kinetic data used. The markedly different
behaviour we have found for these three models has led us to
investigate the propagation of imprecisions in the kinetic
data to the model results. This will be described in a
subsequent paper.

2. Experimental data

Hellner irradiated 10 Torr of CH, at 123.6 nm by use of a
Kr lamp. The methane sample was placed in a Pyrex bulb of
700 cm? volume. The flux of photons traversing the Kr lamp
MgF, window was determined by NO actinometry, to be
5 x 10" photons s~ '. Experiments were carried out at room
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temperature (300 K) and liquid nitrogen temperature (77 K)
for varying irradiation times up to 60 min, and the resulting
gas mixture was analysed by gas chromatography. In this
way, the concentrations of C,H,, C,H,, CoHg, C3Hg and
C53Hg were quantified after 5, 10, 15, 20, 30 and 60 min of
photolysis.

Bossard performed similar experiments at 147 nm using a
Xe lamp. The Pyrex sample cell used was cylindrical in
shape with a volume of 500 cm® and a length of 35 cm. The
number of photons passing through the MgF, window of the
Xe lamp was calculated by CO, actinometry, assuming a
quantum yield of 1 for conversion to CO. Experiments were
carried out, at room temperature, for CH,4 pressures of 6 Torr
(eight different irradiation times, up to ca. 20 min) and
9 Torr (four different times, up to 60 min). The evolution
of C,H,, C,H,;, C,H¢ and C;Hg concentrations was
recorded, also by gas chromatography.

3. Photochemical model

We have used our three chemical schemes in the FACSI-
MILE chemical reaction modeller [17], to simulate the two
laboratory experiments of Hellner and Bossard outlined
above. We have considered species up to C4H, with any
heavier molecules produced being removed in the form of
polyyne species (C,,H,) or soot and no longer participating
in the model.

3.1. Photolysis rates

The photolysis rate of species, i, is described in terms of

its concentration, C;, as

—dcC:

TI =J i X C[
where J; is the photodissociation coefficient for species i, in
units of s~'. Under the laboratory conditions of Hellner and
Bossard, the amount of radiation absorbed by the sample is
not always small compared to the total flux. Therefore, we
cannot calculate J; simply, at a given wavelength, as

Ji=®; xo; x1

where ®; is the total primary quantum yield of dissociation
of species i (®; < 1), o; the absorption cross section, and /
the flux of the light source in photons cm ™2 s~ '. We have to
calculate J; as follows:

The actinometry measurements performed by the authors
give the total number of photons emitted by the lamp that
enter the cell, I(in). We can calculate, from the Beer—
Lambert Law, the number of photons absorbed by the
sample, I(abs), as

I(abs) = I(in) — I(out) = I(in)
x (1 —exp(— Zai x C; x L))
where L is the optical path length through the cell. If the cell

contains only one absorbing species, we can write that
—d¢Gi B, x I(abs)
dr Vv
where V is the volume of the cell. If the cell contains more
than one absorber, then we must also add a term f;, the
fraction of the photons absorbed by the mixture which is
absorbed by species i. We can simply define this factor as
o; X Ci
fi= e
Z(O’ i X C,)
Therefore, we can equate the two expressions for —dC;/d¢
and calculate J; to be
_ ®; x I(abs) x f;
T (C, X V)
This is an ‘effective’ J; that can be used in the dimensionless
box model, but which takes into account the transmission of
the radiation through the sample. The values of ¢; and @; at
123.6 and 147 nm are listed in Appendix A. We note that no
accurate experimental value for the very small absorption

cross section of CH, at 147 nm exists, hence we assume a
value of 1 x 107%° cm? [18].

3.2. Thermal reaction rates

For a bimolecular reaction between two species i and j, we

define the rate as
—dC;
dr

where k;; is the bimolecular rate constant, in cm’ sl
defined for each reaction in the photochemical scheme.
However, some of the reactions require a collision with a
third body in order to stabilise the product. In these cases, we
define an effective bimolecular rate constant as

k()Xkoc X M

o koo + (k() X M )
where kg (cm6 sfl) and k. (cm3 sfl) are, respectively, the
rate coefficients in the low and high pressure limits and M
(molecules cm ) is the concentration of collision partners,
assumed to be equal to the total number density.

Values for k, ko and k., are given in Appendix A. We first
took the recommended values quoted in review articles [7—
9], when such values existed. Otherwise, we took well-
trusted laboratory data, when available. However, for some
reactions, no data exists and we have had to estimate the rate
constants by comparison with other chemically similar
reactions.

:k,'l,'XC,'XCj

4. Results and discussion
4.1. CH4 photolysis at 123.6 nm
We have modelled this experiment, for an initial pressure

of 10 Torr of CH4 (3.2 x 10'7 molecules cm ™) at two
different temperatures, namely 300 K and 77 K. The results
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Fig. 1. Comparison of Hellner’s results at 300 K (with error bars) with the photochemical schemes of Yung, Toublanc and our own model.

are shown in Figs. 1 and 2, respectively. The indicated error
bars of 40% shown in the experimental results are those
estimated by the author [13], and arise from uncertainties in
the flux of the Kr lamp used and the quantitative analysis by
gas chromatography. Even considering these experimental
uncertainties, we can clearly see some strong disagreements
between these results and the predictions of the different box
models.

Our models that use the schemes of Yung and Toublanc
manage to reproduce the observed evolutions at 300 K fairly
well for all but C,H,, but are much less satisfactory at 77 K.
In addition, they both predict concentrations of C3H,4 (both
isomers) significantly higher than those of C;Hg and C,H, at
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both temperatures. The gas-chromatography technique, used
by Hellner to quantify the hydrocarbon products, should
have a similar sensitivity to all C; hydrocarbons. Unless
C5H,4 was co-eluted in the chromatographic conditions used
by Hellner, its concentration was much lower than those of
the other C; hydrocarbons. This raises doubts about the
accuracy of the chemical schemes used in these two models,
particularly with respect to C3 compounds. A comparison of
C;H, concentrations predicted by the three chemical
schemes is shown in Table 1.

On the other hand, our photochemical scheme gives, by
far, the poorest agreement with the experimental data at
300 K, particularly for C,H4 and Cs3Hg, but it fits the
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Fig. 2. Comparison of Hellner’s results at 77 K (with error bars) with the photochemical schemes of Yung, Toublanc and our own model.

experimental data at 77 K remarkably well. This is surpris-
ing, as the kinetic rate constants that we have used have
usually been determined at, or above, room temperature. We
would, therefore, expect the model to be more trustworthy at
300 K than at 77 K, when extrapolation of rate constant
values is necessary. Also, our model successfully predicts
the low concentrations of C3H, isomers, coherent with their
non-detection in the experiment. However, to understand the
differences between the three models at 300 K, and at 77 K,
we shall look in more detail at the differences in the
chemical schemes employed.

At 123.6 nm, the absorption cross sections of all major
species in the mixture are of comparable magnitude, and

hence, even after 60 min, more than 95% of the radiation
absorbed leads to dissociation of CHy, due to its much larger
concentration. Hence, the radicals CHj, lCHQ, 3CH2, CH,
and H must play important roles in each model. In all the
three chemical schemes, the production of CH is a minor
process, and any 'CH, produced is rapidly converted to CH;
or °CH, through interaction with CH,. We also find that the
concentration of CHj is similar in all three models, and, as
its principal loss is through self-recombination, this explains
the similar forms for the C,Hg curves.

Therefore, the concentrations of the species C,H,, C;Hy
and C3Hg are principally controlled by reactions involving
either >CH, or H. Our scheme produces considerably more
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Table 1
Comparison of predicted C3H, concentrations
Time Yung scheme Toublanc scheme This work
(min)

CH;C,H CH,CCH, CH;C,H CH,CCH, CH;C,H CH,CCH,
123.6 nm
2 3.9 x 10" 2.7 x 108 42 % 102 7.0 x 10'? 1.0 x 10° 1.0 x 10°
20 47 x 10" 1.7 x 10 8.6 x 10" 5.0 x 10" 3.4 % 10° 3.4 % 10°
60 1.5 x 10" 3.6 x 10 3.8 x 10" 1.4 x 10 1.1 x 10'° 1.2 x 10
147 nm
2 1.6 x 10" 12 x 10" 3.5 x 10'? 7.2 x 10'? 2.6 x 10'° 3.2 x 10'°
20 2.1 x 10" 1.7 x 10' 1.4 x 10 1.0 x 10' 5.9 x 10'? 5.2 x 10"
60 3.3 x 10 2.5 % 10" 3.4 x 10" 2.0 x 10" 1.2 x 10 1.1 x 10

atomic hydrogen, due to our choice of CH, dissociation
quantum yields, and at 300 K, there is ca. 100 times more H
in our model than in the others. Thus, both C,H, and C,H,4
react principally with H, while in the models of Yung and
Toublanc, their reactions with > CH, are more important. As
our model agrees well with the data at 77 K and in predicting
low concentrations of C3;H, isomers, we have tried to
identify why our fit is poor at 300 K. We have, therefore,
adapted our standard model in three ways to make models A,
B and C, which are described below. The concentrations
calculated by models A, B and C, and our standard model,
are compared to the experimental results of Hellner at
300 K, in Fig. 3. All species show significant variations
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between the different models, except C,Hq which varies
little and thus is not shown.

4.1.1. Model A

As our standard model underestimates the concentration
of C,H,, we assume that the principal loss of this species,
through reaction with H atoms, has been overestimated. In
model A we have reduced the C,H, + H rate constant by a
factor of 100 and it fits the experimental data remarkably
well, except for C,H, (see Fig. 3). To explain the C,H,
concentration, we would need to decrease the rate of
C,H, + H, also by a factor of ca. 100. In a recent review
[8], the rate constants for C,H, + H and C,H, + H were
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Fig. 3. Comparison of our models A, B and C (see text for details) with our standard model and the experimental data of Hellner (with error bars).
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both considered to be accurate, at 300 K, to within about a
factor of two. Therefore, it is more probable that our
standard model simply overestimates the concentration of
H atoms by two orders of magnitude. This implies that either
the H atom production is too great or that H atom loss
processes are missing.

4.1.2. Model B

Here, we assume that our standard model overpredicts the
production of H atoms. The principal source of H atoms is
the direct photolysis of CHy, with a quantum yield of 0.47. In
model B, as in the models of Yung and Toublanc, we have
defined 'CH, + H, as the only product branch available at
123.6 nm, thus reducing the quantum yield of H atoms to
zero. Such a scheme for CH4 photolysis would be more
coherent with early studies of this process at 123.6 nm, that
determined a ratio of primary production of 'CH,/CH; of 5.7
[19]. The influence of changing the details of CH,4 photolysis
is highlighted by comparing the results of Model B with our
standard model. Model B fits the observations of C,H, and
C,H, well, but can not explain the evolutions of C3Hg and
C3Hg.

In any case, the quantum yield of H atom production in the
photolysis of CH4 has been measured directly at 121.6 nm as
(0.47 £0.11) [20], and recent measurements have shown
that the formation of CHj3 is an important process at this
wavelength [21]. Although the quantum yields are likely to

1.0E+16

CH;

1.0E+15 + i

1.0E+14 +

change somewhat as a function of wavelength, it is unlikely
that the production of H atoms would drop significantly over
only 2 nm.

4.1.3. Model C

Thus, we have investigated whether there may be a loss
mechanism for H atoms missing from our standard model. In
Model C, we have simply added a removal term for H atoms
of 40 s, corresponding to an experimental wall effect. It is
quite likely that there were some wall effects in the experi-
ment of Hellner, and including a simple description of this in
our model does improve somewhat on our standard model.
But model C does not explain the observations as well as
Models A and B. However, a slightly slower rate of removal
of H atoms would improve the overall fit with the data for all
compounds except C,H,.

Therefore, it seems that, at 300 K, the changes made
in the three models A, B and C all improve our standard
model, although no one among them is sufficient to ex-
plain all the experimental data. At 77 K, there is little
difference between the H concentrations in the models
based on the schemes of Yung, Toublanc and ours. In
addition, the H atom plays a much less important role as
the rate constants for Co,H4 + H and C,H, + H are much
smaller. So, the three changes made in Models A, B and C
at 300 K have little impact on the concentration profiles
calculated at 77 K.
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Fig. 4. Comparison of Bossard’s results at 300 K (with error bars) with the photochemical schemes of Yung, Toublanc and our own model.
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Our chemical scheme appears to describe the direct
photolysis of CH4 well, except for perhaps overpredicting
the concentration of H atoms. On account of the three-body
nature and temperature dependence of many reactions of H
atoms, this overestimation of the concentration of H atoms
appears unimportant at low temperatures and, more impor-
tantly, at low pressures. Although we need to further refine
our scheme to reproduce all of the laboratory results
above, our chemical scheme can be used, with confidence,
to model methane photochemistry in cold or low pressure
environments such as the atmosphere of Titan or interstellar
clouds.

4.2. CH4 photolysis at 147 nm

The photolysis of 9 Torr of CH, at 147 nm has been
recently modelled by Dobrijevic [18]. He concluded that
the chemical scheme of Toublanc explained Bossard’s
experimental results well for the C, species, but greatly
overpredicted the quantities of C3H,4, C3Hg and C4H,. We
have also modelled this room-temperature experiment,
using the chemical schemes of Yung, Toublanc and our
own standard model. Bossard performed experiments at 6
and 9 Torr, and we have assumed that the same mechanisms
operate at the two pressures. Thus, we have simply multi-
plied his concentrations at 6 Torr by a factor of 1.5 to create a
composite data set, which is compared to our model results
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in Fig. 4. As no error bars were published with the experi-
mental data, we have again assumed an uncertainty of 40%,
as for Hellner’s results, as both used gas chromatography for
product quantification.

Similar to the photolysis at 123.6 nm, the models of Yung
and Toublanc fit the data for C,H, better than our model and
all three models fail to reproduce the C,H, evolution. Our
results agree with the conclusion of Dobrijevic, that the
chemical scheme of Toublanc gives, overall, a good agree-
ment with the experimental data of Bossard for C,H, and
C,Hg. We must also agree that this model, as well as that of
Yung, predict very large amounts of C3H, isomers, second in
concentration only to C,Hg, while Bossard only detected
very small quantities, perhaps a concentration ten times
lower than that of C3Hg. Our model can explain this obser-
vation, and a comparison of C3H, concentrations for the
three different chemical schemes is shown in Table 1.

At 147 nm, methane only absorbs very weakly, and we
have assumed an absorption cross section of 1 x 107%° cm?,
as did Dobrijevic. This means that more strongly absorbing
species, once produced, will also be photolysed, leading to a
much more complicated series of chemical transformations.
Only a fraction of the photons are absorbed by the mixture,
and although CHj starts as the main absorbing species, after
20 min most photons lead to dissociation of C,H,. This
produces the radicals Co,H or C,, both of which can react
with CH, to reform C,H,, which can be said to catalyse the
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Fig. 5. Comparison of our models A, B and C (see text for details) with our standard model and the experimental data of Bossard (with error bars).
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dissociation of CH,4 [22,23]. In the photolysis at 147 nm,
both direct and C,H,-catalysed dissociation of CH4 are in
competition and, after 60 min of irradiation, the integrated
rates for these two processes are, respectively, 1.44 and
149 x 10 em s,

We have also adapted our models A, B and C, as described
above, to the experimental conditions of Bossard’s 147 nm
photolysis experiment, and we compare the results of our
models with the experimental data in Fig. 5. The assum-
ption of model A, that the rate constant of C,H, + H is
100 times smaller than the literature value is highly un-
likely. A lower value for this rate constant diminishes the
formation of C,H; radicals, which, by recombination with
CHj;, are the most important source of C3Hg. Model A fails
to explain the C3Hg evolution observed experimentally.
Both, models B and C slightly improve our fit with the
experimental data, but it is difficult to distinguish which is
most likely the real case. As the quantum yield of H
production has only been measured at 121.6 nm and is likely
to vary as a function of wavelength, it may be significantly
different, and even zero as assumed in model B, at 147 nm.
On the other hand, loss of H atoms on the walls of the
experimental reaction chamber is likely and explains the
results equally well.

5. Conclusion

In summary, although our model has trouble reproducing
the results of the 123.6 nm photolysis of CH,4 at 300 K, it
appears fairly trustworthy under conditions of low tempera-
ture, low pressure and photolysis at 147 nm. In addition, it is
the first photochemical scheme that can explain the low
levels of C3H, isomers formed in all these experiments.
There is a reasonable possibility that the experiments we
have performed suffered from some H loss processes on the
reaction cell walls, as the fit between model and experiment
improves when such a process is included in our model. As
the two experiments we have investigated were performed in
different reactors with different surface areas, it is unlikely

Table A.1. Absorption cross sections

that the H loss rate through wall effects would be the same.
From our modelling it seems as though the H atom loss rate
in Hellner’s experiments was slightly less than 40 s, while
in Bossard’s experiments, it was somewhat greater than
40 s'. If we assume that this wall effect is the main cause
of the discrepancy between the model and the two sets of
experimental data, our models still underestimate the con-
centrations of C,H,. If there is adsorption of H atoms, we
may also expect adsorption of other radicals. Perhaps
including such heterogeneous losses in our model would
further improve our fit to the experimental data. However, in
these systems only CH; and C,Hj5 radicals have concentra-
tions comparable to H atoms and could possibly have
equally significant wall effects. It is unlikely that a change
in concentration of either of these radicals would strongly
influence the concentration of C,H,. This suggests that there
may be some production mechanism for this compound that
is missing from our chemical scheme, or a loss mechanism
that is overestimated.

The fact that the hypothesis of Model B improves the
agreement between our theoretical calculations and the
experimental results of Hellner and Bossard highlights the
need for measurements of the photolysis parameters of CH,.
Accurate information on both the absorption cross section
and quantum yields of this compound are required as a
function of wavelength and of temperature [15]. With this
data our comparison between model and experiment for the
photolysis of CHy at 123.6 and 147 nm could yield more
information about the possible presence of wall effects in
these experiments. In this way, we would be able to propose
a more robust chemical scheme, valid under any conditions
of temperature, pressure and photolysis wavelength. The
development of such a scheme is essential if we are to
construct reliable photochemical models of the atmospheres
of the giant planets, Titan and the interstellar medium.

Appendix A. Details of kinetic data used

Comparison of the three schemes

Photolysis Abs cx (123.6 nm) Abs cx (147 nm) Refs
CH, 1.93E-17 1.00E-20 [18,19]
C,H, 7.31E-18 2.15E-17 [24]
C,H, 2.96E-17 1.60E-17 [25]
C,Hg 2.15E-17 1.40E-18 [19]
CH;C,H (MA) 7.31E-17 1.80E-17 [24]
CH,CCH, (ALL) 5.20E-17 2.60E-17 [26]
C;Hg 4.26E-17 2.20E-17 [27]
C;3Hg 3.33E-17 6.10E-18 [19]
C,H, 2.63E-17 2.60E-17 [28]
C,H,4 2.63E-17 2.60E-17 assumed same values as C4H,

In the absence of data, the absorption cross section of C4H, was assumed equal to that of C4H,.
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Photolysis P1 P2 P3 Toublanc Yung This work Refs.
CH, CH; H — — 0.41 [15]
1CH, H, 1.00 1.00 0.53
CH H, H — — 0.06
C,H, C,H H 0.30 0.06 0.30 [28]
C, H, 0.10 0.10 0.10
C,H, C,H, H, 0.5 10.5 10.50 [29]
C,H, H H 0.49 0.49 0.50
C,Hg C,H, H, 0.56 0.56 0.56 [30]
C,H4 H H 0.14 0.14 0.13
C,H, H, H, 0.27 0.27 0.29
CH, 1CH, 0.02 0.02 0.02
CH; CH; 0.01 0.01 —
CH;C,H (MA) C;3H; H 0.40 0.40 0.40 [31]
C;sH, H, 0.15 0.15 0.15
C,H CH; 0.02 0.02 —
CH,CCH, (ALL) Cs;H; H 0.40 0.40 0.89 [32]
CzH, H, 0.15 0.15 0.11
C,H, 3CH, 0.06 0.06 0.06
Cs3Hg ALL H H — — 0.23 [33,34]
ALL H, 0.57 0.57
MA H H — — 0.12
C,H; CH;3 — — 0.25
C,H, CH; H 0.34 0.34 —
C,H4 3CH, 0.02 0.02 0.05
C,H, CH,4 — — 0.05
C,H CH, H 0.05 0.05 —
C;Hg C;Hg H, 0.94 0.94 0.94 [4]
C,H4 CH,4 0.06 0.06 0.06
C,4H, C,H H 0.20 0.30 0.20 [35]
C,H, C, 0.10 — 0.10
C,H . C,H 0.03 0.30 0.03
CH,™ 0.67 — —
C,H, C,H, H, 1.00 1.00 1.00 Assumed

All quantum yields were assumed to be the same at 123.6 and 147 nm due to the absence of data as a function of wavelength.

The total quantum yield of C4H, was assumed to be 1.

Table A.3. Rate constants

Reaction R1 R2 P1 P2 Toublanc Yung This work  Refs.
R0O101 H H — H, 2.98E-15

RO1T12a H 3CH, — CH H, 2.01E-10 [8]
RO1T12b H 3CH, — CH; 4.69E-12

RO113 H CH; — CH,4 4.42E-11 1.18E-10 1.85E-11 [8]
RO121 H C,H — C,H, 7.86E-10

RO122 H CH, — C,H; 5.97E-14 3.42E-14 6.15E-14 [8]
R0O123 H C,H; — CH, H2 2.00E-11 1.50E-11 2.00E-11 [8]
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Table A.3. (Continued)

Reaction R1 R2 P1 P2 Toublanc Yung This work  Refs.
RO124 H C,H, — C,H; 4.34E-13 6.02E-13 4.37E-13 [8]
RO125 H C,H; — CH; CH; 5.21E-11 4.38E-11 6.00E-11 [8]
RO132 H C;H, — C;H; 1.78E-11 1.46E-10 1.00E-10 [36]
RO133a H CsH; — MA 1.78E-11 1.46E-10 2.50E-11 [36]
RO133b H CsH; — ALL 1.78E-11 1.46E-10 2.50E-11 [36]
RO1A34a H ALL — C,H, CH; 5.47E-15 5.47E-15

RO1A34b H ALL — C;H; 2.48E-13 2.48E-13 1.27E-13 see below
RO1A34x H ALL — MA H 2.74E-13 3.57E-13

RO1IM34a H MA — C,H, CH; 4.98E-14 4.98E-14

RO1M34b H MA — C;H; 4.98E-14 4.98E-14 1.27E-13 [37,38]
RO135a H C;H; — MA H, 3.30E-10 1.50E-11 1.50E-11 [8]
RO135b H C;H; — ALL H, 3.00E-11 1.50E-11 1.50E-11 [8]
RO135¢ H C;H; — C,H;3 CH; 1.82E-11 [8]
RO135d H C;H; — C,H, CH, 3.30E-10 1.50E-11

RO135e H C5H; — C3Hg 7.67E-12 7.67E-12

RO136 H C;Hg — C;H; 9.37E-13 9.37E-13 9.13E-13 [37]; see below
RO137 H CsH, — C,H; CH; 4.33E-28 4.38E-11 6.00E-11 see below
RO141 H C4H — C4H, 2.62E-10

RO142 H C,H, — C,H;3 2.69E-12 8.93E-14 [39]; see below
RO143a H C4H; — C4H, H, 1.20E-11 1.20E-11 1.20E-11 [4]
R0O143b H C4Hj; — C,H, C,H, 3.30E-12 3.30E-12 3.30E-12 [4]
RO143c H C,4H; — C,4H, 2.22E-10 3.30E-12 1.79E-11 [40]
R1102 CH H, — CH; 7.26E-13 [8]
R1114 CH CH, — C,Hy H 1.00E-10 9.74E-11 [8]
R1122 CH C,H, — Cs3H, H 4.29E-10 [8]
R1124 CH C,Hy — ALL/MA H 3.92E-10 [8]
R1126 CH C,Hg — C;Hg H 2.79E-10 [8]
R1138 CH C;Hg — SOOT H 4.23E-10 [8]
RS1202 ICH, H, — CH; H 1.20E-10 7.00E-12 1.20E-10 [8]
RS1214 ICH, CH,4 — CH; CH; 5.90E-11 1.90E-12 7.10E-11 [9]
RS1222 1CH, GC,H, — Cs3H; H 2.90E-10 [8]
RS1224 ICH, C,Hy4 — C;Hg 1.60E-10 [8]
RS1226 ICH, C;Hgq — C,H; CH; 1.90E-10 [9]
RTI12T12 3CH, 3CH, — C,H, H, 5.30E-11 5.30E-11 5.27E-11 [8]
RT1213 3CH, CH; — C,H, H 7.00E-11 7.00E-11 7.00E-11 [8]
RT1222a 3CH, GC;H, — MA 3.34E-16 2.20E-12 1.51E-16 [8]
RT1222b 3CH, GC;H, — ALL 5.80E-12 3.70E-12 1.51E-16 [8]
RT1223 3CH, C,H; — C,H, CH; 3.00E-11 [9]
RT1224 3CH, GC,H4 — C;H; H 7.47E-16 [8]
RT1225 3CH, C,H;s — C,H4 CH; 3.00E-11 [9]
RT1238 3CH, GC3Hg — C;H, CH; 1.22E-16 [41]
R1313 CH; CH; — C,Hg 5.49E-11 5.50E-11 5.93E-11 [8]
R1323a CH; C,H; — C,H, CHy4 3.40E-11 9.10E-12 6.50E-13 [9]
R1323b CH; C,H; — C;Hg 1.20E-10 9.10E-12 4.17E-11 [8]
R1325a CH; C,H; — C,H, CH,4 1.88E-12 8.73E-13 1.90E-12 [8]
R1325b CH; C,H; — C;Hg 2.16E-11 2.16E-11 5.60E-11 [8]
R1335a CH; C5H; — ALL CH, 6.50E-11 4.50E-12 3.50E-13 [8]
R1335b CH; C;H; — MA CH, 6.50E-11 4.50E-12

R1335¢ CH; C;H; — SOOT 3.39E-11 [8]
R1337a CH; C;H, — CsHg CH,4 3.06E-12 1.28E-12 5.60E-11 [37]; see below
R1337b CH; CsHy — SOOT 5.16E-11 2.16E-11

R2002 G H, — C,H H 1.32E-12 1.40E-12 1.32E-12 [42]
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Table A.3. (Continued)

Reaction R1 R2 P1 P2 Toublanc Yung This work  Refs.
R2014 C, CH, — C,H CH; 2.04E-11 1.90E-11 2.04E-11 [42]
R2102 C,H H, — C,H, H 1.38E-13 1.51E-13 4.76E-13 [8]
R2114 C,H CH,4 — C,H, CH; 1.30E-12 1.22E-12 3.00E-12 [8]

R2122 C,H C,H, — C,4H, H 1.38E-10 3.10E-11 1.50E-10 [8]

R2124 C,H C,H, — C4Hy, H 2.50E-11 2.00E-11 [9]

R2126 C,H C,Hg¢ — C,Hs C,H, 3.60E-11 6.50E-12 6.00E-12 [9]

R2138 C,H C;sHg — C;H, C,H, 6.00E-12 1.40E-11 7.88E-11 [43]
R2142 C,H C,H, — POLYYNES H 4.15E-11 3.10E-11 1.50E-10 [44]
R2302 C2H3 H2 — C2H4 H 9.83E-20

R2323a C,H; CyHj3 — C,H, C,H, 2.40E-11 5.30E-12 1.60E-12 [9]
R2323b C,H;C, H; — SOOT 1.20E-10 1.60E-11 [9]
R2325a C,H; C,Hjs — C,H, C,H, 3.00E-12 3.00E-12 8.00E-13 [9]
R2325b C,H; C,Hjs — C,Hg C,H, 6.00E-12 6.00E-12 8.00E-13 [9]
R2325¢ C,H; C,Hjs — SOOT 2.49E-11 [9]
R2525a C,Hs C,Hs — C,He¢ C,Hy 1.98E-12 1.26E-12 2.40E-12 [8]
R2525b C,Hs C,Hjs — SOOT 9.47E-12 9.47E-12 1.90E-11 [8]

R3333 C3;H; Cs3Hj — SOOT 1.17E-10 [45]
R3535a C3Hs Cs3Hjs — C;Hg ALL 1.55E-13 [8]
R3535b C3Hs Cs3Hs — SOOT 2.63E-11 [8]
R3737a Cs;H; GCs3Hy — Cs3Hg C5Hg 4.20E-12 [8]
R3737b Cs;H; GCs3Hy — SOOT 6.80E-12 [8]

R4102 CH H, — C4H, H 1.55E-13 4.76E-13 see below
R4114 CH CH,4 — C4H, CH; 4.35E-13 4.04E-13 3.00E-12 see below
R4122 C,H C,H, — POLYYNES H 4.57E-11 1.00E-11 1.50E-10 see below
R4124 C,H C,H,y — SOOT H 1.20E-11 2.00E-11 see below
R4126 C,H C,Hg — C4H, C,H; 1.20E-11 2.20E-12 6.00E-12 see below
R4138 C4,H C;sHg — C,4H, C;sH5 7.88E-11 see below
R4142 CH C4H, — POLYYNES H 5.81E-11 1.00E-11 1.50E-10 see below
R4200 C,H,b — C4H, 1000

R4242 C;H,b C4H, — POLYYNES H, 1.47E-10

All values are the effective bimolecular rate constants (cm® s~') calculated for a temperature of 300 K and a pressure of

10 Torr. For three-body reactions, we use either k = ky x M, in the absence of a k., value, or in preference the expression
ko X koo X M

(ke + (ko x M))

We have had to estimate the unknown kg values for certain reactions. We have, therefore, equated the following pairs of kg

values: R0136 with R0124, R0142 with R0122, R0143 with R0123, and R1337a with R1325b. We have also had to assume that

the rate constants of RO1A34b and RO137 are the same as those for RO1M34b and R0125, respectively. All the reactions of C;H
are assumed to have the same rates as the equivalent reactions of C,H.

k =

[7] D.L. Baulch, C.J. Cobbs, R.A. Cox, C. Esser, P. Frank, T. Just, J.A.
Kerr, M.J. Pilling, J. Troe, R.W. Walker, J. Warnatz, J. Phys. Chem.
Ref. Data 21 (1992) 411.
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