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The reactions of methyl isotopomers (€EH,D, and CHD) with excess deuterium atoms have been studied
using discharge flow/mass spectrometry at 298 K and at pressurelsTdrr (helium). At these low pressures

the initially formed methane complex is not stabilized. However, zero-point energy differences between
methyl isotopomers mean that ejection of H from energized methane is favored. In consequence, regeneration
of the reactant isotopomer is inefficient and valuekqf. may be extracted from the appropriate methyl
radical decay. The experimental values can be used to calculate the high-pressure values for each isotopic
reaction: (la) Chl+ D — CH;D + H, ki, = (2.3 4 0.6) x 10°° cm® molecule* s'%; (1b) CHD + D —

CHD; + H, ki, = (2.1+ 0.5) x 10°°cm?® molecule* s7%; (1c) CHD, + D — CD3 + H, k7, = (1.9+ 0.5)

x 10719 cm?® molecule* s™%. These, in turn, can be corrected for isotopic substitution and averaged to give
avalue of (2.9 0.7) x 10*°cn?® molecule® s~ for the limiting high-pressure recombination rate coefficient

of CH; and H. The errors oF25% are estimates of both the statistical and systematic errors in the
measurements and calculations. The results are in agreement with an earlier direct determination of reaction
la and recent theoretical calculations. The previous direct studies #ffOHi in the fall off region have

been reanalyzed using master equation techniques and are now shown to be in good agreement with current
experimental and theoretical calculations. Reaction 1c was also studied at 200 Kk witiling by
approximately 35% from its room-temperature value, confirming theoretical predictions of a positive
temperature dependence for the high-pressure limiting rate coefficient for the reaction i@H M — CH,

+ M.
. Introduction CH; + H < [CH,J* (R1f,1r)
Radicat-radical and radical-atom reactions play important [CHJ* + M —CH,+ M (R1s)
roles in a variety of chemical systems including combustfon 4
and planetary atmospherésOccurring as they do on Type Il An energized methane molecule, [@H is formed on the

potential energy surfaces with no maxima and hence no well- combination of CHand H (R1f). The short-lived complex that
defined transition states, these reactions provide stringent testds formed can either redissociate (R1r) or be collisionally
of theoretical models. One of the most successful of these stabilized (R1s) by a bath gas, M. The dependence on [M]
models is the flexible transition-state theory (FTST), based on means that the overall reaction is generally pressure dependent;
a variational approach introduced by Marcus and Wardlaw that however, at high pressurgsdM] > ki, and the overall rate
predicts negative temperature dependencies for radiaeical coefficient for methyl radical removak;, becomes pressure
reactions, such as GH- CHg, but a slight positive temperature  independent. The relatively small number of vibrational modes
dependence for the reaction of methyl radicals and atomic in the excited methane molecule means that its lifetime before
hydrogertt redissociation (I4,) is very short, and under conventional
laboratory conditions the reaction is well into the fall off region
CH;+H+M—CH,+M (R1) making comparisons with the FTST calculations k§f dif-
ficult.
This reaction is important in models for both high-temperature ~ Reaction 1 plays a vital role in combustion chemistry, the
combustion chemistry and the low-temperature atmosphericimportance of the reaction being emphasized by a recent
chemistry of the giant planets. sensitivity analysis on the combustion of methane. In this Study
The reaction of methyl radicals with atomic hydrogen is a the sensitivity of the flame velocity to the rate coefficients of
pressure-dependent recombination process which can be repth® methane model (Leeds methane oxidation model) were

resented as a sequence of elementary reactions: investigated at a variety of equivalence ratios using “Premix”
the one-dimensional flame simulation program from the

T Present address: Molecular Simulations Inc., 240/250 The Quorum, CHEMKIN packagéi Even for .afuel'nCh mIXt.u.re (equw_alence_
Barnwell Rd, Cambridge CB5 8RE, U.K. ratio 0.5), reaction 1 was the S|xt_h.most sensitive reaction, while
€ Abstract published irAdvance ACS Abstract®ecember 1, 1997. for stoichiometric or lean conditions (equivalence ratio 1.3)
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reaction 1 was the second most important reaction, behind onlydiscussed further in section IV. Monitoring the rate of removal

the chain branching reaction of hydrogen atoms with molecular of D atoms therefore gives a direct measurekgf for the

oxygen. partially deuterated system, and the appropriate isotopic cor-
Values forkf and ki at lower temperatures are needed for rection (section V) should give the high-pressure limit for the

modelg of the atmospheres of the giant planets Jupiter and methyl+ H reaction.

Saturn. Even though the high-pressure limit is not approached

in these atmospheric systems, the pressure ranges involved are ki ks
such that an analytical expression involvitk§ and k7 is CHs; + D < CH:D* — CH,D + H
needed as a model input to generate rate coefficient values as
a function of altitude. ke 4+ Mk
A majority of the previous determinations of the rate CH;D

coefficient for reaction 1 have been indirect studie’s,

monitoring the methane production at low pressures from the For these experiments D atoms had to be generated from an
following sequence of reactions: alternative source; the photolysis o@D, mixtures andkia
extracted from numerical fitting of the resultant decay curves

H+CH,+M—CH; + M (R2) although the D and CHprofiles were still dominated by
. reactions 1 and 4, respectively. The added complexity of this
CHs +H—2CH, (R3) system could lead to uncertainties in the estimat&; 9f The
CH,+H+ M — CH, + M (R1) system was studied over the pressure and temperature ranges

50 < p(Torr) < 600 and 28% T (K) < 401, and the observed

rate coefficient was found to be invariant over these conditions.
The level of agreement between theoretical extrapolations of

the CH; + H data and the direct estimation via the deuterated

ubstitution was not good, with a difference of over a factor of

15 For example at 300 K, extrapolation of the €H H data

ad to a high-pressure limiting rate coefficient of 47.071°

cm? molecule? s™1, whereas a value of (2.26 0.19) x 10710

cm’ molecule! s~ was calculated from the GH+ D data after

isotopic correction. Three possible explanations can be pro-

. o . . posed to explain the disagreement: (1) errors in one or both of
The most recent and dlrect study is discussed in Some det,a'lthe experimental determinations, (2) errors in the extrapolation

below as it forms the basis of the work to be described in this methods used to determiii®, (3) an abnormal isotope effect

paper and raises a number of important questions. Brouard etsuch that simple corrections cannot be made between the fully

15-17 i i i ; ; i
?Ii . rponlttored rtelagc:;lon 1_;_?] rez;l 'Efml]e .followmgt the pho hydrogenated and partially deuterated systems.
o?‘yriltset?] ?Crzgir;ZIz withngmminoerpcr?a?%/zlls gfertlﬁ(rea er?oat(r)lle)s(icsess This paper describes a discharge flow/mass spectrometric
y P y determination ofky at 300 and 200 K. For experimental

producing H atoms. H atoms were removed by reaction 1, reasons (section Il) a range of methyl isotope §OBH,D, and
which proceeds in competition with the recombination of methyl ; 4 9 y op i 2
CHDy,) reactions with D atoms were studied:

radicals (R4).

Higher pressureX100 Torr) studies have been initiated by the
Hg photosensitization of ethafkflash photolysis of azomethane/
ethene mixture¥213or methane/water mixturé4. The reaction
compositions have been monitored by gas chromatographic endz
product analysis or mass spectrometry, an exception being theI e'
work of Sworski et ak* who monitored the reaction in real time
using kinetic absorption spectroscopy of methyl radicals at 216
nm. The data from these various determinations are widely
scattered, and long extrapolations are required to prégict

CH, + CHy+ M — C,H + M (R4) CH;+D—~CHD+H (R1a)
The concentrations were such that the decay of; @tds CH,D +D—CHD,+H (R1b)
determined by reaction 4. The decay of H was monitored by
resonance fluorescence while absolute methyl radical concentra- CHD,+D—CD;+H (R1c)

tions were obtained by kinetic absorption spectroscopy (at 216
nm) combined with the well-determined value of the absorption However, in each case the principles are similar to those used
cross section at this wavelendth.Under these conditions there  in the work of Brouard et a® The sensitivity of the mass
is an analytical solution for the decay of H atoms which depends spectrometric monitoring system allows the reaction to be
on ki, the zero-time concentration of GHk,, and first-order  followed with an excess of D atoms, minimizing the effects of
loss processes for H. Using experimentally determined valuesmethyl radical recombination. The aims of the investigation
of the H atom diffusion rate and direct measurementg, éfom are to determine the nature of the temperature dependence of
simultaneous measurements of [{Ht), the overall rate k7 and seek to answer some of the questions raised by Brouard
coefficient for reaction 1 was determined between 300 and 600 et al15 |n addition, we have also tried to refit the GH H
Kand 25 and 600 Torr. pressure- and temperature-dependent data of Brouard et al. to
Even at the lowest temperatures and highest pressures of theake advantage of recently calculated microcanonical rate
study (300 K, 600 Torr) the reaction is still far from the high-  coefficients for methane dissociation and developments in
pressure limit K7) which Brouard et at® estimated by both  software for analyzing pressure-dependent reactions.
Troe factorization methods and RRKM/master equation calcula-  The layout of the paper is as follows: Section Il describes
tions. However, Brouard et &.recognized thak; could also the experimental technique used. Section Il describes the initial
be obtained from the isotopic substitution of H with D. They results, the kinetic scheme used to extrégt ., and the
argued that the difference in zero-point energies in the &td calculation of diffusional corrections. The justification of the
CH,D radicals ensures that, in the scheme outlined bekaw, isotope experiments is addressed in section IV, and the method
is always very much less thaky, and therefore once the for accounting for isotopic substitution is presented in section
energized methane is formed it either dissociates inteDCH V. The reevaluation of the GH+ H data is contained in section
H or is stabilized to CkD. The validity of this assumption is VI and, finally, the results are reviewed in section VII.
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Il. Experimental Section 30-60 s for each injector position. The background signal
showed some variability and was significantly reduced by the
use of a cold shroud (77 K) in the inner chamber. Background
signals for masses 16 (GH) and 17 (CHD) were significantly
lower than for mass 15 (G

A few experiments were undertaken usingOiHas a source
of methyl radicals. The reaction of F atoms with L4 should,
by analogy with the reaction with methyl iodide,

Il.a. Discharge Flow Reactor. All experiments were
performed in a Pyrex flow tubey60 cm long and 28 mm in
diameter, the inner surface of the tube being lined with Teflon.
A majority of experiments were performed at ambient temper-
atures (294298 K); a series of low-temperature (200 K)
measurements were made by circulating ethanol from a cooled
reservoir through a jacket surrounding the flow tube. The flow

tube was coupled via a two-stage stainless steel collision-free F+ CHy — IF + CH, (70%)
sampling system to a quadrupole mass spectrometer (Extrel, 3 3
Inc.). The system has been described in detail in previous F+ CHyl —HF + CH,I (30%)

publicationst®-20

Heli_um carrier gas was rowgd at rates betw_een 400 and 600yield predominantly CkD with the minor channels producing
sccm into the flow t;Jbe. Thg linear flow vel_ocny rang.ed from noninterfering radicals and with the mass of the parent
2000 to 2500 cm's' at nominal pressures in the region of 1 compound being well separated from product methyl radicals.
Torr (133 Pa). In calculating the linear flow velocity, the plug  Thjs s not the case in studying, for example, the reaction of
flow assumption was made. The flow velocity is calculated CH.D generated from CHD, where there are significant
from the gas constant, temperature, cross-sectional area of theniarferences at mass 17 from the concurrently generated,CHD
flow tube, total gas flow, and total pressure. Gas flows were g mass 18 from the parent methane. Unfortunately significant
measured and controlled by electronic flow meters (MKS) parent fragmentation of the iodide occurs giving methyl ions,

suitably calibrated for the gas mixes flowing through them. eyen at low (10.5 eV) electron energies, and there is little
Deuterium and the appropriate methane isotope were premixedimnroyement in the signal-to-background ratio.

and then introduced into the flow tube via a Pyrex moveable |, < Titrations. Absolute F atom concentrations were
injector, the position of which could be changed from a distance getermined by the fast titration reactions
between 2 and 40 cm from the sampling point. A sidearm, at

the upstream end of the flow tube, contained a microwave F+ Cl,—Cl+CIF (R7)
discharge for the production of F atoms.
Il.b. Radical Generation and Monitoring. Fluorine atoms k,(T = 298 K) = 1.60x 1072 cr® molecule st 24

were produced at the upstream end of the flow reactor by passing
molecular k (5% in helium) through a microwave discharge
(~50 W, 2450 MHz). The discharge region consisted of a 3/8

in. ceramic tube mounted inside the discharge arm. About 40 F+ CH,— HF + CH, (R6a)
60% of the K was dissociated, and therefore a significant
concentration of fentered the flow tube. The effect of Bn _ _ ~11 .3 1122

F b ke (T = 298 K) = 7.84x 10" cm® moleculé™ s

the kinetics of the methyl radical consumption was accounted
for in the numerical analysis.

At the tip of the sliding injector both D atoms and the desired
methyl isotopomers were produced simultaneously via the
following reactions:

The F atom concentration was determina®$o experimental
error) by measuring the decrease in the (CH,) signal when

the discharge was initiated. The absolute F concentration is
given by [F]= [Cl3]dgisc ot — [Cl2]discon As discussed previously
for N atoms studie$? a number of precautions were taken in

F+D,~DF+D (ref2l) (R5) order to avoid systematic errors in this type of measurement.
A series of experiments was also performed to verify the
F+ CH,—HF+ CH, (ref22) (R62)  conversion of F~ D and to ensure that the concentration of D
atoms remained uniform along the flow tube. In this case the
F + CH,D — HF + CH,D (R6b) titration reaction was with Br
F + CHD,— DF + CHD, (R6C) D + Br, — DBr + Br (R8)
Concentrations of Pwere in the region of 256.5 x 10 ke(T =298 K)=5.6 x 10 ** cm® molecule ' s * 2

molecules cm? to ensure rapid conversion of F atoms to D
atoms or methyl radicals. The ratio of methanenas adjusted Bromine was introduced at a fixed inlet 47 cm from the
to vary the radical-to-atom ratio. discharge and 13 cm before the sampling point, with a residence
Methyl radicals were detected at the appropriate mass time and concentration in the flow tube large enough to ensure
following low-energy electron ionization, to minimize the complete conversion of D to Br before sampling. Titrations
background signal from methane or hydrocarbon impurity were repeated with the Lnjector at a number of positions,
fragmentation. A careful search was undertaken to optimize thus giving the D atoms a range of residence times in the flow
ionization conditions for maximum signal to background, while tube before reacting with Br In all cases the concentrations
still retaining an appreciable signal level. The signal-to- of D atoms were constant within the experimental error of the
background ratio decreased with increasing electron energy anddeterminations£5%) and equal (within the combined experi-
ion current, even for nominal electron energies significantly mental error of£11%) to [F] as determined by titration with
below the threshold energy for methane fragmentation. Opti- CHa.
mum conditions were found to be 11.5 eV electron energy and 1l.d. Materials. Helium (99.999%, Air Products) was dried
0.2 mA ion current. Mass scans were recorded for the region by passage through a trap held at liquid nitrogen temperature
m/z = 15—18, and signals were taken as the integrated area of before entering the flow system., F99.9%, Cryogenic Rare
the appropriate mass peak. Signals were typically averaged forGases, 5% in He), ${99.999%, Air Products UHP), 1¥99.5%,
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Figure 1. (a) Plot showing the gradual conversion of £+ CD; following the initial production of CHand D. The growth and decay of the
CH.D and CHD intermediates can clearly be seen. (b) Plot of the total methyl signal (i.e., the sum of th€BB, CHD,, and CI} signals).
The solid line is the expected decay due to wall loss and methyl recombination.

Air Products), Ci (99.9%, Matheson, 3.5% in He), GH
(99.9995% M. G. Industries), GB, CHDs, and CHD, (MSD

coefficients as no experiments were performed with identical
initial methyl radical concentrations. At these pressures, the

Isotopes, 98.9 atom % D) were used as provided without further reaction with deuterium atoms is merely changing the isotopic

purification.

Ill. Results

lll.a. Initial Results. Figure 1a shows the temporal profile
of each of the methyl radicals (GHCH,D, CHD,, and CL})
following the initial production of CH radicals via reaction 6.

The sequential deuteration of the methyl radicals as each of

the H atoms is replaced by deuterium can readily be seen.

+D +D +D

C}{s el CHzD el CHDZ — CD3
-H

-H -H

Summation of the total methyl radical signal gives the
temporal profile shown in Figure 1b. The total methyl signal

composition of the methyl radicals; it does not increase the
overall rate of removal of methyl radicals. Monitoring and
calibration of the peak atvz= 30 (ethane) indicates that under
typical conditions of the experiment ([GH < 5 x 104
molecules cmd, [D]o:[CH3)o > 20:1) less than 5% of the methyl
radicals are removed as ethane.

lll.b. Data Analysis. Signals for a single methyl isotopomer
at the appropriaten/z ratio were averaged for 360 s per
injector position. Background signals were taken at the begin-
ning and end of each decay by moving the injector to a distance,
typically 40 cm (20 ms), such that all of the methyl radicals
under study had been consumed by the reaction with D atoms.
For most analyses a simple average of the two background levels
was subtracted from each datum point to give the net methyl
signal. In some instances a larger drift in background signal
was observed. In these cases a variable background subtraction

is, as expected, decaying with a similar time constant to that was used, the actual value subtracted being the appropriate time-
observed for the decay of methyl radicals in the presence of weighted interpolation between the initial and final background
similar quantities of H atoms, where methyl radicals are slowly readings. A typical decay trace is shown in Figure 2. Unfor-
removed by recombination to form ethane or by loss at the wall. tunately higher concentrations of methyl radicals, which would
The solid line in Figure 1b is a simulation based on experimental have reduced the significance of background signals, could not

conditions and literature values for methyl recombinatior?fate

be used. The higher concentration of D atoms, required to
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000 . vg = DKopdvin (E2)

whereD is the diffusion coefficient of methyl radicals akghs

— is the overall pseudo-first-order rate constant for the exponential
decay of the methyl radicafé2 The diffusion coefficientD,

was calculated to be 530 éns! at T = 298 K using the
Chapman-Enskog formul&!® Assuming ar®? dependence of

D on T, we estimateD = 291 cnf st at T = 200 K. The
range of diffusion corrections was-28% atT = 298 K falling

to 2=7% at T = 200 K. To obtain diffusion-corrected
experimental times, the decay traces were analyzed on the basis
of a simple exponential decay to give a valu&kgf,which was
used to calculatery and hence the total flow velocity and
reaction time.

Wall Reactions. There are two essentially first-order pro-
cesses controlling the removal of methyl radicals: reaction with
excess D atoms and loss/reaction at the walls. Ploti,af
against [D] indicated that substantially higher wall loss rates
were observed for reactions with D atoms than with either
simple methyl radical recombination or methyl radical recom-
bination in the presence of H atoms angl Ht was not possible,
therefore, to include a predetermined value kg in the
analysis program. The two parallel first-order loss processes
are very closely correlated, and it proved impossible to separate
them in the analysis of a single decay trace. Methyl decays
were therefore fitted with a single first-order reaction, that of
methyl radicals with D atoms with rate coefficierkyf). A
0 : | : . — typical fit is shown as the solid line in Figure 2. The product

0 0.001 0.002 0.003 0.004 0.005 of ket and [Dly (the average D atom concentration which varies
Time /s by less than 10% over the course of a decay) is a pseudo-first-
Figure 2. Typical CH; + D decay curve ) with the numerical fit to order rate coefficientl) comprising of two terms

the data (solid line).
ktot[D] av kl[D] av + I(Wall (E3)

6000 T

5000 +

4000 T

3000 +

CH3 signal (arb units)

2000 +

1000 +

ensure that reactions 4a& were isolated, would have resulted

in pseudo-first-order rate coefficients faster than can be mea- .
sured with the present apparatus. A plot of kifD]ay VS [Dlay hask; as the gradient ankl,, as

Experimental conditions were chosen so that D atoms were the intercept (Figure 3ad). Table 2 summarizes the experi-
always in excess; however, numerical simulations showed that, Mental results.
under the conditions that could be used, the experimentally However, it is worth noting that theT (= 300 K) wall loss
observed decays, while being approximately exponential in rates (the intercepts of the bimolecular plots) are all substantially
nature, were not simple processes but involved contributions athigher (average= 177 + 70 s) than the observed decays of
the beginning of the decay from the generation of D and methyl methyl radicals in the presence of H atoms under conditions
radicals via reactions 5 and 6, and toward the end of the decay,where methyl radical recombination is insignificant (typical
from a small regeneration of methyl radicals via the sequence value= 25+ 10 s) The total methyl decays (Figure 1b) appear
of reactions: to agree well with the simulated loss (solid line in Figure 1b)
of CHz in the presence of H atoms, implying that when D atoms
D+F,—DF+F (R9) are present the methyl radicals do not remain at the wall but
rather the intercept is a measure of a heterogeneous isotope
F+D,—~DF+D (R5) exchange reaction. The linearity of the plots and the ap-
proximately consistent nature of the intercept value for each
F + methane— methyl+ HF (R6) methyl isotopomer indicate that the analysis technique appears
» . to be able to separate the homogeneous and heterogeneous
Under these conditioriga-c can only be extracted by numerical  -omponents of the reaction. The presence of a heterogeneous
;lmulatlons, and the mechanisms useo_| for_ analysis are presentegathway does add a potential uncertainty to the data; however,
in Table 1. There are two complicating factors for the e peterogeneous component is never more than 10% of the

anal'yS|s.: diffusional (?orrectlons a}nd wall reactions. . largest pseudo-first-order removal rate for each of the isoto-
Diffusional Corrections. In a discharge flow experiment pomers

distance measurements are converted to time using the relation- . . .
The statistical errors for the current analysis of reactionscla

ship are of the order oft 5—10% (1), additional experimental
time (t) = distance X)/velocity () (E1) uncertainties (absolute [D] and [methyl], nonuniform concentra-
tion distributions during the first 0.5 ms of reaction) and
where velocity is the linear flow velocity vf,) plus the approximations (diffusion velocity corrections, average con-
diffusional term due to the concentration gradient which exists centration of D atoms during the decays, and the effects of wall
in the flow tube. The velocity component due to diffusieg)( reactions) could realistically extend the absolute uncertainties

is given by in the rate coefficients te-25%.
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TABLE 1: Mechanism for Numerical Fitting
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reaction kat 300 KR kat 200 K comments

F+ CH;— HF + CHj3; 79x 101 NA J. Phys. Chem. Ref. Daf®92 21, 1125

F+D,—DF+D 9.5x 107%2 3.1x 10712 ref 21

CH3 + CHg_’ CgHe 3.7x 1071 4.7x 10711 ref 28

F+ CHs; 1.0x 107 1.0x 1070 Estimate, Same value used for all methyl isomers. Altering

k by factor 2 has little effect€0.1%) on the fit.

D+F—DF+F 12x 10% 22x 10718 ref 29

F + CH;D, — DF + CH;D 28x 10°% NA Values calculated from comparison off~CH,

— HF + CHD, 40x 1071 and F+ CDy (ref 30)
F + CHD; — DF + CHD, 41x 101t 1.1x 101 Values calculated from comparison oftFCH,
— HF + CDs 20x 101 5.6 x 10712 and F+ CDy (ref 30)
CH;+D—CH.D +H floated NA
CH.D + D — CHD; +H floated NA Returned value from GB + D analyses used in analysis of
CHjs + D experiments
CHD,+D—CDs;+H floated floated Returned value from CHB D analyses used in analysis of
CH.D + D and CH + D experiments.
aUnits = cm® molecule® s
a 2000 ¢ TABLE 2: Summary of Experimental Results?
:282 1 kw=(2.13 +/- 0.12)e-10 cm3 molecule- s-'] range of
1400 4 ¢ _3 temp/ [D]ay x 107%% no.of kx 10%%cm?
- 1200 + . radical K atoms cm®  decays molecule's™?  kya/s™?
~ T CH; 298 063760 21 213:012 153+58
600 L CHs® 300-400 1.75+ 0.1%
400 + CH.,D 298 1.15-8.80 10 1.74£0.17 211492
200 4+ CHD, 298 1.32-11.9 19 1.29+ 0.09 166+ 53
0 t + } - CHD, 200 1.619.50 11 0.84+ 0.04 46+ 30
0001400 200812 400712 6.00E+12 8008412 aErrors are statistical at thed. level. P Reference 15.
1800 T 4\~ (1 74 /- 0.1 T%e- 5 cule-l -

b 1600 + 107 (L7400 T)e-10 em molecule- | 51 minations, we need to determine what fraction of the high-
1400 pressure limit is actually being measured in these experiments,
1200 + . . . .. .

= o004 i.e., what is the ratio of the rate coefficients for the decomposi-
T o0 tion of the methane intermediate forward to products or
= s backward to regenerate reagents? Brouard.&t*8lassumed
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Figure 3. Bimolecular plots for the reactions (a) @H D at 298 K,
(b) CH:D + D at 298 K, (c) CHD at 298 K, (d) CHD at 200 K.K' is
the corrected first-order rate coefficient for methyl removal.

IV. Validity of Isotope Experiments in Determining the

High-Pressure Limiting Rate Coefficients

that CHD* always ejected an H atom and justified this
assumption for reaction 1a by consideration of the difference
in zero-point energies of the two channels CHD and CHD

+ H). The calculated difference in zero-point energies of
~1200 cnt! leads to an increased sum of states for dissociation
to give CHD + H, which when multiplied by a reaction
degeneracy term of 3 for the elimination of an H atoms, means
that CH,D formation is favored substantially over regeneration
of reagents. Brouard’s calculations were based on estimated
values of the vibrational frequencies of ebdetermined by

the product rule and solution of the secular determinant obtained
from the approximate force constants for £&hd CD.3?

The frequency calculations of Brouard cast significant doubt
on the validity of the other isotope experiments as a measure
of k7, as the total zero-point energy difference betweerny CH
and CB; is only 1670 cm®. If Brouard's calculations are
correct, then there is only450 cnt? difference in zero-point
energy between Cid and C;. When combined with the
unfavorable reaction degeneracy factor for reaction 1c, one
estimates that reaction 1c should be at about 50% of the high-
pressure limit.

The use of simple energetic arguments to determine the ratio
of forward and reverse rate coefficientsilkp), and hence to
justify the determination ok™ from isotope scrambling, is
clearly insufficient if the ratio is not substantially greater than
unity at accessible energies. The rate coefficients for methane
dissociation must be calculated, and this in turn requires
determination of the densities of states of the products, reactants,
and methane intermediate and a determination of the micro-
canonical rate coefficients for each channel. Both the density

Before continuing with the analysis of the data and a of states and the microcanonical rate coefficient calculations
comparison with previous experimental and theoretical deter- require a knowledge of the vibrational frequencies. In addition,
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TABLE 3: Experimental and Calculated Vibrational Frequencies for Methyl Isotopomers

CHs CHs CDs CDs CH.D UHF CH,DUHF CHD,UHF CHD,;UHF

vibration expt/cnt? calc/cnm! ratio expt/cnt® calc/cnm! ratio calc/cnt!  calc/Rcnt!  calc/cnt!  calc/R cnr?

A’ 606 486 0.80 458 376 0.82 452 558 416 513
E 1396 1541 1.10 1026 1134 1.11 1290 1167 1140 1032
E 1396 1541 1.10 1026 1134 1.11 1534 1390 1414 1278
A/ 3044 3265 1.07 2155 2310 1.07 2474 2312 2388 2232
E 3162 3453 1.09 2381 2573 1.08 3340 3078 2573 2371
E 3162 3453 1.09 2381 2573 1.08 3453 3183 3401 3134

zero-point energy 6383 4713 5844 5280

the behavior of the isotopically labeled system must be examined _ kp(E) N(E) exp(=pE)

at the experimental pressures using the master equation. 9(E)

In the absence of experimental determinations of the vibra-
tional frequencies of CHD and CHD we have calculated
frequencies for the methyl isotopomers using the GAUSSIAN94 In the steady-state regime, the rate of change of probability

at_) initio package at the. UHF level with a 6-31G basis’3ét density is zero, and hence the steady-state probability density
this low level of calculation the absolute values of the calculated is

frequencies are not expected to be particularly accurate;

) ﬂ;oko(E) N(E) exp(—AE) dE

N(E) being the density of states of the adduct #@nhet 1/kgT.

however, the relative ratios of vibrational frequencies should R(E )
be correct, and absolute values can be obtained from ratios of pEt) = B + k(B (E7)
the calculated frequencies for @ldnd CI} with experimental Ky ko

observationg4-37 . ) )
. . . Detailed microcanonical rate constants have been calculated for
The results of the calculations are presented in Table 3. With CH; + H and CH, + D by Aubanel and Wardla®® but not

the exception of the strongly anharmonic’A‘umbrella” the other isotopomers. Such calculations are complex and very
motion, the agreement with experiment for both Giid CQy time-consuming, but the present analysis can be performed via
is within 10% and is consistent for both Gldnd Cy. An simpler canonical calculations.

average correction factdr, for each set of yibrations was then The canonical rate coefficient is given by the product of the
used to calculate the absolute frequencies of theChind microcanonical rate coefficient at enerfyand the probability

CHD; molecules. As might be expected, the zero-point energies gensity at that energy, integrated over all available energies;
of the methyl isotopomers show a gradual decrease with antherefore

average difference 0f550 cnT! between each isotopomer. The

calculated frequencies were used subsequently in the calculation o
of transition-state partition functions and densities of states. E — f(; ko(E) pdEY) dE (E8)
An estimate of the limits orky/kp can be obtained by Ky ‘[(‘)mkH(E) pJE.t) dE
examining what happens to the multichannel master equation
(ME) in the high- gnd Iow-pressurg limits (for more details O Combining eqs ES5, E6, and E8 gives
the master equation see Appendix I). To do this, the time
evolution of the population of methane intermediates in different e
energy “grains” is calculated. In the high-pressure limit, @ _ fo ko(E) 1(E) dE (E9)
stabilization is complete and the ratg/kp becomes the ratio Ky fmkH(E) r(E) dE
of the high-pressure rate coefficients for each channel. In the 0
low-pressure limit (which closely corresponds to the present h B is ai b
experimental conditiod, the collisional activation/deactivation erer(E) is given by
processes are negligible and the multichannel ME (eq Al) can -
be simplified t&® (E) = kD(i:L\I()E) e::z( )ﬂE) (E10)
E) + ky(E
ap(E)
pT = —ky(E) p(E}t) — kp(E) p(E)t) + R(E) (E4) However, before these equations can be used to calculate the

ratio of forward and reverse rate coefficients, the microcanonical
rate coefficientsky(E) and kp(E) must be supplied. The
microcanonical rate coefficients are given by the standard
RRKM prescription,

whereky(E) andkp(E) are the microcanonical rate coefficients
for the dissociation through the channels giving H atoms and
D atoms as products, respectivetyE,t) is the probability that

a methane molecule will have an energyand R(E,t) is the \Af(E)
source term, i.e., the contribution to the probability density due (E)=—— (E11)
to the methyl combination reaction with D atoms. The source hN(E)

term is related to the association rate, and as the reagents are in . L "
a Boltzmann distribution (more collisions with bath gas than whereW'(E) IS the row_bratl_onal sum .Of states at the transition
each other), the source term is given by state andN(E) is the rovibrational density of states of the adduct.

' W is related to the rovibrational partition function of the

. transition state via a Laplace transféfm
R(E,) = ki [CHIID] 9(E) (ES)

+
L [W'(E)] = Qe (E12)
wherek? is the limiting high-pressure rate coefficient for the
association reaction arg(E) is given by and hence the microcanonical rate coefficients can be calculated
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TABLE 4: Corrected Experimental Values of kja— 4.0
% of H atom 10 x corrected
ejectionat % of high- experimental
temp/ zero pressure determination/crh 30 L
reaction K pressure limit moleculel s7* ’
CH; +D 300 92 92 2.3 0.8 ~
CH;+ D2 300 92 04 1.86+ 0.16 g
CH.D+D 300 82 2.1+£0.9 g 20
CHD,+D 300 67 68 1.9£ 0.2 o
CHD.+D 200 75 76 1.1#0.2 S
aBrouard et af? Ratio of rate coefficients calculated at 100 Torr. 10 F
b Errors aret-25% which is made up of a statisticat{ ¢) component
plus 15% for additional uncertainties in the experimental measurements
and corrections to the high-pressure limits. ; Sou
0.0 ¢ i / L o=
. . . . 36000 37000 38000 39000 40000 41000
if the partition function of the transition state can be evaluated. —
. . + .
The partition functiorQrs can be written as the product of two  Figure 4. Ratio of sums of states for forward and reverse dissociation
partition functions,Qz Qf where the partition functiorQi (including reaction path degeneracy) of the methane intermediate (solid

represents the conserved modes, i.e., those modes which do ndines) for reactions lac (O, CHsD; ¢, CH,D»; O, CHD,) as a function

change significantly in character on going from reactants to °f methane energy. The dashed curves show the energy distribution of
g 9 y going the methane intermediates formed by the reactions of methyl at

pquL.JCts’ usu?”y \iit_Jrations of the _s_eparated fragmentS. The 300 K (---) and 600 K { —). The distributions are approximately
partition functionQ; is for the transitional modes, i.e., those the same for each methyl isotopomer.

modes that do change substantially during the course of the

reaction; typically they are the free rotations of the separated the high-pressure limit at 1 Torr. The appropriate corrections
fragments, which become first hindered rotations and then finally t0 the experimental rate coefficients are made in the final column
vibrations of the adduct, as well as the overall rotation of the Of Table 4.

system. The calculation @i is usually straightforward and The ratio of forward to reverse methane dissociation is

is often based on the approximation of separable quantumtemperature dependent as the temperature, and hence energy,

harmonic oscillators. The calculation & is difficult, in- of the reagent species controls the ratio of accessible states for
. t L

overall rotation and which must transform smoothly between decreas,es and hence at 200 K under the experimental condi-
free rotation and vibrational limits. Appendix Il details the i t 1cis at 75% of the high- P limit
calculation ofWH(E) based on canonical flexible transition-state 'ons, reaction 1 1s & o of the high-pressure fimit.

theory, whereV*(E) is minimized for each energy.

The results of the calculations are given in Table 4. The
values in the third column give the percentage of H atom
formation at zero pressure (i.e., no stabilization of the methane
intermediate), and this represents the “worst case scenario”. In
the fourth column are the calculated values for the experimental

V. Isotopic Relationships of the Rate Coefficients

The relationship between the high-pressure limiting rate
coefficients for the isotopic variants of reaction 1 is best
examined via canonical flexible transition-state thebt¥. The
association rate coefficient is given by

conditions obtained using a full master equation calculation, kT & Q(r.T)
and it can be seen that, for the present experiments, the results K= % 3 —— expAV,(N/ksT) (E13)
are close to the low-pressure limit. Both calculations come close o Qr(T)

to justifying the original assumptions made by Brouard et al.
for reaction la. For the CHt D system at 300 K and 1 Torr,
the ratio of forward to reverse reactions is 12:1 and hence the
observed reaction is at 92% of the high-pressure limit. At 600
Torr, the highest pressure of the earlier Brouard study, reaction
la is calculated to be at95% of the high-pressure limit.

wherege is the ratio of the electronic degeneraciekr” is the

ratio of symmetry numbers for the fragments (methyl and atom)

and the transition statQg(T) is the total partition function for

the reactants (excluding symmetry numbef(3)r,T) that for

the transition state with the mode corresponding to the reaction

} ) coordinate factored out, andV,. is the potential along the
As would be expected, given the regular changes in zero- oaction coordinate. Bot®'(r,T) and AV, depend orr, and

point energy of the methyl radicals, the ratios of sums of states e the position of the transition statg,is found variation-

for the two dissociation channels remain approximately constant

for all of the reactions studied. However, the reaction path — The total partition function for the transition state can be

degeneracy becomes increasingly unfavorable for the forward expressed as

reaction (ejection of an H atom) as the deuteration of the methyl

radical is increased. The ratio of the sums of states for forward Q'(r) = Qcp, ranLr) Q) (E14)

and reverse dissociation for the reactions—ga(including

reaction path degeneracy) is shown as the solid lines in Figurewhere Qcp, wrans iS the translational partition functio®@g(r) is

4. The ratio decreases rapidly as the energy with which the the partition function of the conserved modes of vibration, i.e.,

methane intermediate is formed is increased. The dashed curveshe vibrational frequencies which remain approximately constant

show the distribution of methane energies at 300 and 600 K. in moving from fragments to transition state, a@{r) is the

Close to the reaction threshold the forward reaction is strongly partition function of the transitional modes plus the external

favored for all the reactions *&; however, closer to the mean rotations. Robertson, Wagner, and Wardldwave rigorously

methane formation energy the ratio of dissociation rates becomesshown that the transitional partition function for the transition

much smaller. Master equation calculations show that, for the state can be expanded in terms of a pseudo-diatomic (methyl

reaction of CHI) + D, the observed reaction is only at 68% of and hydrogen atom) partition functio®g), free rotor partition
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TABLE 5: Symmetry and Reduced Masses Used in TABLE 6: Ratios of Rate Coefficients at 300 K
Calculation of Ratios of Rate Coefficients

calculated via  calculated via  calculated via

reaction o ot u ratios of canonical rate  microcanonical
CHs + H 6 3 15% 1 reactions reduced masses theory rate theory
0 1 9
15+ 1 kCH3+H 1.37 1.39 1.38
CHs+D 6 3 15x 2 Ko
15+ 2 s
CH.D + D 2 1 16 x 2 Koy 1.38
16+2 k2H2D+D
CHD,+D 2 1 17 x 2 oo
17+ 2 kCH3+H 1.38 1.39
kgHz-%—D

functions of the fragments (obviously only the methyl te@h;
cHy Needs to be considered in this case), and a hindering function, \ 5, = 7- Experimental and Calculated Isotopic Ratios for

Q{(r) = de(r) Q'fr CH3(r) @(r,T) (E15) Reactions la-c

10 x K3/
where Qui(r) = 872ur?kgT/h? (u is the reduced mass of the . calculated  experimental  molecule™
d o 2" , reaction Kergto/Kreaction  Kerg+o/Kreaction cmist
pseudo-diatomic i.eMch,Mu/(Mew, + My)). This is a consider-
able simplification in the analysis as there is now no need to g:3i Bb g-zi 06832 .
consider the transitional vibrational modes which are difficult s S5+ 0.2F
. CH,.D +D 1.00 1.1+ 05 29+ 0.7
to cglc_:ul_at.e, dL:Oe to their strong dependencer.o_q CHD,+ D 1.00 1.24 0.7 26+ 0.7
Minimizing K~ gives the location of the transition state and  CHD, + D¢ 1.00 1.54 0.404

an expression for the high-pressure limiting rate coefficient aValue obtained by mulitplying.a by appropriate correction factors

N N PO for D atom (1.37) substitutior?. From experimental value of Brouard
T 5 exp(—AV, (r)/k, T de Qkrcr et al'® °¢Value obtained by multiplyindu, by appropriate correction
_2 p rc Cc 3

|<,oo =4dg factors for D atom and C#D substitution (1.38)¢ 200 K values.
°h 0¢ Qtrans QvibCH3 erCHS(OO)
(E16) second and third columns compare the calculated and experi-
. _ mental ratios of the reactions of the various methyl isotopomers
where Qyans in €9 E16 iS Quans c/Qurans cHQuans B = with deuterium. The results of the experimental determinations
(2uksT)¥2hs, are in agreement with the calculations; however, being a ratio,

For the conserved vibrational modes, the vibrational partition the experimental ratio is subject to a significant error. An

functions will be approximately equal, except for the umbrella independent estimate &F is obtained by multiplyind¢, . by
mode whose frequency changes significantly. In any case, for the appropriate value for deuterium/hydrogen atom substitution,
the temperatures and vibrational frequencies being consideredand the results are presented in the fourth column of Table 7.
the partition functions of these conserved modes will be close compining these gives an average valu&obf (2.9 + 0.7) x

to unity. In addition, if we assume that the geometries of the 13-10 molecule? cn? s where the errors+25%) are estimates

fragments at infinite separation and at the transition state areof poth the statistical and systematic errors in the measurements
identical (a reasonable assumption considering the large values;ng calculations.

of r¥) then free rotational partition functions in the transition

state and isolated fragments become equal. For free rotationy paster Equation Modeling of the CH3 + H Data of
at larger*, ® = 1. Equation E16 reduces to Brouard et al.

© o, +o[BKsT\Y? . The advances in theories of association reacfi®psocessor
k= gcgn(r ) (ﬂ) expAV(F)keT) - (E17) power and software techniques makes a reanalysis of the data
reported by Brouard et & a worthwhile exercise. The
A number of assumptions have been made in the derivation. approach we adopt here is based on the master equation, which
However, we are only interested in ratios of rate coefficients, has been extensively discussed elsewfera brief description
and some of the errors involved with the assumptions will and further references may be found in Appendix I.
cancel. As a further verification, ratios of the rate coefficients  Before any determination of the overall rate coefficients at
were also calculated using both canonical and microcanonicalvarious temperatures and pressures can be prosecuted, the
methods. For ratios of rate coefficients for the isotopic variants microcanonical rate coefficie®(E) has to be specified. Two
of reaction 1, assuming that the differential effects\df.; are sets of values were used in the calculations, one obtained from
small, the ratio of symmetry numbers and reduced masses ardhe flexible transition-state theory (FTST) and the other from
the only pertinent values and are shown in Table 5. It can be the inverse Laplace transform (ILT), each of which are now
seen that the ratio of the symmetry numbers in the fragmentsdiscussed in turn. It is assumed in both calculations that all
and transition state (2:1) is the same for all reactions and hencedegrees of freedom, including the external rotations, are active.
only the mass effects need to be considered in calculating thelt can be argued that some degrees of freedom should be treated
ratios of rate coefficients. The results are presented in Table 6adiabatically; however, for this to occur, the minimum require-
along with canonical and microcanonical calculations. ment would be a well-defined transition state, which is not the
The results of the isotopic corrections can be used to give case for reactions such as €t H.
three independent estimates of the high-pressure limiting rate Vl.a. FTST. In their study of CH/H recombination
coefficient. The calculations are summarized in Table 7. The Aubanel and Wardla® used the FTST technique to calculate
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TABLE 8: Summary of Fitting to CH 3 + H Data of Brouard et al.1®

method kY parameters Va
master equatiork(E) from ref 39, calculated from results of ref 39, can be parametrizedm= 0.6 49.7
[AE4[= 210(T/300)" cm* ask? = 2.55x 10729T/300f%* cm?® molecule s2
ILT, [AE{= 210(T/300)" cm* kY = A(T/300) cm® molecule’ s A=3.0x 10%cm? molecule’s?  38.6
n=0.9
m=0.5
k7’ 300 fixed by expt, temperature Ky = 2.9 x 10719(T/300)' cm?® moleculet 72 n=0.8 40.3
dependence df and[AEj[floated m=0.5

the transition-state sum of staté&*(E,J), using the ab initio
surface calculated by HifStand fitted by Hase et &L Analysis
of two-dimensional master equations, describing collisional
relaxation ofE andJ, is complex and is not justified in the 95 ¢
present context. Microcanonical rate coefficients dependent on -
energy are therefore required, and so a spline fit toMhE,J)

a

s )

~1

function followed by numerical integration over tdedepen- § mleor
dence (3 +1) was used to obtainW¥(E) from which k(E) E
follows from the standard RRKM expression, g -105 !
WHE) o
k(E) = —— E1ll = ot A
® =D (E11) /
These rate coefficients were used with no further adjustment to -11s, ;} o P -

fit the data of Brouard et dF The criterion for the best fit is

the minimum iny? formed from the experimental and calculated
values. From previous studies it has been shown that the
parametefAE[] is a temperature-dependent functfis It was b
represented as

Log, (P/torr)

-9.0

[AEL] = 210(T/300)" (E18)
a value of~200 cnt?is typical of room temperature values of ~100
[AEL, although a range of values have been obtafAethdeed,
some initial fits were performed with a variety of temperature-
independent values ofAE[lJ; however, it rapidly became
apparent that temperature variation was the key component in
obtaining a good fit. The parameterwas the only parameter SOy
that was floated, and a best fit value of 0.6 was obtained. The
results of all the fits are summarized in Table 8, and Figure 5a . .
shows a plot of the experimental data of Brouard et al. together 0 3.0 5.0 7.0
with fall off curves obtained from the best fit. As can be seen, log (P/torr)

the fit is acceptable.

VLb. ILT. The ILT technique has been extensively studied ¢ 90
and tested and has been found to be a robust method, when
combined with the ME, of extracting parameters from experi-
mental dat&" The basis of the approach is the observation that
the canonical high-pressure dissociation rate coefficient can be *

—105 b7

Log,O(k/cmgmoleculeqs“])

S

written in terms of a Laplace transform: 2 100
1 g |
Ki(B) = 5o M(B) N(E) exp(-pE) & s
K() = ==L [KE) N(E)] €19) 5
=—_ -11.0 ¢
Q(B)
As has been described elsewh®ri,is often more convenient —115 . ,
to apply ILT using the corresponding association high-pressure 1.0 30 » 30 70
rate coefficient, thus if the association rate coefficient is of the Log(P/torr)
form Figure 5. Master equation fits to the GHH- H data of Brouard et
al? Microcanonical rate coefficients calculated from (a) FTST, (b)
0/ . A® =N oo inverse Laplace transform, and (¢} at 300 K fixed to experimental
K(B) = A" exp(-fE") (E20) )

value (2.9x 107%° cm?® molecule® s™%), temperature dependence of

k7 floated. Experimental data pointg, 300 K; O, 400 K; O, 500 K;
The microcanonical rate coefficient for dissociation is given by a, 600 K.
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A°C weight in the overall fit, compared with their weight in the fit
by Brouard et al. at 300 K. The global fit is clearly compatible
with a positive temperature dependencekjhand with the
E_E*_AH - " isotope studies. However, it shows a poor fit to the Brouard
L/; ng(X)[(E_ E” — AHg) — ™ dx (E21) data at 300 K and at low pressures. The origin of this
disagreement is not clear and may be related to a systematic
where Np(x) is the convoluted density of states of the two error in the experiment under these conditions. Further experi-
separated fragments alzfd-lg is the zero-point energy differ-  ments on CH+ H at low pressures would be of value.
ence of the reactants and product.is given by

KE) = ——~—— x
N(E)['(n” + 1.5)

VII. Discussion
2‘7IMHMCH3 312

C= - (E22) The present experimental value fapat T = 300 K, (2.3+
h"(My; + Mcy) 0.6) x 1071% cm® molecule’! s7%, is in agreement with the
determination of Brouard et &.who reported temperature- and
where My and Mcy, are the masses of the two fragments. pressure-independent values fgf of (1.75+ 0.15) x 10710

The ILT was applied to the data of Brouard et al. The cm®molecule s over the range 56600 Torr and 306-400
parametelE® was assumed to be zero as there is no potential K, the errors including both a statistical analysis and an estimate
barrier to recombination. The parameters that where floated Of systematic errors in the experiment and analysis. The present
were A°, n°, and again the parameter used to govern the  master equation analysis on the forward and reverse rate
temperature dependence DRE[] in eq 21. The resulting coefficients for CHD dissociation indicates that a small
parameters are presented in Table 8, and the best fit to the datgorrection factor (1.06) should be applied to the Brouard value
is shown in Figure 5b. It can be seen that the fit is comparable to account for the minor contribution of the redissociation of
in quality to that obtained using FTST. the CHD intermediate to reagents giving a revised value of

VI.c. k(300 K) Constrained by Experiment. The final (1.86+ 0.16) x 107'% cn® molecule™* ™. Therefore within
fit, shown in Figure 5¢c, was obtained by constraining the value the experimental limits of the two determinations, there is good
of A” to the experimental value obtained in this study (2.9  agreement fok;,

1071° cm® molecule! s71) and floating the temperature There are no other direct measurements of reaction 1a and
dependence of the energy transfer parameter kind The the present results are the first determinations for reactions 1b
resulting fit is comparable in quality (as measuredyBywith and 1c. A more detailed review of previous studies of reaction
the unconstrained ILT fit. 1, briefly described in section I, can be found in refs 15 and

In summary, all the three fitting methods produce fits to the 32. These previous determinations are indirect and in many
CH; + H data of comparable quality. Not surprisingly, cases (especially those based on the dissociation of methane),
considering the number of floated parameters, the valyg of  far from the high-pressure limit.
is somewhat lower for the three-parameter ILT fit and the It is noticeable that there is a slight downward trend in the
highest value ofy? is obtained wherk] is completely con- estimates ok; from reactions lac (Table 7, column 4). The
strained in the initial master equation calculations. More magnitude of the random errors is such that it precludes us from
importantly, however, are the temperature and pressure dependetermining whether this trend is the result of systematic errors
dence of the fall off curves: in the fall off region, these curves in either the experimental measurements (which are compara-
reflect the negative temperature dependence of the observed ratévely lower for reactions 1b and 1c) or the calculations of the
coefficients, yet at the limit of high pressures they have a ratios of dissociation rates for the methane intermediates or
positive temperature dependence, although for the FTST fitting, Simply the uncertainties in the experiment and calculations. We
this merely reflects the calculations of Aubanel and Wardlaw. use a simple average of three isotopic determinatior§’ a6
The calculated values d§® can be parametrized in ai(T/ give an overall estimate, as reactions 1b and 1c have slightly
300) format (Table 8); however the quality of this fit is not lower experimental errors compared to 1la but are significantly
good. The temperature dependence of reaction 1 appears moréurther from the high-pressure limit and so are subject to greater
complex than this simplistic formula, and this needs to be further uncertainty in converting the experimentally determined values
investigated in order to provide the parametrized fornmkdf of Kip,c t0 Ky ¢
which is required by modelers. Theoretical calculations df are in good agreement with

In the original analysis by Brouard et &f.the data were  the two direct studies of reaction 1a (Table 9). Most recently
fitted at each temperaturesing a master equation technique, Robertson, Wagner, and Wardlahave calculated a value of
coupled with a variational RRKM analysis &E). The data 2.66 x 10710 cm?® molecule? s1 for ki using canonical
at 300 K led to a high value ok? because of the rapid flexible transition-state theory. The potential energy surface
decrease itk; at low pressures. This analysis in turn led to the upon which the calculations were performed accounted for the
apparent isotope anomaly whédj was compared with?, interactions between the incoming atom and the hydrogen atoms
The present analysis useglabalfit, over all temperatures, so  of the methyl radical. The potential is at its lowest when the
that the low-pressure data at 300 K have a smaller fractional attacking H atom passes between two-CH bonds and

TABLE 9: Comparison between Theoretical and Experimental Determinations

CHs; + H CHs+D
CFTST CTST CTST CTST CTST
reaction UFTST Robertsoh Hirst Brown/Truhlaf Schlegel expt UFTST Hirst® expt
k> at 200 K 2.21 2.28 2.49 1.71 1504 1.65
k> at 300 K 2.36 2.66 2.64 2.74 1.99 260.7 171 1.89 2.3+ 0.6k7

aMicrocanonical flexible transition-state theo®Canonical flexible transition-state thedryc Canonical transition-state theaty. Reference
47.¢Reference 48.10° x k/cm?® molecule! s™%. 9 From experimental determination kf. and appropriate isotope correction.
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effectively reduces the cone of acceptance for the reaction. Thisgp(E,t) "
| i P2 = o [CPEIE) p(E' ) —

approach is a development of earlier work where the methyl — 5 — w!/(‘) (EIE) p(E'.1)
radical was effectively treated as a diland reduces;’ by wp(Et) — KE) p(E) + REL (A1)
approximately 30%.

As with most theoretical calculations, Robertson étmedict wherep(E/t) is the probability that a Ciimolecule will have
a positive temperature dependence with the calculated value ofan energyE, o is the collision frequencyP(E|E') is the
k? at 200 K being 2.21x 10710 cm® moleculel s™t. Onthe  transition density from energ§' to energyE, k(E) is the
basis of our experimental study of reaction 1c and making the microcanonical dissociation rate coefficient, aR(E,t) is the
appropriate isotope corrections we calculate a valud<ef source term, i.e., the contribution to the probability density due
(200 K)= (1.5+ 0.4) 1029 cm® molecule s, in reasonable  t0 the combination reaction. As in previous studié$}*the
agreement with the theoretical calculations at the lower tem- collision frequency is taken to be the Lennard-Jones collision
perature. However, the temperature dependence of reaction 1fréquency and the kerndP(E|E’) is assumed to have the
calculated from studies of reaction 1c, would appear to be greaterexPonential down form, such that the probability of a deactivat-
than that predicted from theoretical calculations. Interestingly ing collision is given by

the fits to the CH + H data of Brouard, where the temperature N ) . .

. . P(EIE') = A(E —o(E—E E<E (A2
dependence ok; is unconstrained, also lead to stronger (EIE) (E) expta( ) (A2)
temperature dependencies. wherea ! = [AE[, [AE[] being the average energy transferred

The calculations of Robertson et“gbredict a 16% increase  in a downward collision. The probability of activating collisions
in kI over the temperature range (30000 K) studied by is found by applying detailed balance.
Brouard et at5 for reaction 1a. This is significantly greater The source ternR(E,t) is constructed on the assumption that
than the reported statistical uncertainty by Brouard et al.; the reactants are always in a Boltzman distribution and has been
however, studies at the higher end of their temperature rangeshown to be (egs 5 and 6, section V)
were subject to larger errors and the resulting uncertainty could
mask a slight temperature dependence. R(E,t) = k3 [CHSI[H] 9(E) (A3)

Hase et af! also performed canonical transition-state theory " ) ]
calculations using a number of potential energy surfaces. OnceWith the termsk, andg(E) being defined above. _
again the results appear to be in good agreement with experiment 1 N€ complexity of the state space means that the solution of

and show the positive temperature dependence expected for thi€d Al must be performed numerically, and the graining
reaction. They also made direct calculations of the values for t€chnique described elsewh&was adopted here. Briefly, the

the CH; + D reaction, the rati&®/k”, being 1.39 energy axis of the system was split into a set of contiguous
’ 1 R grains that assigned state numbers, a mean energy, and mean

microcanonical rate coefficient. The continuous dengitis
replaced by a vectorp, the elements of which are the

Reactions 1ac have been directly studied using discharge Probabilities for a molecule to be found in a given grain. With
an internally consistent set of results. The absolute value for form as
reaction la is in good agreement with the earlier direct _ T
determination by Brouard et &. A new value ofk; (300 K) dofdt = w[P = 1]p = Kp + R(0)g (A4)

= (2.9+ 0.7) x 10 cm® molecule* st is recommended  whereP is the collision matrix describing the probability of
and the positive temperature dependence of reaction 1 obtainednovement between grains on collisidris the identity matrix,
in theoretical studies is confirmed. This analysis is based on K s a diagonal matrix of the grain averagd), g is a vector
new fits to the data of Brouard et al. coupled with the new representation of the functiog(E), and the definition ofR (t)
experimental data reported here. The fits show poor agreementollows from eq 6. Equation A4 is nonlinear inbut can be
with the low-pressure data for the @H H reaction at low  solved in the steady state. The solution for this regjsabeing
temperatures, and it is suggested that there may be somejiven by

systematic experimental error under these conditions. Experi-

VIII. Conclusions

ments at higher temperatures than are feasible with the present ps=—-R({HM™g (A5)
apparatus are required to determik® under combustion
conditions. whereM = [P — I] — K. Finally, the overall rate coefficient

of association can be found by the introduction of an absorbing
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WHE) = [ TWi(E — N x

Appendix |. Master Equation Calculations W(E) = ﬁ,E\Ni(E — N{(x) dx

The form of the ME equation used to examine the combina- O rEL Y +
tion of CH; and H atoms is WHE) = fo dyfo N (y — XN (x) dx (AB)
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In practical terms eq A6 means thaf(E) can be obtained by ~ TABLE 10: Sum of States at the Transition State for CHs
first calculatingN;(E), the density of states of the transitional T H — CHa

modes, storing it in numerical form, and then executing a direct (E — AHY/ WH(E) WH(E) %
count algorithm upon this stored numerical form which will cm? (FTST) (thiswork)  difference R/A
have the effect of simultaneously calculatih@(E) and con- 155 704 986 +40 3.85
volving it with NT(E). This approach was adopted here. 248 2838 3193 +13 3.75
In a recent paper Robertson et“apresented a general 413 10679 11334 +6 3.65
) + : 624 31886 30973 -3 3.60
approach to the calculation @; based on earlier work of 1040 1.291x 10°% 1.164x 10° —10 355
Aubanel et af'6 or Wardlaw et aP%-53 The point of departure 1248 2165¢ 10  1.914x 1% —12 3.50
for the calculation onf is the classical canonical partition 2007 9.125< 10  8.066x 10°° -12 3.45
function 2080 1.020x 10 9.089x 10° -11 3.40
2600 2.174x 1008 1.952x 10 —10 3.35
s 1 3120 4.1040¢ 10°%  3.759x 10° -8 3.30
QA= f exp(—pAH,(p,q)) dp dq (A7) 3419 5.848< 10°°  5.306x 109 -9 3.25
4015 1.064x 10°7 1.006x 10°7 -5 3.15
. " . . 4445 1.611x 10°7  1.535x 10”7 -5 3.10
wheren is the number of transitional modés,; is the classical 5554 4176x 10P8  4.093x 10P8 2 205

Hamiltonian for the transitional modeg,is the set of general-

ized coordinates, anglis the conjugate momenta. If the kinetic 1673/ 277 \5/2 -

energy term oH; can be written in a quadratic form, then the QBR = T(ﬂ_hz) \/la_lzb“RZJ; siny

theorem of Aston and Eidindff allows the integration over )

momenta to be performed analytically. If, in additid, is exp(-BV,(R) sin y) dy (A11)
defined in terms of a new set of body fixed coordinates, then ) )

integration over the cyclic Euler coordinates can, in the absence!f A(R) is defined to be

of any external fields, also be performed analytically. The

: . X . ) 1673 277 \5/2
resulting expression after these manipulations is AR) = T(ﬁ_hz) ,/|a|ﬁuR2 (A12)
872 27 \n2
Q= 7(p) JVIAlexp(-BV(@) dg  (A8) then the density of states of the transitional modes from eq A6
h C
is given by

where|A| is the determinant of the generalized inertial tensor, AR) &

the terms of which have been discussed in detail by Robertson N/ (E,R) = —)fo E—-x%h(x)dx (A13)

et al.# V, is the potential associated with the transitional modes, I'(5/2

and g now refers to those transitional modes that exclude
rotation of the body fixed frame.
Equation A8 is a Laplace transform and can be inverted to

where the convolution theorem of Laplace transforms has been
employed andh(x) is given by

give a general expression for the transitional mode density of o _ .
states. Such an inversion and its connection to the work of h(x) = ﬁ) sinyd (x = Vo(R) sin” y) dy (A14)
SmithP> has been discussed by Robertson ét Here, a specific ,
expression for the system under discussion is derived based orft €@n be shown that(x) has the following form,
the approximate potential used by Aubanel etéal. 2 —12
For the CH/H association reactiom = 5 and the integral h(x) = (Vo — xVo) X<V
in eq A8 is of two dimensions. The set of coordinates used by _
Aubanel et aP® are adopted here. In brief, a set of body fixed h(x) =0 x= Vo (A15)

axes are attached to the system such that the origin is at th
center of mass of the overall system with thaxis lying along

the vector that joins the GHtenter of mass with the H atom.
Two angles are needed to describe the orientation of the CH
to the body-fixed axesy is the angle between th@; axis of

the methyl group and the body-fixegaxis andg is the angle

of rotation of theCs axis. These two angles form the dimensions
of the integral, and sW\ is written in terms of them. Following
Aubanel et al*® V, is approximated by

®rhe convolution in eg A8 can be done analytically. Two
separate cases need to be considered, that for &heN, and
that for whenE > V. The formulas for these two cases,
obtained using MAPLE, are rather cumbersome. The potential
barrierV used in these calculations was the fit given by Aubanel
et al*é to the ab initio data of Hirst
Having obtained the density of states for the transitional
modes, the conserved modes were added, as described above,
by executing a standard BeyeBwinehart algorithm upon a
V(y) = Vy(R) sir y (A9) stored numerical form oRi(ER). A cell size of 1 cm* was
used for this calculation. The frequencies used in a the Beyer
there being no dependence g¢n The barrier height to the Swinehart procedure were assumed to be those in methane with

rotation throughy is Vo and, as indicated, is a function of the Fhe e>§ception of the umbrella mode \{vhich changes significantly
reaction coordinat&, increasing aR decreases. The value of [N going over to products and which was represented as a

IA| is given by function of R by an exponential interpolati(_)n as proposed by
Wardlaw and Marcu&® The overall density of states was
IA| = I, 13(uR)? sirf y (A10) then integrated numerically to give/(E,R). The values of
\Nf(E,R) were calculated for each cell at series of grid points
wherel, andly, are the principal moments of inertia of GH: along the reaction coordinaf at 0.05 A intervals, and the
is the reduced mass of the associating species,Raisdthe minimum values OW(E,R) determined.

distance between their centers of mass. Substitution of these Table 10 shows a comparison of the values calculated from
expressions into eq A8 followed by integration ovegives this approach and the values calculated form the full FTST
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calculations of Aubanel and Wardlaw, for selected energies. The
calculations of Aubanel and Wardlaw accounted for the
dependence of/\/f(E,R), and the values presented here are
obtained by integration over tliadependence to give a function
only in E. While the agreement is not exact, it is reasonable,

the sources of disagreement being the crudeness of the potential

the lack ofJ conservation, and the original uncertainties in the
Aubanel and Wardlaw results due to the Monte Carlo procedure
used to perform the phase integral. Also shown in Table 10
are the values ofR for which the minimum in\/\/f(E,R)
occurred.
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