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Abstract

The thermal reactions of CH3-radicals have been investigated in reflected shock
waves experiments at temperatures between 1224-2520 K. The fast dissociation of CH3l
served as the source of CH3. Experiments were performed at three loading pressures with
variations in [CH3I]g. H-atoms formed in the reaction, 2CH3 — C;Hs + H, were
measured by the atomic resonance absorption spectrometric (ARAS) technique. The
product ethyl radicals subsequently decompose to give a second H-atom and ethylene. A
reaction mechanism was used to fit the data, and the resulting value for the rate constant
was 5.25 x 10-11 exp(-7384 K/T) cm3 molecule! s-1. This value is compared to earlier
determinations. At higher temperatures, 2150-2520 K, the H-atom formation rate was
dominated by CH3 thermal dissociation. With simulations, the rate constant for CH3 +
Kr — CHj + H + Kr could be determined. The rate constant for this process is: k = 4.68

x 10- exp(-42506 K/T) cm3 molecule-! s!. This result is compared to earlier

experimental determinations and also to theoretical calculations using the semi-empirical
Troe formalism.




INTRODUCTION

The thermal reactions of methyl radicals in the gas phase have been the subject of
countless studies during the past forty years. Since the pioneering work of Gomer and
Kistiakowsky, [1] there have been over sixty publications on the CHj self reactions as
noted in the NIST data base. [2] Most of these have been concerned with the low
temperature-high pressure measurement of the recombination reaction to form ethane.
However, there are several high temperature shock tube studies where the intent has been
to measure rate constants for the molecular and atom elimination processes; i. e., CH3z +
CHj3 — CHy + Hz and CH3 + CH3 — CyHj5 + H, respectively. [3-12]

Warnatz reviewed this earlier work [13] and concluded that the molecular
elimination channel had a rate constant of 1.66 x 10-8 exp(-16117 K/T) cm3 molecule-]
s-1 over the temperature range, 1500-2500 K. Following the earlier H-atom atomic
resonance absorption spectrometric (ARAS) results of Roth and Just [11] and Roth, [12]
Warnatz [13] preferred a value of 1.33 x 10-9 exp(-13350 K/T) cm3 molecule’! s-1 (1500~
3000 K) for the atomic elimination process; however, this has been superseded by a more
recent ARAS investigation by Frank and Braun-Unkhoff [14] where a value of 4.6 x
10-11 exp(-6840 K/T) cm3 molecule-! s-1 between 1320-2300 K was measured. This
latter value is more reasonable on theoretical grounds because the A-factor is not
inconsistent with that for the back reaction, H + CoHs, when it is divided by the
equilibrium constant. In our own recent work on the thermal decomposition of CH3Cl,
[15] a high value for atomic elimination was obtained for 1550-1900K. The branching
ratio between dissociation and elimination continues to be a subject of research. It should
be noted that molecular elimination has not been directly observed but only inferred from
observations of both precursor (e.g., CoHg) and CHj3.

The confusion as to what values to use for the respective processes still persists as

seen in recent investigations. Davidson et al. in their CoHg [16] pyrolysis study have



used an earlier value from Just, [17] for molecular elimination. For atomic dissociation,
they used the Frank and Braun-Unkhoff [14] value. Kiefer and Kumaran [18] have
however used only the Braun-Unkhoff value thereby assuming that molecular elimination
was insignificant. Even though AH®(0K) for molecular elimination is only 30.9 kcal
mole-1, their assumption may still be sound. If either the 1,2 or 1,1 [19] elimination
processes occur through symmetrical transition states then they violate Woodward-
Hoffman rules. The transition states would be tight, and either process might then have
quite high barrier heights. If these barrier heights are higher than or near to that for
atomic dissociation then the molecular process, in an RRK sense, would be less probable
because of the tightness of the transition states. In this view CoH4 must come from CHs
dissociation, and all of the data at high temperature should be able to be modeled by
considering only atomic dissociation.

In this paper we have used the H-atom ARAS technique to observe the methyl
reactions after initial formation from the fast dissociation of CH3l. The experiment is
therefore similar to that of Frank and Braun-Unkhoff. [14] It is not however a repeat of
their study because the presently used photometer system is substantially more sensitive.
Thus, data can be obtained with much less source concentration, at both higher and lower
temperatures, thereby diminishing the effects of secondary reactions. Hence, the present
results can be viewed as an extension of the Frank and Braun-Unkhoff, {14] Roth and

Just, [11] and Roth [12] data.

EXPERIMENTAL

Apparatus: The present experiments were performed with a shock tube
operating in the reflected mode. It has been previously described. [20] Between each
experiment, the tube was routinely pumped to <10-8 Torr by an Edwards Vacuum
Products, Model CR100P, packaged pumping system. Eight pressure transducers (PCB

Piezotronics, Inc., Model 1132A), placed at fixed intervals towards the end of the tube,




were used to determine the incident shock velocity. Final temperature and density for
each experiment were determined from the incident velocity of the shock front and the
initial thermodynamic conditions. Corrections for non-idealities due to boundary layer
formation were subsequently applied. [20, 21] The photometer system was radially
located 6 cm from the endplate and had an optical path length of 9.94 cm. An EMR G14
solar blind photomultiplier tube was used to measured transmittances from the resonance
lamp. Transmittances and the differentiated signals from the pressure transducers were
recorded with a dual-channel (Nicolet 4094C) digital oscilloscope. Gas mixtures and
reactant pressures were measured with an MKS Baratron capacitance manometer.

H-atom Detection: The atomic resonance absorption spectroscopic (ARAS)
technique was used to monitor H-atom formation. As in all earlier H-atom work from
this laboratory, [22-27] the lamp was operated at 40 watts microwave power and 2 Torr
of prepurified He. An atomic filter section was additionally used to establish the fraction
of non-Lyq.y light. Sufficient H-atom residual Hp and CHjy are present to give an easily
measured signal through an O3 (1 atm of dry air) gas filter. Under these conditions, the
lamp is insignificantly reversed, and a Doppler broadened calculation at an equivalent
lamp temperature of 480 K with the known oscillator strength for Lyg.H will give an
exact relationship between absorbance, ABS= -InT, and [H], [22, 23] and this relationship
is nearly linear above ~700K and T = I/Ip 2 0.1.

Experiments have been performed here to show that this procedure is accurate.
Steady-state levels of [H] formed from two reactions have been measured and used for
calibration. Herzler and Frank [28] have previously used C;Hs +M — CoHgs + H+ M
(CaH5 formed from the thermal decomposition of CoHsI) as a source of H-atoms and
have shown, from concurrent I-atom ARAS observations, that the secondary chemistry is
relatively unimportant at low initial concentrations. Under their conditions they also
indicated that molecular elimination to give HI should be <0.2 of the total decomposition;

otherwise the H + HI reaction would affect their measured profiles. The results of our



experiments (1481-2020 K) with CoHsl are shown in Fig. 1a. The ordinate values are
determined from line absorption calculations at the temperatures of the experiments.
With the assumption of one H-atom per dissociation (i. e., elimination to give HI has zero
rate), the slope of the line in the figure should be unity whereas the actual value is (0.80 +
0.03). Hence, our most pessimistic conclusion is that the line absorption calculational
method can at most be in error by ~+20%; however, if HI elimination occurs then this
error is less. In the other set of calibration experiments we used the Cl + Hp — H + HCI
reaction. The Cl-atom source was COCly. In earlier experiments we established that
1.81 Cl-atoms were formed for every one molecule dissociated (i. e., 9.5 % of the
reaction occurs through molecular elimination to give Clz). [29] Figure 1b shows the
results of ten experiments between 1784-2381 K where the ordinate values are
determined from the above mentioned line absorption calculations. The slope of the
linear least squares line is (0.99 + 0.03). These two calibrations show that accurate
absolute values of [H] can be determined from line absorption calculations, (probably
better than from these two chemical methods) simply because the oscillator strength for
Lyq-H is theoretically better known than for those of any other transition in the entire
field of spectroscopy.

Kinetics Experiments: Thirty-four experiments have been performed between
1224-2520 K with CH3I as the methyl-radical precursor. Figure 2a shows a typical raw
data signal from which a plot of [H]; against time can be constructed by converting
(ABS) to [H] through a line absorption calculation at the exact temperature of the
experiment. The raw data shown in Fig. 2a gives the H-atom profile in Fig. 2b. It should
be noted that use of a near Doppler line source gives substantially more sensitivity for H-
atoms than used in earlier ARAS studies on the present system. [11,12,14] Since the
method is sensitive, it was necessary to carry out blank experiments with Kr because even
research grade Kr contains small amounts of Hy and CHs. For T < 2520 K, the rate of

formation of H-atoms from these sources was less than 15% of that due to the added




CH3l. This observation did however place an upper limit on the temperature range of the
present study.

Gases: The high purity He (99.995%), used as the driver gas, was obtained from
Air Products and Chemicals, Inc. Scientific grade Kr (99.997%), used as the diluent gas
in reactant mixtures, was obtained from MG Industries. Airco Industrial Gases supplied
the ultra-high purity grade He (99.999%) used in the resonance lamp and the high purity
Hj (99.995%) used in the atomic filter. Analytical grade CH3I (99%) and C2HsI (99%)
were obtained from Aldrich Chemical Co. Inc. Both compounds were purified by bulb-

to-bulb distillation, retaining for use only the middle thirds.

RESULTS AND DISCUSSION

The present experiments were carried out with quite low [CH3l]p (between 0.74
and 3.69 x 1013 molecules cm-3) and low density (1.24 to 3.21 x 1018 molecules cm-3) so
that the secondary chemistry is not too complicated. In order to fit the measured {H], for
a given experiment, it was necessary to assess the importance of subsequent reactions. A
numerical simulation with the known decomposition rate for CH3I [30] coupled with the
chemical mechanisms used by Roth and Just [11] or Frank and Braun-Unkhoff [14] was
carried out for the experiment shown in Fig. 2. The result of this simulation is given in
Fig. 3. Under most experimental conditions, the simulations showed (a) that CH3 was
almost instantaneous produced, (b) that [H] was formed almost linearly with time, (c) that
CH3 decreased by only 10-20%, and (d) that almost no C2Hg was formed, over the time
period of the experiments. Initial rate constant estimates for 2CH3 — C2Hs + H could
then be roughly calculated from measured rates, A[H]/At, as: k= 0.5 (A[H]/At)
(1/0.9[CH3I]g)2. In numerical integrations with the mechanism shown above the dashed
line in Table 1, ks in the table was then parametrically refined by more extensive data
fitting. This mechanism uses fewer reactions than the earlier studies [11,12,14] because

many of the included processes are unimportant due to the lower [CH3I]p used here.




Also, molecular elimination is excluded for reasons given in the introduction. With only
the partial mechanism of Table 1, the refined results for ks from the thirty-four
experiments between 1224-2520 K were determined, and these are plotted in Arrhenius
form in Fig. 4. The results of Roth and Just [11] and Frank and Braun-Unkhoff [14] are
also shown for comparison, and it is apparent that the present results are nearly exactly
the same as those of Roth and Just and are only ~20% lower than those of Frank and
Braun-Unkhoff, over the respective temperature ranges. With the partial mechanism,
however, the derived rate constant at high temperatures becomes strongly non-Arrhenius.
The question then arises as to whether strong curvature for ks is reasonable. The answer
is clearly no because the back reaction would then have to have a rate constant many
times faster than the collision rate for H + CaoHs. Clearly, other H-atom producing
reactions become important above ~2000 K, and Roth et al. [8] and Frank and Braun-

Unkhoff [14] have identified the source as being due to CH3 dissociation.

Recently, experiments have been performed by Dean and Hanson [36] and
Markus, Woiki, and Roth [37] in which CH-radical, [36, 37] C-atom, [36] and H-atom
[37] concentration profiles have been measured in hydrocarbon pyrolysis experiments.
The respective temperature ranges were 2500-3800 K and 2100-3000K. In both studies
the profiles could be explained by including the cracking reactions of CH3, CHj, and CH,
reactions (9), (10), and (12)-(14) of Table 1. In our simulations, rate constants from
either of these two studies were acceptable but seemed to underestimate the importance
of molecular elimination. Kiefer [18, 38] has questioned the relative branching ratios
between atomic and molecular elimination processes in both CH3 and CHj
decompositions on thermochemical grounds. Use of the Kiefer and Kumaran [18] rate
constants gave predicted H-atom rates were that were high, and we therefore carried out

our own theoretical estimates.



It is certainly true that both decompositions, CH3 and CHp, will be in the low
pressure limit above 2000 K so that it is only necessary to evaluate the limiting low
pressure rate constants. Theoretical calculations of kgc with the semi-empirical Troe
method [39-41] were made using JANAF thermochemical parameters [42] We can
agree with Kiefer and Kumaran’s CH3 cracking rate constants to within <20% if the
energy transfer parameter, AE,,,,, = 625 cm'! (i. e., - AE,; = 112 cm-l) instead of their
value of -AE_ ;= 150 cm-l. Our predicted branching ratio between molecular
elimination to atomic dissociation in CHj3, reactions (10) to (9), is 0.886 exp(1718 K/T)
for 2000-2500 K and is not much different than Kiefer and Kumaran’s estimate, 0.87
exp(1334 K/T), for a somewhat higher temperature range. Our value is likewise similar
to that of Wagner [43] who has fitted the lower temperature results for the back reactions,
CHj + H and CH + Hy, with - AE,; = 50 cm-1. [44] This prediction at 2000 and 2500 K
gives ratio values of 3.3 and 2.0, respectively, whereas the present inferences are 2.1 and
1.8. None of these theoretical values, which are mostly dependent on the differences in
the endothermicities for the two channels, agrees* with the experimentally derived values
for the branching ratio; [36, 37] however, Kiefer and Kumaran [18] have used their ratio
and absolute rate constants to successfully fit some of the Dean and Hanson [36] profiles.
We also carried out theoretical calculations for the CH» cracking rate constants, reactions
(12) and (13), of Table 1. Our calculations can again agree with Kiefer and Kumaran to
within <30%; however, we have to use an energy transfer parameter of AE,,,, = 542
cml (i. e., -AE_; = 100 cm-!) in contrast to their reported value of -AE,; = 43 cm-l.
The predicted branching ratio for molecular elimination to atomic dissociation is 0.413
exp(12489 K/T) showing that molecular elimination is really the only important process

at high temperature, and this agrees with the conclusions of Kiefer. [18, 38]

In our final analysis, we again fitted the H-atom profile results for the complete

range of conditions using the entire set of rate constants shown in Table 1. Reaction (11)



is an estimate that is based on the isoelectronic process, O + CH3, and reaction (14) is
taken from Kiefer and Kumaran. The CHj cracking reactions are taken from our own
theoretical estimates and are consistent with Kiefer and Kumaran as noted above. In
agreement with Frank and Braun-Unkhoff, [14] we also conclude that atomic production
by radical pyrolysis predominates over bimolecular production, reaction (5), above ~2100
K, and therefore, most of the excess H-atom production (see Fig. 4) can be attributed to
these pyrolyses. On the other hand, these pyrolyses are of negligible importance below
~1950 K giving <10% of the H-atom yield. We have therefore used only those results
between 1224-1938 K to determine the rate behavior for the bimolecular reaction (5).
The resulting Arrhenius plot is shown in Fig. 5. The line in the figure is calculated from

the linear least squares result,

ks =(5.25+ 1.19) x 10-!! exp(-7384 £ 312 K/T) cm3 molecule-! s-! (1)

This result is in excellent agreement with that of Frank and Braun-Unkhoff [14] who

report a value,

ks = 4.65x 10-1! exp(-6840 K/T) cm3 molecule-! 5! )

for the temperature range, 1320-2300 K. Our result is only 15-25% lower than Eqn. (2).

The fitting procedure for CH3 cracking was then applied to those experiments
above 2098 K where the effects of reaction (5) as represented by Eqn. (1) gave <50% of
the H-atom yield. We fixed the branching ratio at the theoretical value from our
calculations. The derived results for CH3 + Kr — CHj + H + Kr are shown in Fig. 6 as
an Arrhenius plot along with the experimental results of Dean and Hanson [36] and

Markus et al. [37], and the theoretical results from Kiefer and Kumaran [18] and Wagner



[43]. The present experimental results can be represented by the linear least squares

equation,

kg = 4.68 x 10" exp(-42506 K/T) cm3 molecule’! s-1 3)

Eqn. (3) is only valid over the experimental temperature range, 2098-2520 K. The points
deviate from the line by £67% at the one standard deviation level. The values for the
molecular elimination path can be calculated from Eqn. (3) by multiplying by 0.886
exp(1718 K/T). If the experimental result, Eqn. (3), is then compared to our theoretical
calculation, the collisional deactivation parameter, AE,,,,, has to be modified
downward. Eqn. (3) can be recovered to within £14% if AE,,,, =437 cm1 (i. e.,
- AE,; = 84 cm-!). Extrapolation to the 3000-4000 K range then gives values that are
exactly one-half of those of Kiefer and Kumaran. We therefore agree with their point that
the apparent activation energy should decrease due to fall-off effects. It is also clear from
inspection of Fig. 6 that the present values agree within experimental error to those of
both Dean and Hanson [36] and Markus et al., [37] being slightly closer to the latter
study. Lastly, the theoretical results of Harding and Wagner [43, 44] are 0.30-0.45 of
Eqn. (3). It should be emphasized that the point to this latter theoretical study was to
explain the lower temperature data on the back reactions. Using only a single energy
transfer parameter, namely - AE; = 50 cml, their success was impressive. Hence, with
relatively small variations in this energy transfer parameter, their work has demonstrated
that all existing data on both forward and back reactions for this system can now be

reconciled with theory.

In summary, the present results reinforce the explanation of earlier results on the
thermal reactions of CH3; namely, that the rate constants based on H-atom formation with

the ARAS technique contain contributions not only from the C2Hs + H reaction but also




from the thermal cracking of CHj itself. ‘With the presently used low [CHzl]g, the
reaction can be separated into three relatively well separated regimes. At low
temperature and high pressure, recombination to form CzHg is the only important
pathway. Because this process involves stabilization with an efficiency factor that
decreases with increasing temperature, its importance at pressures of ~1 atm diminishes
as temperature increases above ~1250 K. The competitive atomic elimination process
then accounts for nearly all of the reactivity up to ~1950 K at which point the pyrolysis of
CHj3 then becomes the most important H-atom producing process. The implications of
these results on the oxidative modeling of hydrocarbons is unclear because one may have
regions, depending on pressure, temperature, and absolute [CH3], where two or more of
these three destruction mechanisms are contributing. Then detailed modeling becomes

absolutely essential for explaining the experimental results.

There is an important theoretical implication from Eqn. (1). In an RRK
formulation for CH3 recombination, rate constants based on CoHg formation have the

form,

Bow f(e)de
(ke + kve + fw)’

4)

krecombination =Kadd J
Eo

where Kadd, kfe, Kbe, B, ©, and f(€) refer to the high pressure rate constant for CHj3 self
reaction, the specific RRK (or RRKM) rate constant for forward dissociation, the specific
RRK (or RRKM) rate constant for backward dissociation at threshold energy, €, the
collisional deactivation efficiency, the collision rate constant, and the RRK (or RRKM)
normalized distribution function for a given temperature, respectively. This equation
shows that the limiting high pressure rate constant should be k33q. However, rate

constants based on H-atom formation from reaction (5) in Table 1, have the form,

10



keef(€)de
(kte + kbe + Bw)’

ks= kadd]o (&)

Eo

implying that at very high temperature and low pressure, the limiting rate constant should
again be kagd. The A-factor from Eqn. (1) is 5.25 x 10-11 cm3 molecule-! s-1 which is
near the collision rate constant corrected for the electronic degeneracy ratio. {15] In
contrast, recent estimates from Walter et al. [33] suggest decreasing values with
increasing temperature. Their extrapolated estimate at 2000 K would be 1.7 x 10-11 cm3
molecule-! s-1. This disagreement requires a continuing theoretical assessment on this
important combustion reaction.
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CH3l — CH3+I

k= p x 4.17 x 10-9 Exp(-21419 K/T)b

2. I1+CH3 — CHal k2 = k1/(2.897 x1025 exp(-26203 K/T))¢

3. I+CH3l — HI+CHyl k3 = 8.32 x 1010 Exp(-17162 K/T)d

4, CH3 + CH3 — CoHg k4(T,p) = from Walter et al.,* Hwang et
al.fand Davidson et al 8

5. CH3+CH3; — CoHs+H  ks=To be fitted

6. CH3+CH3 — CHz+CHs  ks=1.32x 1012 exp(-7165 K/T)h

7. CHs — CoHs+H k7 = oo

8. CH4— CH3+H kg = p x 3.16 x 1023 T-8.11 exp(-58854 K/T)i

9. CH; — CH;+H kg = To be fitted

100 CH3 — CH+H» kjo = ko x 0.886 exp(1718 K/T)k

11. CHz+CH; — CpHs+H kj;=1x10-101

122 CH, — CH+H k12 =p x 3.39 x 109 exp(-46100 K/T)k

13. CHy — C+Hp k13 = k12 x 0.413 exp(12489 K/T)k

14 CH - C+H k14 = p x 1.66 x 10-10 exp(-32209 K/T)

a All rate constants are in molecular units. PFrom ref. 30. p is the total density in

molecules cm-3. CRef. 31. dRef. 32.

kSee text. |Estimated.

eRef. 33. fRef. 34. BRef.16. hRef. 35. JRef. 18.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5

Fig. 6

Figures

The plots are the steady-state yields of [H] as determined from the line
absorption calculations versus the initial reactant concentrations in the (a)
CoHs + M — CoHy4 + H + M and (b) Cl + Hp — H + HCl studies. See text.
The top panel displays a typical experimental record showing decreasing
ARAS signal as H-atoms are produced from the thermal reactions of CH3
radicals. The experimental conditions are: T = 1903 K, P = 244 Torr, p =
1.240 x 1018 cm3, and XcH;1 = 6.120 x 10-6. The signal is converted to
absolute [H] using a specifically calculated curve-of-growth from a line
absorption calculation at 1903 K. The H-atom profile is displayed in the
bottom panel. The solid line is the [H] yield determined from the full
reaction mechanism simulation shown in Table 1.

A plot of reactant and product profiles from a simulation of the self-reaction
of CH3 radicals based on the mechanism in Table 1. The conditions are the
same as in the actual experiment of Fig. 2.

An Arrhenius plot of the experimentally determined second-order rate
constants for the CH3 self-reaction on the assumption that the [H] yield
comes from only reaction (5) of Table 1. Published results from other
studies are also plotted for comparison.

An Arrhenius plot of the rate constants for the CH3 self-reaction to give H +
CyHs. The reaction (5) values are determined from fits to the data below
1938 K with the full mechanism of Table 1.

An Arrhenius plot of the rate constants for the decomposition of CH3 to give
H + CHj. The reaction (9) values are determined from fits to the data in the
temperature range, 2098-2520 K, using the full mechanism of Table 1. Also
shown for comparison are earlier experimental [36, 37] and theoretical

results. [18, 43).
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