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Laser flash photolysis measurements on the kinetics of the title system in a He bath gas are reported for the

temperatures 290, 473, and 700 K and a pressure range-6878Torr. CH and OH radicals were generated
simultaneously by 193 nm photolysis of acetone containing traces of water, wilinGatge excess. The

course of reaction was followed by monitoring the concentration of OH using laser-induced fluorescence
(LIF), while CH; was monitored by absorption at 216.4 nm. The experimental data were analyzed in the

firstinstance by a simple model based on the decay of OH anglv@tich was verified by more comprehensive

numerical simulations. Further analysis of the data, using a combined master equation/inverse Laplace

transform/RRKM procedure, yielded estimates of the association rate coefficientsafr@HOH &7’ = (8.0
+ 0.3) x 10711 (T/300 K07%0.09 P molecule s7) and for the enthalpy change for the €H OH —

ICH; + H,0 channel (&H? = 1.6 + 2.0 kJ mot?). Pressure-dependent rate coefficients for the various
channels are also calculated and parameters for a modified Troe representation determined.

1. Introduction

ks
“15 cH0+H

The abundance of CHand OH radicals in flames is such 4393

that an understanding of their reactions, particularly with each

other, is crucial to the description of hydrocarbon combustion. [CH;0H*]
The reaction of Chland OH to give CHOH is an important ki kg kg4
. . . E— P 5 CH,OH+H
sink for both of these radicals but is by no means the only - 403.8 402.5
channel by which they can react: ki
CHS + OH— CHQOH (RlZ) CHj + OH + He

k
—13'cH, +H,0

3774 374.4

—'CH, + H,0 (R1.3)
—CH,O+H (R1.4)

297.6
— CH,0OH + H (R1.5)
— CH,0+ H, (R1.6)

75.6
—HCOH+ H, (R1.7)

The channels, together with estimates of their threshold ener-
giesl?relative to the zero-point energy of GBIH, are shown

in Figure 1. Many of the parameters given in Figure 1 are CH30H

subject to debate, particularly the threshold of channel 3. An Figure 1. Channel energies for the multichannel reactions GHOH
important question is whether it is this channel, or stabilization, — products. Threshold energies of channels-15re taken from the
that is the main exit route for the energized §LHH complex Sandia databaseChannels 6 and 7 are taken from the calculation of
and how the channel efficiencies depend on temperature andHarding et af Energies are given in kJ mdi

bath gas concentration. Dean and Westmoréldrave per-
formed calculations that suggest that the stabilization channel

is the most significant at “normal pressures” and not too high CHs + OH has been examined experimentally by a number
atemperature. On the other hand Pilling and co-wofkease of workers:

prqtposed almogel thatds.:gggests that prlar;nel 3 'E th? dom_llr;]fa\nt Hochanadel et #used laser photolysis of water to generate
EX' channet under condi |0nsfapp|:opfr||a efo comd us 'Odn' _t')S H radicals from an excess of water vapor. H abstraction by
as important consequence for the flame speed, as describedy tom CH, was used to generate Gihich then went on

T Present address: Molecular Simulations Ltd., 240/250 The Quorum, to react Vla.an aSSOCIatIO.n reaction V.Wth OH. The methyl r?‘d'ca'
Barnwell Road, Cambridge CB5 8RE, U.K. concentration was monitored by time-resolved absorption at
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. 216.4 nm, and the decay profiles were fitted to an 11-reaction

S1089-5639(97)02140-3 CCC: $14.00 © 1997 American Chemical Society

by Oser et af. The importance of channel 3 depends sensitively
on the energy asymptote for this channel.




9682 J. Phys. Chem. A, Vol. 101, No. 50, 1997 De Avillez Pereira et al.

mechanism. Their estimated value for the rate coefficient at and it was proposed that the threshold of channel 3 be revised
300 K and 750 Torr was (9.2 4.6) x 10711 cm?® molecule’? from 0.1 to 7.5 kJ mol! above the threshold of the entrance
s L channel, i.e., of CEl+ OH. These workers concluded that
Anastasi et al.used pulse radiolysis to generate F atoms from Stabilization was probably the dominant channel at the temper-
SFs which then reacted with CHand RO to yield the required ~ atures (300 and 480 K) and pressures (0-22825 Torr) used.
reactants. The methyl radical concentration was again moni- The overall rate coefficient was found to be pressure-dependent
tored by absorption at 216.4 nm. The rate coefficient at a With a high-pressure association rate coefficient of:1.70~°
temperature of 294 K and and a pressure of argon bath gas ofcm® molecule® s™%, independent of temperature, although the

940 Torr was (9.3t 1.3) x 101 cm?® molecule? st in good measurements were made some way from the limit.
agreement with that of Hochanadel efal. In a later papét this work was extended to 700 K. Particular
Fagerstio et al® also used pulse radiolysis of $EH4/H,0 attention was focused on channels 6 and 7; it was concluded

dence of the decay of GHadicals was observed and modeling Makes a significant contribution to the decay of the methanol
of the data yielded a temperature-dependent high-pressure rat€0mplex. In these experiments OH radicals were generated by

coefficient of (15 1.5) x 10~ (T/300 K)*-* cm® molecule® the action of F on KD. The excess of water required again
s prevented channel 3 from being assessed because of significant

back reaction leading to very rapid establishment of an
equilibrium for this channel. When @ was used however a
37% increase in the decay of [GHwas found, presumably
attributable to channel 3.

Laszlo et al327 using flash photolysis of acetone andQM
H,, coupled with detection by absorption and resonance
fluorescence, obtained a the rate coefficient of 8106) x
10~ cm® molecule’® s71 at a temperature of 300 K and for a

pressure range of 3450 Torr. There was no observed pressure Hughes et al? used laser flash photolysis to investigate the
dependence over the measured pressure range. reaction at 290 K. Instead of excess OH, an excess of CH

was used. The concentration of €Hhvas monitored by
absorption spectroscopy and that of the OH by laser-induced
fluorescence. There are obvious difficulties in using excess of
CHs, because recombination dominates the;@dcay and it

was necessary to monitor the time dependence of both radicals.
They obtained only a weak pressure dependence over the range

Bott et al’® measured the reaction at the higher temperature
of 1200 K and at a pressure of 760 Torr behind reflected shock
waves in argon. The source for both radicals wes—
butylhydroperoxide ((CB3COOH ) which sequentially dis-
sociates in the shock. The decay of OH was monitored by UV
absorption at 309 nm. The rate coefficient was obtained by NS
e ; , . ° 7—700 Torr, withk? = (7.6 £ 0.8) x 107 cm?® molecule?
fitting the absorption profile to that generated from a 42-reaction -1, The same method is used in the present work. The main

mechanism. The stabilization channel was suggested to be thezb'ectives are determinations of the temperature dependence
most important, accounting for 75% of the decay. The overall J P P

association rate coefficient was estimated as£1®5) x 1011 of k7, and assessment and parametrization of the channel rate
cm? molecule’® s coefficients, with an estimate of the threshold energy for channel

The most extensive work has been carried by Grotheer and3'
co-workers>1112 |n an early studythey examined the reaction
using a flow technique in which excess OH was mixed with
CHz in a flow tube. The decay of [C#i was monitored using

Jordan et al* have investigated the association channel
theoretically. They performed canonical variational transition
state theory calculations using an extended Gorin model in

mass spectroscopy. An excess of OH was used to minimizeWh'?h the interaction bereen fragments was accounted for by
addition of a simple hindered rotor potential. The values

the difficulties introduced by the methyl radical self-reaction obtained for the limiting high-pressure association rate coef
a_nd _to create a situation that gpproached pseudo-ﬁrst-orderﬁcient are fitted by the expression 17:210-11 (T/300 K27
kinetics. It was however recognized by these workers that the m? moleculed s-1 indicatin weak itive temperatur
complications of side reactions were such that ComputerC olecule ™ s caling a weak, positive temperature

modeling was required to analyse the results. The OH angl CH dependence.

radicals were initially generated by the following reactions The structure of the paper is as follows: In section 2 the
experimental technique is described and the photolysis processes
H + NO,— OH + NO (R2) used to generate the radicals are discussed in section 3. In

section 4 the methods used to extract rate coefficients from
CH,+ F— CH,+ HF (R3) experimental data are discussed and the experimental rate

coefficients are presented. The multichannel nature of this
reaction makes it a theoretically challenging system, and in
section 5 the results are analyzed using methods based on the

Typical concentrations were of the order [+ 10" molecule master equation approach and kinetic parameters are extracted
cm~3 and [OH]= 102 molecule cm?3. One of the difficulties a pp liC par: '
Concluding remarks are gathered in section 6.

that was encountered was that, because of the presence of excess
of H, used in generating H, the fraction of excited £HH

exiting through channel 3 could not be determined because the, gyperimental Section
methylene formed reacted very rapidly to regenerate methyl

radicals via the reaction

using H and F atoms generated in a microwave discharge.

The experimental apparatus and procedure have been de-
1 scribed previously315and so only a short account is given here.
CH, +H,—~CH; + H (R4) The unfocused 193 nm output of a Lambda Physik LPX-100
laser was directed into a stainless steel reaction cell containing
To overcome these problems, OD radicals, obtained from the the precursors. CHwas monitored by UV absorption spec-
reaction of F atoms with BD, were used instead and HDO troscopy with a path length of 2.82 cm; light from an XBO-
monitored. It was found that reaction through channel 3 was 150 Wotan Xenon arc lamp was passed through the reaction
slow compared with stabilization for the temperatures studied, cell and onto a Spex Czerny-Turner model 1870 0.5 m
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Figure 2. CHjz radical decay monitored by UV-absorption at 213.36 nm and fitted to second-order rate at 8 Torr and 473|K=[C19 x 104
molecule cm?, kec = 4.3 x 107! cm® molecule™® s
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Figure 3. Typical LIF decay trace and residuals for OH radical’>A — XZIT transition near 308 nm.

monochromator, with a 0.6 nm band-pass, where the wavelengthal 16 who showed that the main photolysis channels are
of 216.36 nm was selected, and monitored by a photomultiplier.

OH was monitored by laser-induced fluorescence (LIF). The (CHy),CO—2CH; + CO (R5.A)
frequency doubled output of a Nd-YAG pumped Spectron
SL400 dye laser was tuned to 282.240 nm, the wavelength of — CH,COCH; + H (R5.B)
the transition A=T(v" = 1, K" = 3) — X2II(v' = 0,K' = 3).
Fluorescence corresponding to th&A(" = 0, — X2II(v" = — CH, + CH,0O (R5.0)

0) transition was collected along an axis orthogonal to both the
photolysis and pump beams and focused on to a Thorn-EMI with ¢ = 0.95,¢g = 0.03, andypc = 0.02 at 300 K, with a
type 9813QB photomultiplier tube. Figures 2 and 3 show slight but negligible temperature dependence. In additiors, CH

typical decay profiles for CgHland OH. is photolyzed in the laser pulse
Gases were supplied with the following purities: He (BOC
CP grade) 99.999%, HBOC CP grade) 99.999%, acetone CH;—~CH, +H (R6)

(Aristar grade) 99.8%. The acetone was dried by repeatedly

pumping samples in freezeéhaw cycles through a finely ~ CHz could be formed in either singletCH,, or triplet, 3CHj,
ground, dense column of anhydrous calcium chloride previously states but, under the pressure conditions studied here, the singlet
degassed. Residual& cannot be removed by this process is rapidly deactivated so that onfCH; is considered in the

and is responsible for the generation of OH radicals during following analysis. Lightfoot et al° showed that,

acetone photolysis, the most likely mechanism being a two- . o
photon process. [FCH,],= (0.31+ 0.21)F[ CH] Q)

. whereF is the fractional photolysis
3. Photolysis Processes P y

[CHy §

= 26Al(CH3,CO] @)

CHs was generated from the photolysis of acetone at 193
nm. This process has been examined in detail by Lightfoot et
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and [CHj] o = [CH3] § — [3CH]o and the subscript refers to  absorption cross section, ardis the path length. This
zero time, i.e. immediately after the laser pulse. expression was fitted to the absorption profiles using the
Thus the secondary radical yield increases as the laserLevenberg-Marquardt algorithri? allowing [CHs]o andk; to

intensity, and hence the fractional photolysis, increases. Thisfloat. Initial estimates of the parameters were determined
process was encountered in the investigation by Brouard'et al. without weighting. The squared residuals were then fitted to a
of the reaction CHl + H. It was particularly problematic,  cubic which was used to obtain estimates of the weights for
because the reaction between £&hd 3CH, generates H at  each point. The fit was then repeated with these weights, and
concentrations comparable with that produced by photolysis if the parameters were found to change by less than 1% in all
F is is too large. Accordingly they found it necessary to keep cases. The nature of this fit precludes an estimate of the
the laser intensity, and therefoi@H,, small. No such problem  goodness-of-fit. Estimates of the variance in the parameter
occurs with the present system, so that higher values fog]yCH  values can be obtained in the usual way, i.e. as the diagonal
can be employed with a consequent improvement in the signalelements of the curvature matrix of the fit, and will be denoted

to noise ratio. The contributions from secondary reactions are
considered in detail below.

In the initial study of CH + OH (ref 13), OH was generated
by photolysis of HNQ. This introduces additional uncertainties
arising from radical reactions with NO Although simulations
demonstrated that the effects kinare <3%, it was decided to
avoid this complication in the present study, when it was found

Uzk,signal for k; and UZ[CHg]o,signal for [CHS]O-

In addition to the signal errors just described there are errors
introduced by the uncertainties in the initial intendigyand the
absorption cross sectiar{T). The uncertainty ofy is estimated
to be less than 2% and corresponds roughly to the change in
intensity before and after averaging over 1000 laser shots. The
absorption cross section of the methyl radical was taken to be

that adequate concentrations of OH could be generated fromthat calculated by Macpherson etal.

residual water vapor. It is likely that this proceeds via a
2-photon process, probably generating OFEAwhich relaxes
either by collisional quenching or fluorescence on times short
compared with the target reaction times.

[OH]o was approximately calibrated using 193 nm photolysis
of N,O/Hy/He mixtures, cross-correlating the signals with §H
from acetone photolysis. These experiments placed an uppe
limit of 1012 molecule cm® on [OH]o. This source of [OH]

was also used to determine the rate constant for diffusive loss

of OH from the monitoring zone.

4. Data Analysis

The analysis of the accumulated experimental data is com-

plicated by a number of features, not least being that, as thea[ZCHS]0 = Ofcm]o,signau"‘

reaction of principal interest is between differing species, there
must necessarily be competition from the the self-reactions of
both species. Indeed, the concentration of methyl radicals
generated is far in excess of that of the OH radicals and so
methyl radical association

2CH; — C,H, (R7)
is the principal decay path of this reactant. (The photolysis
fraction of CH; produced from acetone at 193 nm is between
10—30% which, for an initial acetone concentration of-@)
x 10 molecules cmd, gives [CH] = 1 x 10 molecule cm?,
with [OH] < 1 x 10 molecule cm?.) [CH] is given as a
function of time by

[CH3lo

= T S ergg

®)

Clearly, the value of [CH] at any given time is dependent on
[CHg]o, the initial concentration of radicals, and, the rate
coefficient for radical recombination. Because of their crucial

o(T) = (7.58-1.290x 10 2 (T/K) +
7.28x 10 °(T/K)»10*" cmP/molecule (5)

using experimental data, with extrapolations above 537 K based
on the calculations of Quatk and Ashfold®, and has an

'estimated error of:5%. These errors together with the signal

errors were then propagated in the usual way

ok-\2 ok, \2
OE = Oi,signal—i_ O%O(QT;) + O?J(T)(ﬁ) (6)
9[CH]\? 9[CH]\?
0'20( al, ) “m( a0(T) ) @

whereosignarefers to the estimate arising purely from a nonlinear
least squares fit to the decay profile. These estimates of
represent the internal erférof k; and [CH]o. External error
estimates are calculated, e.g., for as

o = (2% R .
Ok)ext (n _ 1)

wherek is the sample mean. In the absence of systematic error
the ratio of internal to external error should approach unity. In
the present case there were significant deviations of more than
a factor of factor of 2.

Additional sources of error include:

(i) Vibrational relaxation. Methyl radicals are produced in
excited vibrational states, which has consequences for monitor-
ing them by absorption spectroscopy as well as for their rate of
reaction. The time scale for relaxation was established by
monitoring the rise time of vibrational ground state. A
maximum time of 3Qus was obtained under the lower pressure

importance to the analysis of the data we examine the factorsconditions studied here. More detailed, experiments have been

that affect the accuracy with which [GH and k; are deter-
mined.

[CH3] was determined by absorption spectroscopy, and its
absorption has been shown to follow a simple Bdeambert
relatiort”. Thus

o(MICH],

1+ 2k7[CH3]Ot) “)

Al®/l,=1— ex;{—

where Al(t) is the change in absorption intensity,is the

conducted with Ar as the diluent giving similar resuftsData
collected between 0 and 36 were thus omitted from the fit.

(ii) Secondary reactions. As discussed above, H is produced
directly by photolysis of acetone and with @Hrom the
secondary photolysis of GH Thus the yield of H and CH
increase with laser energy, i.e., with the fractional photolysis
of acetone. Both of these reactants have the potential to interfere
with methyl recombination kinetics via the reactions

CH,+H—CH, (R8)
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and TABLE 1: Experimental Results for k; and k72
temp/ pressure 10" ki/cm? 10 ks/cm? no. of
CH; +3CH,—CH,+H (R9) K P heplium/Torr molecule s molecule® s determinations
The experiments were conducted with ¢fiTHs]o between 0.02 338'8 12'6 g"?& iég g%i 8'% ig
and 0.06. A slight dependence lof on this ratio was found, 5999 46 7545088  6.09% 077 24
suggesting an overestimatekinof ~5%. The major contributor  290.0 100 754 1.14  6.46+ 0.67 17
to the error is reaction (R8) and the largest error occurs at high 290.0 474 7.46:0.75  6.07+0.87 5
pressure, becaugg’2k; increases with pressure. This question 338-0 g% ;;% 8-32 g-g% 8-;g ﬁ
is returned to below in the discussion of numerical simulations 1730 8.0 480108  363L 0.67 10
of the reaction system. 4730 11 467-142  3.76+0.88 11
(iii) Concentration gradient. Every effort was taken to ensure 473.0 17 511 0.77  4.00+0.36
that any concentration gradients in the irradiated and monitored 473.0 46 5.34-0.80  4.62+-0.82 4
volumes were minimal, primarily because the {Iheasurement ~ 473.0 74 5.34£1.10  4.36+0.42 12
was made over an extended volume, while that for OH was 232-8 12? gi& 8-;8 j-?oji 8-2; é
essentially at a point. Only the central more homogeneous ,,3'g 192 549 082 521L 118 6
section of the exciter laser beam was employed. Previous 4730 239 598 1.73  4.94+ 0.88 3
simulations have demonstrated that the errors introduced by 473.0 281 5.02£0.75 4914+ 0.31 5
small spatial inhomogeneities, in multiple measurements of 473.0 318 6.29-1.48  4.68+ 0.62 11
second-order reactions, are minirdal. 473.0 415 5.8% 135  4.72+£0.45 11
It was not possible to ascertain the exact source of the 4r3.0 5;8 gz;t&t 8'21 gigi 8'31 ﬂ
systematic error and thereby eliminate it from the data; the larger 7og g 41 276-083  2.87+ 079 14
of the two error estimates are consequently reported here (a700.0 95 2.72- 0.68 2.95+0.73 6
practice advocated by Cvetanoetal?l) and used in the master  700.0 142 2.9%0.73  3.12+0.65 5
equation analysis. 700.0 186 3.19-1.48  3.28+0.80 28
Having obtained estimates & and [CH]o for all of the 700.0 246 3.36-1.17  3.26+0.46 9
. i, . . 700.0 284 3.9H1 0.98 3.46+ 0.29 6
experimental conditions it is now possible to analyze the decay ;qqp 329 389097 3.53+ 057 4
of OH as monitored by LIF. The basis of this analysis is the 700.0 385 3.33 0.83 3.69+ 0.45 6
rate equation 700.0 429 4.1H% 1.46 3.50+ 0.46 5
700.0 478 3.96: 0.99 3.69+ 0.52 7
d[OH] 700.0 594 3.5% 1.22 3.48+ 0.74 8
dt k[ CHI(1) [OH](Y) + ky JACOHI() + aDecay profiles were fitted using the analytic representations for

kair[OH](D) (9)

[CH3] (eq 4) and [OH] (eq 11). The error limits represef? standard
deviations, determined from the external estimaig

The first term on the right-hand side accounts for the reaction yominated by the reciprocal term, with the exponential term

of principal interest in this studyk; being the required rate

coefficient. The second term accounts for the reaction of OH

radicals with the excess acetone

(CH,),CO+ OH— CH,COCH,+ H,0 (R10)
and has rate coefficiekty. Acetone is in sufficient excess for
this reaction to be considered first order.

the recommended expression of Wallington e€%kyo = (1.7
+ 0.4) x 10712 exp(—(600 & 75)/T)cm® molecule! s71, was
used and yields a value of 24 10713 cm?® molecule’! s at
290 K. The third term accounts for the diffusion of the OH
radicals out of the observation region.

Substitution of eq 3 for [Ch] in eq 9 followed by integration
yields

[OH](1)

oM, (1 + 2k,[CHZl 0 exp(k't)

(10)

wherek' = kio[Ac](0) + Kkyix and B = ki/2ks, provided that
ki[CH3][OH] < 2k;[CH3], and [Ac](t) = [Ac](0). The averaged
fluorescence intensityl;, is proportional to the OH radical
concentration, and the decay profiles were fitted to

I(t) = 1,(0)(L + 2[CH ) ¥ exp(-kt)  (11)
using the same Levenber§larquardt® procedure as outlined

earlier. The parametefsandk were allowed to float and the
optimum fit was taken as the parameter set that minimjZed

The rate coefficient
kip has been measured by a number of workers. In this study

functioning as a time-dependent correction factor. The initial
concentration of acetone was determined from its partial
pressure, and the determination of [{J¢vas described earlier.
The values of the rate coefficiekt obtained are recorded in
Table 1.

The principal sources of error in the measuremeri @frise
from errors inky and [CH]o and, since these parameters were
not measured independently, their covariance. The errors in
these quantities and those due to the signal were propagated
and estimates of the variance kpwere obtained from

ak,\2 ok, 2
2 _ 2 1 1
Ok, = Ol signal 02k7 (8k7) + G[ZCHa]o (B[CH3]0) +
Kk,

ok
20(k[CHI )04 Oiciy, (a_kl) (M) ¢

wherep(k7,[CH3]o) is the covariance df; and [CH]o and was
determined for each pressure and temperature from the absorp-
tion data. The contribution to the error froptks,[CH3]o) is
very small, since the combined error from [gllland k; is
~+10% (2 standard deviations) under all conditions. Typi-
cally the total lower bound to the internal estimate of the error
( £2 standard deviations) i510%,+15%, and+-25%, at 290,
474, and 700 K respectively. A comparison between internal
and external standard deviations shows that the errors given by
eq 15 are consistent with an absence of systematic error.

Additional sources of error include:

(i) Assumption of pseudo-first-order conditions. Equation
11 only holds if pseudo-first-order conditions apply, and this

The reaction with methyl radicals is by far the most important in turn depends on the ratio [GH/[OH]o. Calculations show
OH decay channel, and the fit of the decay was, therefore, that the depletion of methyl radicals by reaction with OH
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TABLE 2: Mechanism Used in the FACSIMILE Integration

Alogk
reaction k/cm® moleculet s7* ref (see ref 45)
R1 CH; + OH + He— products ki this study
R7 CHs + CHz + He— C;Hg k7 this study
R8 CH+H—CH, k°=6.2 x 1072%T/300 K) 18 45 +0.2
k®=3.5x 1071° 45 +0.3
F.= exp(=0.45— T/3231 K) 45 +0.1
R9 CH +3CH, — C;Hs + H 7.0x 1071 45 +0.3
R10 OH+ (CHs)2CO— H,0 + CH;COCH, 1.7 x 1072 exp(~600 K/T) 24 +0.2
R11 CH + CH3;COCH, — CH;COGHs k~ ks estmd +0.5
R12 OH+ CH;COCH, — CH;COCH.OH 5.0x 107 estmd +0.5
R13 OH+ 3CH, — CHO + H 3.0x 101 47 +0.5
R14 OH+ CO—H + CO;, 1.05x 10 1T*5exp(250 K 45 +0.2
R15 OH+H—H0 4.3 x 107%T?He] 48 +0.3
R16 20H—H0O+ O 2.5x 107 15Tt 14 exp(50 KIT) 45 +0.2
R17 OH+ OH— H;0; k® = 1.5 x 10-*%T/300 K)~°-3" 45 +0.5
ko = 8.0 x 10~34T/300 K) 076 45 +0.4
F.=05 45 +0.2
R18 3CH, + %CH, — C;H> + 2H 2.0x 107 exp(~400 K/T) 45 +0.5
R19 SCH, +H—CH+ H; 1.0 x 109 exp(—400 KIT) 45 +0.3
R20 2CHCOCH, — CgH1002 k=~ ks estmd +0.5
TABLE 3: Comparison of 290 K Rate Coefficients fractional photolysis; there was no discernible correlation.
Determined from Basic and FACSIMILE Models Similar behavior was observed at 473 and 700 K. The
104%,/cm?® moleculel st 10 ky/cm?® moleculels2 recommended rate constants are those given in Table 1.
pressure/Torr _Facsimile eq 11 Facsimile eq4 A somewhat greater effect was found iqrywth decreasgs
8 83 3 2 B 0.6 2 &0 of ~10—-20% on full FACSIMILE analysis. The major
12' 7'9 gﬁég 82 gi?)g 3'8 EEO'% 2'8 EEO'% contribution derives from Cki+ H. In consequence, the rate
46 73(09) 7.5(09) 5.0¢06) 6.1¢0.8) coefficients given in Table 1 are likely to be slight over estimates
100 6.8(0.8) 7.4@1.1) 58(0.8) 6.5¢0.7) of k;. The error in [CH]o is small (<2%) and, as Table 3
474 7.3¢09) 7.4@&08) 55@04) 6.1¢0.7) shows, little error fromk; is propagated through tky. The
667 760.9) 7.7@0.7) 54¢08) 6.2¢0.7) analytical procedure derives an effective second-order rate

coefficient for CH decay that provides an accurate representa-
radicals decreases the obsenteddy 7% for a [CH]o[OH]o  tion for use in eq 9 over the whole of the OH decay.
ratio of 10 and by 1% for a ratio of 50. Since [OH]is estimated  The analytic and numerical data fitting procedures also allow
to be less than 28 molecule cm? it follows that the error  estimates to be made &, Use of eq 10, with separately
associated with this assump“on is less than 1%. measured values dr{iiffy gave averaged values of %10—13’

(i) The major potential source of systematic error derives 7.1 « 10713 and 1.3x 1012 cm® molecule® s at 290, 473,
from contributions to the decay of both @lind OH by reaction  and 700 K, respectively, while numerical integration gave 3.3
with species other than those explicitly recognized in the analytic « 10-13 ¢m?® molecule® s ! at 290 K. Uncertainties were
time dependencies presented above. The reactions which coulgypically a factor of 2: the experiments are relatively insensitive
contribute are listed in Table 2. The inclusion of such reactions o k,, Within these error bounds, the results are consistent with
renders the kinetic equations insoluble analytically, and recoursetne Arrhenius expressions recommended by Wallington & al.
to numerical techniques is necessary. To assess the effects thajhich gives values of 2.1, 4.8, and 721013 cm?® molecule
secondary reactions introduce, and the sensitivitiy aindk; s 1 at the three temperatures concerned. It should be empha-

to these reactions, a more extensive model of the reaction systemjzeq that the exponential term makes a comparatively small
was compiled and integrated using FACSIMILE in an analysis contribution to the decay of OH.

of the data at 290 K. Some reactions, e.g., the association of ] )

OH radicals to give KOs, have a negligible effect on the system, 9. Master Equation Analysis

because the concentration of OH is so small, but are included The CH + OH reaction is an example of a system that
for the sake of completeness. The parametersz[6H, k7, proceeds through a strongly bound complex and has associated
and kyp were floated and their best fit values determined by with it several other product channela so-called multichannel
integrating the model, calculating absorption and fluorescencereaction. In the present case the number of accessible channels
intensities and comparing with experimental absolutedGidd is seven, including collisional relaxation to the stable;OH
relative OH intensities. The initial concentrations of CO, H, molecule and dissociation back through the input channel to
CH,COCH;, and3CH, were linked to [CH)]o via the results of give the reactants, as illustrated in Figure 1. Such systems are
Lightfoot et al® and [OH}, was estimated, relative to [GH, best analyzed in the context of unimolecular rate theory. The
from the approximate PO photolysis experiments. The best most widely used approach is that due to Troe and co-
fit parameters were judged to be those that minimig&d workers24-26 the basis of which is the Lindemaniinshel-

The results of the FACSIMILE integration are summarized wood theory which is corrected for the effects of energy-
in Table 3, which shows the rate coefficienks and k7 dependent microcanonical rate coefficients and weak collisions
determined from both the simple model and the full numerical by appending a number of factors to the original Lindemann
model, at 290 K and for each of the pressures considered. TheHinshelwood formula. This approach is ideally applied to
concentration of OH was varied betweert&nd 102 molecule systems which are single-channel unimolecular decomposition
cm~3 and bothk; andk; were found to be independent of this or association reactions. Although this approach has been
variation. The differences ik, between the FACSIMILE and  extended to multichannel reactiofist has not been validated
analytical results are very small, typically around 2%, and well for such systems.
within experimental error. Experimental confirmation was A more natural approach, in which incorporation of any
obtained by plotting the analytically derivéd values against  number of reaction channels is straightforward, is afforded by
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the master equation (ME) formalism. The energy of the adduct
X(=CH3OH ) is divided into a contiguous set of intervals or
grains. Each grain contains a bundle of rovibrational states to
which are ascribed a common, averaged eneify,and
microcanonical rate coefficients for dissociatiddl, wheren
refers to the reaction channel and can take the values-7, 3
(see Figure 1). The ME describes the evolution of the grain
populations

d
&pi(t) = w]ZPijpj(t) — wp(t) — Zlﬁ”pi(t) +R (13)

whereR is the rate of population of )@ ) from CH; + OH, w
is the frequency of collisions between X and the bath gas, M,
andP; is the probability of transfer of X from graipto grain
i on collision with M. An exponential down modélwas
assumed forP;, defined by the parametew(=[AE],.).
Upward transitions where determined by detailed balance. The
details of the method of calculation are given in ref 28.

The rate of populationR, is given by detailed balan¢®e

R = K{[CH,J[OH] 7, = R, (14)

wherek? is the limiting high-pressure association rate coef-
ficient andz; is given by

k1,
zi kil f
wheref; is the equilibrium Boltzmann distribution of E(). R

is both time-dependent and nonlinear (because]@&ties with
time). However, since [Ck > [OH] the decay of CH is

= (15)
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equal the decay flux of the OH
Rop = Kq[CH4][OH]

= Z[wpc,i + Zkin]gi

(19)

(20)

whereRy;, is the observed rate of associatitapjs the observed
rate coefficient for associatiomP,; is the rate of collisional
transfer from theth state to the absorbing boundary, déids
the rate coefficient for reaction from thith state into product
channeln. Combining egs 18, 19, and 20 yields

k=1 TP, + TKIM ), (21)

which was used in the fitting of experimental data and extracting
of kinetic parameters from them.

The density of states of G®H were calculated by using a
combination of the BeyerSwinehart algorithr#-3! for the
vibrational modes and a classical densities of states treatment
for the rotational modes. GJ@H has an internal rotational
mode that couples with the external rotations and is best treated
as a free rotor rather than a vibration. The classical treatment
adopted by Seakins et #in their analysis of internal rotation
of the isopropyl radical was employed. The combined rovi-
brational density of states was obtained by a convolution in the
usual way.

The microcanonical rate coefficients were determined using
either RRKM theory or inverse Laplace transformation (ILT).
Channels 1,35 occur on type |l potential energy surfaces, with
no potential barrier. A variational approach must be employed
to calculatek;, and the model must properly account for the

unaffected by OH. Provided the reactants are maintained in ainteraction of the angular modes of motion, which are important
Boltzmann distribution, it is possible to utilize the master determinants of the microcanonical rate coefficients and their
equation to model this system by incorporating an absorbing dependence on energy. The calculation of realistic rate coef-
boundary, sufficiently below the lowest reaction threshold that ficients is difficult and requires the use, for example, of the

collisional energization from that boundary is highly improbable, statistical adiabatic channel or flexible transition state models,

to simulate irreversible stabilizaticf.
The ME can be expressed in matrix form as

d

a ~ Me + RO

(16)
where p is a vector containing the grain populationg,is a
vector containing the fractional rates defined in eq 14 bini$
given by,

M=o[P—1]— zK” (17)

P being the collision matrix, the unit matrix, and" a diagonal
matrix with the sum of the microcanonical rate coefficients
(averaged over each grain) for thechannels on the diagonal
(noten is not an exponent).

The solution for this irreversible system is characterized by
a fast transient period followed by a steady-state regime in which
the shape of the population distribution remains constant. The

which are computationally intensive and difficult to use in the
analysis of experimental data. Accordingly, the ILT method,
which directly linksk; to experimental association rate coef-
ficients, was used for these channels. The details of the ILT
technique have been described elsewitetia brief, canonical

and microcanonical rate coefficient are related via a Laplace
transform, and if an Arrhenius form of the canonical rate
coefficient is available then the microcanonical rate coefficient
can be obtained by taking the inverse transform. Often, as is
the case for many of the channels for the present system, the
association canonical rate coefficient is better characterized than
the dissociation coefficient, mainly because its temperature
dependence is much weaker. Davies et®axploited this
observation in their formulation of the ILT technique. If the
Arrhenius form for the association can be expressed as

K* = A(TIT)" exp(pBE™) (22)

wheref = 1/KT, such than® > —1.5, then the microcanonical

steady-state solution can be obtained from eq 16, by setting therate coefficient is given by

time derivative and all reactivation rates from the absorbing

boundary to zero. The steady-state population distribugion

can then be obtained by inversion of the truncated matrix.
g=—-ROM 7 (18)

The observed rate of decay of OH can be derived fgpby

invoking mass conservation and noting that the sum of fluxes

into each of the product channels, including stabilization, must

K(E) = A°C

E-E"—AH§ o
N(E) T(n" + 1.5)rf° NAI(E — E

AHY) — X% dx (23)
whereN(-) is the density of states for the unimolecular reactant,

Np(*) is the convoluted densities of states of the product species,
AHg is the zero-point energy difference between the reactants
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TABLE 4: Parameters Used To Estimate the
Microcanonical Rate Coefficients of Each Channel

10/

channel reactants cm® moleculel st ref
1 CH; + OH 8.0(T/300 K)~0-7° this study
3 1CH, + H,0 16 35, 36
4 CHOH+H 16 47
5 CHO+H 1.3 49, 50

and products, anfi(-) is the Gamma functionC' is given by
27M Mg 372

h?(M, + Mg)

1

(24)

whereMa andMg are the masses of the dissociation products.
The ILT method was used to estimatp for channels 1,
3—5. The association rate coefficients used for channels 3

De Avillez Pereira et al.

[AEdown Was fixed at 230 cmt. The errors reported in Table
1 were used to weight each datum point. The best fit values
obtained were£2 standard deviations):

A? = (7.8+0.3) x 10 * cm® molecule* s™*

n; = —0.81+ 0.09 (28)
The ME calculations give overall rate constants which are
independent of [M], in good agreement with experiment, for
the threshold energy for channel 3 shown in Figure 1. Since
this channel is exothermic, all states populated froms GH
OH havekf’ > 0. At low pressures, reaction occurs primarily
via channel 3 and at high pressures by stabilization. Under all
conditions, dissociation to regenerate the reactants-€i@H

is slow in comparison and; =~ ki. This conclusion is

. ) .
are shown in Table 4. Note that the temperature dependenceinaffected by modest increasesAti, ;. Calculations based

of K7 has not been determined for channels53 and it was
assumed that the limiting rate constants are independent o
temperature. The parameters definkjgare the target of the
analysis and the form

K = A?(T/300 K)™ (25)
was employed. The molecular parameters used in the ILT
analysis are given in Appendix A.

Experimental data for channels 6 and 7 are more limited.
However, there is a well-defined maximum in both cases, and

the energies, geometries, and vibrational frequencies of the

transition states have been calculated by Wétakccordingly,
RRKM theory was used to calculate the microcanonical rate
coefficients

_WH

KB = TnD) (26)

whereW(E) is the sum of states at the transition state.

Having obtained estimates of the microcanonical rate coef-
ficients, the fitting of data via eq 21 could now proceed. As
with previous analyses, the fitting criterion was the minimization
of x2, wherey? is defined as

Xz = z(kexpi - k':alj)zlai2 (27)

kexpi being the experimentally determined values at various
temperatures and pressurdga; the corresponding values
calculated using eq 21 amglthe estimates of the experimental
error. x? depends on the values of various kinetic parameters,

on the threshold energy proposed by Grotheer and cowork-

sers>112however, with channel 3 higher in energy that channel

1 by 7.5 kJ mot?, produces a significant increasekfik’, so
that dissociation along channel 1 becomes significant and the
rate constant falls off below; at lower pressures: a much
higher value of AE[down (> 700 cn1?) is needed to reproduce
the experimental data. It is, however, difficult to determine a
more precise value 1‘(11SH813 on the basis of our experimental
data.

A more precise location of the threshold energy for channel
3 can be obtained from an analysis of the experimental data of
Hack et aP® for the reverse reaction

'CH, + H,0— CH, + OH (R1-3)

They obtained a rate constant for the overall reactiohCbi,
+ H20, exclusive of stabilization t8CH,, of 1.6 x 10710 cm?®
molecule’® s71, with the OH channel accounting for 5000%.
Later measurements by Carstensen €¥ akveals that this
channel contributes 5& 15% to the total reaction at the same
conditions. IfAH3 5 < AHg ,, then reverse dissociation, from
the energized CkOH formed from ICH, + H,O in the
experiments of Hack et 8. may be significant, implying that
the high-pressure limiting rate constant for channel 3, which is
needed for the ILT calculations, is higher than that measured
by Hack et af> A modified form of the ME/ILT was set up,
with 1CH, + H,O as the input channel. The channel efficiency
in (R1.—3) was calculated, allowing\Hgv3 andky_; to float.

An additional constraint was placed on the fit using recent
data by Temps et &f.who detectedCH; in studies of the Ch
+ OH reaction. The inference is thdCH, is formed by
deactivation ofCH, formed directly in reaction 1 (see below).

and the best values of these parameters is deemed to be thosghey found that, at a pressure of 1 Torr at 296 K, {736)%

which minimizey2. The minimization of,? is difficult: clearly
kealj iS @ very complex function of the parameters, and so a

of the reaction leads tfCH, formation. The parameters derived
from the fit to the Hack/Carstens&® data for!CH, + H,O

nonlinear least squares method is obligatory. Nonlinear methodsyyere used to calculate the yield 8&H, from CHs + OH, for

rely on a knowledge of the derivatives of the function to be

comparison with the experimental measurements of Temps et

complexity of the function means there is little hope of obtaining

analytic derivatives. Numerical derivatives can be obtained,
but they are time consuming. For fitting and analysis purposes,
it is most expedient to perform a simple grid search of the

parameter space.

AHg 5 If it is too high, the yield of'!CH, from CH; + OH
falls below the experimental value. If it is too low, then an
unphysically high value ok;_; is needed to be compatible

with the data of Carstensen et38l.The most satisfactory fits

are obtained with

For the data reported here, the most important parameters

were identified as the Arrhenius parameté¥® and n7 of
channel 1 and the threshold energy of channeﬁﬂgys. In
first instance, A7 andn? were floated and fitted.AHg ; was
fixed at the value which was taken from the Sandia datdbase

AHg;— AHg ;= 1.6+ 2 kJ mol™*

Ky _;=2.5+10 ‘“cm’molecule*s™  (29)
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o~ 1-2 N TABLE 6: Enthalpies of Formation of the Species Involved
1 in Channels 1-7, for Sandia' and JANAF3 Databases
ER ] AHy, /kJ mot
E o.o| } { { % ,,,,, T i _ species JANAF Sandia
e ! ] CHs 145.7+ 0.8 146.8
S o.sf . OH 39.0+1.2 39.3
% L . ICH, 424.0+ 4.2 428.3
R H,0 —241.8+ 0.04 —241.8
e 1.5 2 2o 3 CHsO 17.2
logio(P/Torr) H 218.0-+ 0.006 218.0
) CH,OH -17.6
= I b A HCHO —155.9+ 6.3 —108.6
T o.s| ] Ha 0.0 0.0
T o-er } % * { i AH?(chg), and it is appropriate to examine the experimental
=0 I f iﬁ ,,,,,,,,, i -+ i and theoretical data on which this quantity is based, which are
S - i _____ ] »»»»»»»»»»»»»»»»»»»»»»»» 1 given in Table 7.
z o 1 The majority of the data are based on photoionization or
| ! photodissociation measurements. The values foi(X#8,) and
1 1.5 2 2.5 z

have been converted into heats of formation for the singlet state

using the To(& A;) value of Jensen and Bunk®&r. The

photodissociation measurements give the threshold for the

o.sf . singlet state directly. The most recent measurement, by Chen

L 1 et al.#1 gives the threshold to high accuracy@.4 cnt?), and

o 6l { { {H % il the uncertainty given in Table 7 derives from that in the value
1

------------------------------------- B S 1 for AHg (CH,CO) (44.8+ 1.7 kJ mot? )42 Doltsinis and
Knowles? have recently performed high-level ab initio calcula-
tions, based orfCH, — C(P) + H, (see Table 7). The
estimates ofAHgyf(1CH2) obtained in the present work are
B Lo 2 70 3 428.0 and 429.4 kJ mol, depending on the thermodynamic
logio(P/Torr) database used for the other radical species. The total uncertainty
Figure 4. Experimental data of this work and best fit fall-off curves  of £2.5 kJ mot? (20 ) includes the uncertainties in the other
using the ME model: (a) 290 K, (b) 473 K, and (c) 700 K. The error  radical species as estimated in the JANAF tables. The agree-
bars represent-2o. ment with the best spectroscopic data is excellent.

logio(k/10'" cm® molecule™! s=1)
o)
D
T
——
——
——

TABLE 5: Comparison of Calculated and Measured Rate The threshold energy of channel 3 is a primary determinant
Coefficients for the Conditions Reported by Fagerstron et of the competition between dissociation of & to reform
al8 CHs; + OH and its dissociation to generad@H, + H,O. At
temperature/ pressure/ 104K/ 10 Kexpr/ high pressures, stabilization to form gbH domains. Channel
K Torr cm® molecules?  c¢cm®moleculel s 3 becomes increasingly important as the pressure is decreased.
208.0 63.8 79 9.6 05 The temperature dependence of the HDO yield obtained by
298.0 127.5 7.9 10.8 0.5 Grotheer et af1112gives AHygs, = 8 £ 2 kJ mof, which,
298.0 375.0 8.0 12212 with the uncertainty of the measurements, corresponds also to
298.0 750.1 8.0 13.81.3

their estimate forAHgvr. Their estimate, therefore, differs
gsignificantly from that reported here, which is based primarily
on the work of Temps et &. and of Hack et at®> Figure 5
plotsk i(T) for p= 1 Torr based on our estimates and those of
A? = (8.04 0.3) x 10 e molecule * st Grotheer et ab:'112The diffeience between them is substantial.
It should be noted that, since the ground state of OH has the
term symboPI1, CH; + OH correlate with two triplet and two
singlet CHOH surfaces. Were one of the triplet surfaces to be
bound, it would provide a route through3GH, + H,O. There
is no information on such a low lying triplet state of ¢B@H
and this mechanism seems unlikely, given the unreactivity of
3CH, with species like HO. Recent ab initio calculations by
6. Discussion Balint—Kurti** show a significant actiyation energy for thi§ route
from CH; + OH and a direct mechanism which does not involve
The enthalpies of formationAa—igzga) of the species in- a bound state of C}DH.
volved in channels46 are tabulated in Table 6, for the Saridia The present data are reasonably well fitted by the ME analysis
and JANAF® databases. with a fixed value ofAEdoun (230 cnT?), a negative temper-
The difference in reaction thresholds for channels 1 and 3, ature dependence kf, and aAHS , value compatible with the
AHJ, can be determined from these enthalpies of formation, Sandia database, i.e., an approximately thermoneutral channel
together with the changes in enthalpies of formation between 03, As discussed above, the overall rate constant is largely
and 298 K, calculated from the spectroscopic data in Appendix independent of pressure over the pressure range studied here.

The experimental data reported in this paper were then refitte
using these values. The optimal fits it were little affected

N’ = —0.79+ 0.09 (30)

where the uncertainties refer #20. The data and the fits are
shown in Figure 4. The goodness-of-fit was calculated to be
0.0839 from theg? distribution.

A (AHYg, — AHg, = 0.3 kJ mot1) giving AHg, = —2.8 kJ Figure 6 shows the microcanonical rate constants for the six
mol~* for the JANAF® database an¢t0.1 kJ mot™ for Sandiat dissociation channels as a function of energy. The only other
A recent tabulation by Ke# gives Ang = 40.8 kJ mot™ significantly competing dissociation channel under the experi-

The differences reside primarily, although not exclusively, in mental conditions studied here is channel 7. The barrier height
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TABLE 7: Experimental Measurements ofAH?),f(1CH2)a

method AHg {(*CHg)/kJ mol? ref

photoionization of CH (®B1) 424.04+ 4.2 Chupka and Lifshit?
photoionization of Cl, CH, CO (B;) 429.3+ 1.7 McCulloh and Dibelé?
photodissociation threshold of GIEO (A,) 4255+ 2.1 Lengel and ZaPé
photodissociation threshold of GIEO (*A;) 426.3+ 2.1 Feldmann et &
product energy distribution, 308 nm photolysis of OED (A;) 4293+ 25 Hayden et &°
photodissociation threshold of GIEO (*A,) 429.3+ 1.7 Chen et at?
activation energy for HDO production from GBD (*A,) 434.2+ 25 Grotheer et &2
MRCI calculations ofCH, — C(®P) + H, (°B1) 426.4+ 1.0 Doltsinis and Knowle/d
current estimate, using JANAF databdgéor CHs, OH, H,O) and 428.0+ 2.5 this work

experimental value foAHg
current estimate, using SANDIA databaffer CH;, OH, H,0) and 429.44+ 25 this work

experimental value foAHJ,

aThe estimate based 8B, measurements have been converted mrtgvf(l(:Hg) using the value offp@ A; = 37.65+ 0.06 kJ mot? of Jensen
and Bunker®
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Figure 6. Micronanonical rate coefficients for each dissociation

- Figure 7. Pressure dependence of the rate coefficients for (a) channel
channel as a function of energy.

2, (b) channel 3 and (c) channel 7, as calculated from the master

. . equation, for temperatures 300, 500, 700, 900, and 1200 K. Lines
chosen for this channel was taken from Harding’s calculations. represent fittings based on the modified Troe formalism (see text).

4 ~i .
Walch? gives a much Iowe_r value (355_‘6 kJ mél) which . barrier height was required to fit the channel branching ratios
leads to much greater prominence for this channel, such that it obtained i.e.kyki»~ 5 at 0.5 Torr.

is not possible to reproduce th€H; yield observed by Temps Figure 7 shows plots of the canonical channel rate coefficients
et al37 Carstensen et 8.discussed this channel and could find ki kis andky 7 against pressure for five temperatures. The
no evidence for HCHO, which would be formed from HCOH  4te coefficients for the other channels are independent of
by isomerization, supporting the higher transition state energy. pressure, because the shape of the population density is governed
Also the lower transition state energy predikis > ki 2 under almost exclusively by channels 1, 2, and 3. Channels 4 and 5
the conditions studied by Oser et°at 300 and 480 K, which  are strongly endothermic, and their temperature dependences
disagrees with the conclusion given by these workers that are determined by the channel energies, given the assumptions
stabilization was the dominant channel at these temperaturesmade of temperature-independent association reactions. Figure
However, by examining their 700 K dath?an intermediate 8 shows a plot of rate constants for channel$4t 290 K. All
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Figure 9. Arrhenius plots for channels—46 atp = 1 Torr.

-20

are essentially independent of pressure. Figure 9 shows th
Arrhenius plots for these channels, and the related Arrhenius
forms are given in Appendix B. It should be noted that a
potential limitation of ME calculation and fitting is the neglect
of rotation, which can have differential effects on the channel
rate constants because of differences in the shapes of th
potential surfaces. While we have developed techniques for
incorporating rotation into ME calculatio&>7 such an ap-
proach in not feasible with a fitting routine based on the ILT.
The data generated from the master equation for channels 2
3, and 7 with optimal parameters were fitted using the Troe
formalism. The parameters fdg » are given in Appendix B.
In the latter two cases, however, modification of the basic
formalism was required as indicated in ref 27. For channels 3

and 7, itis clear that the rate coefficient decreases as the pressur

increases in contrast to the standard Lindemann type fall-off
curve. The basic analytic form of the rate coefficient as a
function of bath gas concentration was derived from the
expression

11, M

kK 0 (1)

which has the correct limiting behavior at the extremes of the

€,

e
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Figure 10. Experimental data of Oser et @12 (a) The full line
indicates the fall-off obtained using parameters obtained from the data
presented in this work. The broken line is the fit basedkpnbtained

by Oser et af. (b) Full lines indicate fall-off curves obtained using
parameters obtained from the data presented in this work, with a
modified [AEdown = 230(T/300 KY0 cm2.

to that that appears is the standard Lindemardmshelwood
factor. Equation 32 is corrected for broadening effects by
applying a broadening fact®i(P;), which is of exactly the same
form as that used in the standard fall-off representation (see,
for example, ref 29). The rate coefficietksandk., as well as
Fcens the parameter that governs the magnitude of the broadening
factor, are all functions of temperature and were fitted to
appropriate functional forms, the details of which are given in
Appendix B.

The information content in the experimental data, is com-
paratively limited; the most important aspects are the pressure
and temperature dependences. It is important, therefore, to
compare the model results with literature data.

' Oser et aP1112pbtained a strong pressure dependence in their

measured rate constants, but they were “blind” to channel 3
(see section 1). Thus they were confined, according to the
proposed model, to measurements kg with very small
8ontributions from channels—47. They fitted their data to
obtaink? = 1.7 x 1071° cm?® molecule’* s, independent of
temperature. In an effort to understand the origin of this
discrepancy, compared with our own measurements, the data
reported by Oser et ai'112were examined using the ME/ILT
method of section 4, with the modification that channel 3 was
excluded from the calculation. Figure 10a shows the data and
fall-off curves calculated using th&(T) obtained in the
present experiments and that by Oser et dhe fits are
acceptable at 300 K but poorer for the other data. Althggigh

bath gas concentration [M]. Rearrangement of eq 29 leads tois larger for our parameters, the fits are not significantly worse

the following basic expression

k__1
© 1+P

(32)

whereP; = k[M]/ k> is the reduced pressure and is analogous

to the eye. The measurements of Oser ét'al2were made

far from the high-pressure limit so that quite a long extrapolation
is needed. Figure 10b shows fall-off curves calculated using a
temperature-dependeXEJown = 230(T/300 KF-Ocm~1. Good
agreement was obtained, though the parameters give very high
values of [AE[own at the higher temperatures. The higher
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Figure 11. Experimental data of Temps et @land the calculated
fall-off curve using the present ME model (egs 29 and 30), for
temperature 296 K.
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Appendix A

Molecular Parameters for ILT/RRKM/ME Analysis

CH;OH. Vibrational frequencies/cn: 3681, 2973(2), 2845,
1475, 1455, 1425, 1345, 1160, 1070, 1033, [270] (This
frequency corresponds to internal rotation which was treated
classically (see text)). Rotational constants/émi.259, 0.807,
5.25. Symmetry number (internal rotation): QAHEOIkJ
mol™1 —212.42.

pressure data reported here are largely insensitive to such a Channel 1. CHs. Vibrational frequencies/cmt: 3162(2),

strong T dependence GAElJown. Figure 11 shows the data
for ky measured by Temps et Hl.and the fall-off curve

3044, 1396(2), 606. Rotational constants/ém4.742 9.574.
Symmetry number; 6.AH20/kJ moit 135.23.

calculated using the present ME model parameters (egs 29 and oy viprational frequency/cmt 3725.2. Rotational

30). The agreement is excellent.

The data of Bott et a.were examined using appropriate
collisional parameters for the bath gas Ar an@d\&[Jown value
of 400 cntl. The rate constant was calculated to be 2.3
1071 cm® molecule’* s7 at 1200 K and 760 Torr, which is
within their experimental range, (1.& 0.5) x 10" cm?®
molecule! s71. A comparison was also made with the data
reported by Fagerstno et al® Rate coefficients for the various

experimental conditions selected by these workers were calcu-Rotational constant/cm:  27.435, 12.062(2).

constant/cm!; 18.87. 137.
AHP/kd mol%: 29.73.

Threshold energy/kJ molt: 377.4.

Channel 3. ICH,. Vibrational frequencies/cri: 2865,
2806, 1353. Rotational constant/cin 20.142 9.1104(2).
Symmetry number: 2.AH€0/kJ molL: 414.58.

H,0. Vibrational frequencies/cm: 3755.8, 3657.1, 1594.6
Symmetry

Spir-orbit  splitting/cnT:

lated using the parameters given by equations 29 and 30. Thenumber: 2. AH?O/kJ molt —251.67. Arrhenius parameters,

bath gas used by Fagerammoet al® is Sk, and so collision

A®, n*, E*, andT®: 1.6 x 1072, 0., 0., 1. Threshold energy/

parameters appropriate for this gas were used together with akJ mol®; this study.

AELdown Value of 1000 cm!. The values obtained are shown

in Table 5 together with the experimental values. Their values 3019, 2915, 1459, 1334, 1183, 1048, 569.

are consistently higher than our high-pressure limit of 8.0
1071 cm® moleculet s71,

7. Conclusions

The multichannel Chl + OH reaction system shows a

Channel 4. CH,OH. Vibrational frequencies/cr: 3650,
Rotational
constants/cmt: 6.4364, 0.9884(2). Symmetry number: 2.
AH{/kd molt; —28.95.

H. AHPy/kJ morL: 211.67. Arrhenius paramete?, n®,
E®, andT: 1.6 x 10719 0., 0., 1. Threshold energfkJ mol:
402.5.

complex temperature and pressure-dependent behavior. Table Channel 5. CHzO. Vibrational frequencies/cri: 3320,

1 and Figure 4 summarize the experimental data fog GH
OH in a helium diluent over the pressure range—%688 Torr

3311, 3216, 1657, 1599, 1582, 1159, 1064, 717.0. Rotational
constants/cmt: 5.333, 0.867(2). Symmetry number: 3.

for the temperatures 290, 473, and 700 K. The reaction is AH{/kJ mol: 5.9. Arrhenius parameterg®, n*, E*, and
largely pressure independent over the range studied. TheT™: 1.31x 10714 0.,0., 1. Threshold enerfkd motL: 439.3.

experimental data were analyzed by a combined ME/ILT/RRKM

Channel 6. CH,O/H, Transition State. Vibrational

procedure and the limiting high-pressure rate coefficient was frequencies/cmt : 3195, 2295, 1740, 1574, 1429, 1369, 916,

obtained:
K =8.0x 10 **(T/300 K) ®"°cm® molecule*s™*  (33)

The threshold energy of the channel produciggl, and HO
was estimated to be 378 2 kJ mol, which is about 1.6 kJ

3278, 1273, 1211, 1065. Rotational constantsfen’3.345,
0.944, 0.863 Symmetry number: 1. Threshold engkdy
mol~1: 403.8.

Channel 7. HCOH/H, Transition State. Vibrational
frequencies/cmt: 4130, 3199, 2323, 1564, 1498, 1347, 1291,
1122, 934, 622, 513. Rotational constants/énB.042, 0.839,

mol-L higher than that of the entrance channel. At low pressures 0-764. Symmetry number: 1 Threshold enéfigy mol™
and/or high temperatures, channel 3 competes effectively with 380.8.

the stabilization channel, 2. Rate coefficients for channel§ 4

Collision Parameters. o[CHsOH] = 3.626 A; o[He] =

are essentially independent of pressure, and for channel 72.551 A;¢[CH3OH] = 481.8 K;¢[He] = 10.22 K.
pressure-dependent rate coefficients were obtained. Representa-

tion of rate coefficients for each product channel are given in
Appendix B. The parametric forms of the temperature and

Appendix B

pressure-dependent rate coefficients for channels 2, 3, and 7 This appendix gives the formulae used to fit the rate data for
are based on the Troe formalism, while rate coefficients for channels 2, 3, and 7, and Arrhenius parameters for channels
channels 46 are expressed in Arrhenius form. 4—6 for temperature 200 K T < 1200 K.



Multichannel CH 4+ OH Rate Coefficients

Parameters for the fall-off curves for channel 2:

K0 = 4.4 x 107 %(T/300) *2* x

exp(=671/) cm® molecule?s™*

k* =8.0x 10 *(1/300) ®"°cm® molecule*s*

F....= —0.756 expt-70.7) + exp(-T/5646)

cent™

Parameters for the fall-off curves for channel 3:

K= 1.0x 10 *(1/300) ** x

exp(=275/T) cm® molecule * s*

K* = 1.5 x 10'(T/300y® exp(4851) *

cent™

F....= 0.664 exp{-T/3569)+ 0.336 expt-T/108) +

exp(—3240m)

Parameters for the fall-off curves for channel 7:

K =1.9x 10 *(T/300) **? x

exp(209T) cm® molecule * s*

K* = 7.5 x 10°(T/300f° exp(12401) s *

cent”

F...= 0.295 exp{-T/3704)+ 0.705 exp{-T/312) +

exp(—1238M)

Arrhenius parameters for channels @&

ky(T) = 1.2 x 10 *? exp(—27601) cm® molecule* s *
ks(T) = 2.0 x 10 exp(—69901) cm® molecule* s+

ks(T) = 5.3 x 10 *° exp(—25301) cm® molecule* s™*
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