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The temperature and pressure dependence of the rate constant of the-imetthyll recombination reaction

with He bath gas has been studied using time-resolved time-of-flight mass spectrometry. Methyl radicals
were produced by the 193 nm laser photolysis of acetone. In the observed temperatur@0(B60) and
pressure (0.610 Torr) range, the rate constant exhibits a negative temperature dependence and falloff behavior
typical for recombination reactions. The integrity of the measurements has been validated by determining the
recombination rate constant with Ar (1 Torr) as the bath gas at room temperature and by analyzing the yield
of the reaction product, ethane. In addition, rate constants were calculated theoretically using variable reaction
coordinate transition state theory in a manner that improves upon the previous treatment of Wagner and
Wardlaw by incorporating high-level ab initio results. The calculated high-pressure rate constant can be
expressed alg"®°™(T) = 7.42 x 1071 (T/298 K) 062 e 88K ¢ moleculet s~X. With reasonable downward
energy transfer parameters, the experimentally observed pressure dependence of the rate constants for Ar,
He, and H bath gases were reproduced very well using master equation analysis. Troe’s equation, describing
theT andP dependence of the recombination rate constant, was fit to a set of data for He as bath gas comprised
of rate constants from this work and taken from the literature. Wi(ff) set to be the high-pressure limit

rate constant calculated here, the other remaining parameters can be gikgf) by 1.17 x 10725 (T/298

K) =375 g 494 KT cmf molecule? s7* and Feen(T) = & 570K,

Introduction to rate constants of reactions between methyl and a number of
hydrocarbon radical species in a pressure range -0101
Torr}>17 Again, no pressure dependence was observed for the
room-temperature rate constant®at 1—3.8 Torr. However,

the reported data have significant uncertainties, e.g., the room-
involving the methy! radical as a reaction partner. Frequently, {€Mperature rate constants at 3.8 Torr vary from 3.7 t0x4.7

. . . 11 1g1
the methyl concentration is chosen in excess over the second0 M molliacule S~ Detelrs_elt al. measured a smaller value
radical species, so that the rate constant for Rland its ~ ©f 2.9 x 107t cm® molecule® s™ at 298 K and 1 Torr using

temperature and pressure dependence is crucial in the analysi@ flow-tube reactor with a microwave discharge and laser

In addition to its considerable importance in combustion
processes of hydrocarbon fuels, the mettigethyl recombina-
tion reaction (R1) has been investigated in our laboratory as
part of an effort to study radicakradical reaction kinetics

of the experimental data magnetic resonance as detection techni§u€or the same
experimental conditions, Cody et al. reported an even smaller
CH, + CH; + M — C,Hg + M (R1) rate constant of (2.44 0.52) x 10! cm® molecule’® s1,

using a discharge-flow reactor apparatus coupled to a quadrupole
R1 has been studied extensively both experimentally and Mass spectrometé? The rate constant was found to be slightly
theoretically covering wide temperatufe£ 200-1700 K)and ~ dependent on the bath gas pressure (He) at the two pressures
pressureR = 0.3—1CF Torr) ranges predominantly with Ar bath ~ chosen (0.6 and 1 Torr). For higher pressures<{B%8 Tor),
gast~14 However, few studies have been done for R1 with He D€ Avillez Pereira et al. measuréd at 290, 473, and 700 K
as a collision partner. Slagle et al. measukedit 296, 577, using a laser flash photolysis/UV-absorption spectrontéter.
and 810 K and 2.422.6 Torr using a tubular reactor coupled Unfortunately, the lack of accurate temperature-dependent
to a photoionization mass spectrometékt T = 296 K and absorption cross sections for the €tadical at 216.4 nm and
pressures less than 10.5 Torr, the measured rate constant§onnegligible secondary reactions introduced relatively large
Surprising]y did not show any pressure dependence, and ansystematic errors in the results. By modeling the detailed reaction
average value fok; of 3.7 x 10711 cm® molecule? s was mechanism at 290 K, the authors noted that the experimental
reported. Only at higher temperatures, the rate constants showedate constants were overestimated by approximatety2096.
a falloff behavior. Using the same experimental apparatus, An earlier measurement at 298 K and 100 Torr by Fahr et al.
Stoliarov et al. and Knyazev et al. recently measugeghcillary reportedk; = 5.2 x 107 cm?® molecule* s71.2t
. Hessler and Ogren performed a global fit to the experimental
bnl*gToci/Whom correspondence should be addressed. E-mail: fknberg@ gte con§tants With Ar as bath ga.s using various empirical
f Present address: College of Chemistry and Molecular Sciences, WuhanParametric equatiori$.Oref's J-equatiof?-**was demonstrated
University, Wuhan, 430072 P.R. China. to have the best performance among the five equations
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examined. The results reported akg(T) = 8.78 x 10711 a string of mass spectra was acquired covering 25 ms in intervals
e 723K cm? molecule! s, ky(T) = 9.04 x 1027 cmP of 48 us. For a typical experiment, tens of thousands of these
molecule? s71, and J(T) = (e268K — 1)2. As the authors  data sets were summed to give an acceptable signal-to-noise
pointed out, fitting low- and/or high-pressure limit rate constants ratio. Radicals were created in the photolysis of a suitable
in isothermal data sets, which span only limited pressure ranges,precursor species using the emission of an excimer laser, which
can be highly uncertain. Also, the analytical expression used towas fired about 2 ms into the acquisition of a string of mass
describe the temperature dependence of, e.g., the kitézla spectra. The delay was generated by a digital delay generator
function of the particular global model. Because almost all of (Stanford Research Systems DG535). The laser pulse was
the rate constants of the methyhethyl recombination reaction  observed with a photodiode, and its delay time with respect to
reported in the literature or measured here lie in the falloff the start of the acquisition of a set of mass spectra was monitored
region, we decided to obtaik,(T) from fitting high-pressure with a digital oscilloscope (LeCroy LT344).

limit rate constants calculated with an empirical model of this  Special effort was made to measure the initial methyl
reaction based on work by Wardlaw and Maftasd Wagner concentration, [Ch]o, which has to be known to good accuracy
and Wardlaw® using flexible transition state theo?§?> Both in order to determine the rate constakisprecisely. Methyl

of these calculations used an empirical potential energy surfaceradicals were conveniently produced by the 193 nm laser (ArF,
and switching function (describing the evolution of the £L{H Lambda Physik COMPEX 205) photolysis of acetone. Acetone
geometry and conserved frequencies at the transition state),Mallinckrodt, 99.7%) was purified by multiple freezpump-—
which was adjusted by Wagner and Wardlawo fit the thaw cycles. The primary photolysis pathway is

experimental data of Slagle etZln contrast, the potential

energy surface used in this work was built from high-level ab CH,C(O)CH, + hv (193 nm)— 2 CH, + CO (R2a)

initio data describing the €C potential and the barrier height
of the hindered rotation. In addition, a new switching function

; with two minor channels leading to
was constructed from the-€C distance dependence of the £H

splay angle replacing the exponential function employed by — CH.CO+ CH (R2b)
Wagner and Wardlaw. A master equation analysis provided rate 2 4
constants in the falloff region and allowed a comparison of the — H + CH,C(O)CH, (R2¢)

efficiency of collisional deactivation among the Ar, He, and
H, bath gases used here. Good agreement between theory an
experiments was found for the bath gases studied covering
temperatures from 200 to 1350 K.

Methyl—methyl recombination reaction kinetics have also
been studied computationally using various theoretical methods,
including the statistical adiabatic channel model (SACM) and
transition state theory (TSP).12

ﬁihe yield of channel R2b has been measured in this laboratory
to be (2.2+ 0.5)% by comparing the signals from ketene and
acetoné’ This result is in good agreement with the upper limit
of 2% reported by Lightfoot et & In addition, because we
were neither able to detect hydrogen atoms nor distinguish
acetonyl (CHC(O)CH,) radicals (channel R2c) from cracking

of acetone into the same channel, the yield of channel R2c was
estimated alternatively from the signalrate = 72, which was
attributed to methyl ethyl ketone produced in the reaction of

Measurements were carried out using laser photolysis andacetonyl with methyl radicals. An upper limit of (05 0.2)%
repetitively sampled time-of-flight mass spectrometry (TOFMS), Was obtained, which is significantly smaller than the estimate

Experimental Section

which has been described in detail elsewtfr©nly an of 3% reported by Lightfoot et al. However, this indirect result
overview will be given below. is subject to a large uncertainty as discussed edflier.
The reactor consists of a quartz tulie<t 1 cm,| = 43 cm) Additionally, a small fraction of the methyl radicals was

coated with a thin film of platinum on the outside, which was Subsequently photolyzed by the same laser pulse producing
used to heat the tube electrically. The temperature of the reactionMethylene (Ck) and hydrogen atori§?®

mixture during an experiment was continually monitored at six

equally spaced locations along the reactor using six K-type CH; + hv (193 nm)— CH, + H (R3)
thermocouples. The local deviation from the average temperature

was less than 5%. The inner surface was coated with boric acidUnfortunately, the Chl signal fell below the detection limit.
and heat treated at 700 K in a vacuum. Precursor moleculesHowever, it could be estimated from previous experiments that
(acetone) mixed into bath gases (Hez Hnd Ar: Praxair, about 2% of the methyl radicals were photolyzed even at
99.999%) flowed at a constant velocity of 10 m/s through the the low laser fluences used85 mJ/cm).2” Therefore, 96%
tube. The gas flow and the precursor concentrations were set(~100%— 2.2%— 0.5%— 1.5%) was used as the best estimate
by mass-flow controllers (Tylan General, FC 260). A 0.5-mm for the overall yield of methyl radicals. The uncertainty is about
diameter orifice in the wall of the reactor allowed the sampling 4-4% including the possible errors in the yields of channels R2b,
of the gas mixtures in the tube, a fraction of which was R2c, and R3. The absolute initial concentration of :Gktis
subsequently photoionized by VUV radiation emitted from a calculated as follows:

hollow cathode lamp (McPherson model 630). The lamp was

operated with either Ay = 11.62 and 11.83 eV) or Hmany A{ acetoné}
lines, with the main line at 10.2 eV) in the discharge at pressures [CHyp=2 [acetone] 96% (E1)
of 200 mTorr for Ar and 400 mTorr for i The radiation was {acetoné}o

coupled into the main chamber via a glass capillary in a

windowless configuration, which allows the use of the whole where [acetong] is the initial concentration of acetone,
emission spectrum of fextending up to 14 eV with an overall  {acetoné}, is the corresponding measured counts, and
intensity being at least 10 times higher compared to Ar. By a A{acetoné} is the difference between the counts of acetone
burst of rapid successive extractions of ions into the flight tube, ions before and after the laser fired. The concentrations of
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800 T . T " T " T T then plotted against the concentrations ffeHfrom which the

rate constantg; could be obtained by linear least-squares fits
(see Figure 2). The small values for the intercepts in the second-
order plot are an indication that neither heterogeneous processes
nor secondary reactions were important. The change of the rate
constant was less than 5% if the fit was forced through the
origin. Unfortunately, the precursor concentrations along the
axis of the reactor were not uniform due to a pressure gradient
caused by viscous flow through the small diameter tube.

600+

. 400 ;
T Therefore, the rate constants obtained from eq E2 were
o corrected according to the pressure didp,= Pentrance™ Pexit,

which was measured in separate experiméhts:
AP -1
2P

exi

200 -
(E3)

kl,corr: kl[l +
where the factor of 2 results from the fact that the orifice is
located roughly in the middle of the reactor tube. The measured
AP followed the theoretical expression for the pressure drop
with AP (Torr) = 5.9 x103uy AZ/IR?, wherev, Az, andR are
Figure 1. Experimental methyl ion signalsnile = 15) vs time observed the flow velocity n C.m/S’ the dlstance In cm from the entrance,
at 305 (1), 515 (), and 715 K {). For clarity, the profiles for 515 _and the tube radius in cm, respectively. The pressure correction
and 715 K were shifted upward by 100 and 200 counts, respectively. IS temperature dependent by way of the bath gas specific
H_-lamp photoionizationP = 10 Torr (He). [CH]o= 1.1 x 10 cm3, viscosity,n (g cnr! s71). Evidently, the pressure corrections
The solid lines are the best-fit curves using eq E2. tend to decrease the observed rate constant varying from 1%

(10 Torr) to 16% (0.6 Torr) at 300 K for He bath gas. In total,
methyl radicals were varied by changing the acetone concentra-yyelve rate constants were obtained for He bath gas covering a

: .
10 15
Time / ms

tions in the range of (0:65) x 10" molecules cm?. pressure range of 0-610 Torr at three temperatures, (385
. . ) 5) K, (515+ 25) K, and (715t 35) K (see Figure 3 and Table
Experimental Results and Discussion 1). For H bath gas, room-temperature rate constants were

The kinetic behavior of methyl radicals in this study is measured at five pressures, i.e., 0.6, 1.1, 3.1, 6.1, and 10.1 Torr.
governed by the self-reaction R1 for two reasons: First, the To establish error bounds incurred by neglecting secondary
heterogeneous loss rate of methyl radicals on the reactor wall,reactions, simulation calculations have been run on the following
which was measured separately using low precursor concentraimore detailed reaction mechanism:
tions, was very small£5 s1) at all temperatures and pressures

considered here. Second, the concentration of @&k always CH; + CH; — CH, (R1)
in large excess over all other radical concentrations. The most s
abundant secondary radical species were methylene radicals and CH,+ CH;—CH,+H (R4)
hydrogen atoms. However, their initial concentrations were
generally less than 2% of the methyl radical concentration. CH;+H—CH, (R5)
Under these conditions, the decay of £Mas largely unper-
turbed by secondary chemistry and, therefore, followed a simple 3CH2 +H—CH+H, (R6)
second-order expression:
3 3
{CH3 +}t [CH3]t 1 CH2 + CH2 - C2H2 + H2 (R?)
{CH;"}, [CHglp 2K [CHylot +1 (F2) Concentration profiles were calculated for two experimental

conditions: T= 300 K,P =10 Torr andT = 700 K,P = 1.0

The observed methyl profile, denoted{a3Hs"},, was fitted to Torr. The rate constants for R1 and R5 were set tkjlbe 6 x
the equation shown above with the reaction rate= k; x 10t andks = 1 x 10! cm® molecule'* s for the first case
[CH3lo, and the initial counts,CHs '} o, as the fitting parameters.  andk; = 4 x 10712 andks = 1 x 103 cm® molecule* s7*
Finally, the rate constar was determined by a second-order for the second! The rate constants of reactions R6 and R7 were
plot of k; against [CH]o. Experimental data ofCHz*} taken chosen to bes = 2.2 x 1071°andk; = 5.2 x 10! cm®
in the interval between the laser pulse and 1 ms thereafter havemolecule® s™2, for both temperatures and pressutes. rate
been discarded in the fit. This treatment effectively eliminated constant ofks = 1.9 x 1071° cm® molecule’ s™* was used
two problems: First, the finite travel time from the orifice to  instead of 2.1x 107 cm® molecule* s™* reported by Wang
the ionization region leads to a finite rise time in the methyl and Fockenbefj because the original constant had been given
signal, which, however, was always negligibly short compared Without pressure correction. Two initial concentrations for,CH
to the time scale of the observed kinetics. Second, vibrationally and H were chosen with [Clify = [H]o and [CH]o/[CHs]o =
hot methyl radicals generated in the 193 nm photolysis of 1.5% (the approximate experimental value) and 5% (to estimate
acetone were completely deactivaféd. an upper limit). The Chlprofiles from the simulation were then

Figure 1 shows typical profiles of methyl signal decays at fitted in the same way as outlined above giving rate constants,
different temperatures and 10 Torr He. As can be seen, theki", which were then compared to thkeused. The difference
profiles could be fitted quite well using eq E2 in the time range betweenk; andki™ changed from 0.3% to 5% at= 300 K
of 1—20 ms. The best-fit reaction ratdg, = ki[CHsJo, were andP = 10 Torr and from 1% to 6% af = 700 andP = 1.0
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Figure 2. Second-order plots of the apparent reaction rifes k- % o’
[CH3]o vs [CHg)o at the average temperatures 30% (M), 515+ 25 = (AE,
(@), and 715+ 35 K (a) at 10 Torr (He). The slopes obtained from “’E down
the linear least-squares fits, shown as dashed lines, gave the rate © 4 250 cm™
constantsk;: 5.27 & 0.46, 2.644 0.26, and 1.28 0.14 in units of = I ,’ - = =100 cm
107 cm® molecule® s7! (£ 20 statistical errors). S osl 200 cm-' 1
= 08f e cm
< el =-=--300 cm™’
Torr, as the concentration ratios [@[CHs]o and [HW/[CH3]o ) ---=- 500 cm™"
were increased from 1.5% to 5%. This result supports the /- ¢« .. 850 cm-"!
assumption that secondary reactions under the current experi- O.Zl L . L L
mental conditions have only marginal effects on the methyl I
kinetics. 700 K

As shown in Figure 3, the measured rate constants show a
falloff behavior with negative temperature dependence. To
compare our findings with rate constants found in the literature,
we grouped the available data in temperature range26fK
around 300, 500, and 700 K. The open symbols in Figure 3
denote literature values for the rate const&mtin these 1L
temperature intervals with He bath gas. At room temperature,

400 cm™]

the data from this work are generally larger by as much as 40% 08 ! - --200cm™ ]
than those obtained by Slagle et?alStoliarov et al’® and 0.6} ---- 300cm™ ]
Knyazev et al® However, most recently, Knyazev et 1al. --=--500 cm™
reportedk; = (4.7 + 1.6) x 101 cm® molecule* st atP = 04l o, ---=- 700 cm™ |
3.7 Torr, which is very close to the value of (4.810.52) x R/ 1000 cm™’
10 cm® moleculet s~ atP = 3.1 Torr obtained here. Deters B el
10! 100 10! 102 10°

et al. reported a rate constant &f = 2.9 x 101 cm? P/ Torr
molecule’® s71 for 298 K and 1 Torr, which is about 30% . . .

. Figure 3. Pressure dependence of the theoretical and experimental
smaller than our resulf Cody et al. publlghed anevensmaller ;" Lcionts of the GH- CHs reaction for He as bath ga®, This
value of 2.44x 10°* cm® molecule* s™* measured under  york; v, ref 2; A, refs 15-17; (left-pointing triangle), ref 180, ref
essentially the same experimental condition as mentioned19;0andx, ref 20. The filled squared) in the lower panel (700 K)
above?? Interestingly, rate constants determined in experiments show the data of ref 20 scaled by a factor of 0.85. As mentioned in the
using flash photolysis with methyl radical concentrations text, the temperatures shown are used to group experimental data
measured from the drop of the precursor species tend to be fastemhggfgtzggl raetsuﬁ{fggﬁﬁﬂggi’;ﬂ;i?ﬁﬁresz'M;I—L‘:S ‘;‘;%e dSic :tr: g the
than those. where a microwave dISCha.rge IS u_sed_ to g_enerat n the figures. The best fitting falloff curvesov{r(; data of this work are
methyl radicals (H- CHs — CHz + HF) in combination with marked as solid lines.
titration methods to determine the concentration of the reactants.

In the study by De Avillez Pereira et al. the pressures
employed at room temperature were larger than 7 Torr so thatTorr) are consistent with rate constants obtained in this work
only rate constants;, could be measured, which were near (5.12x 10" **cm® molecule!stat 6.1 Torr and 5.2% 107!
the high-pressure limA As mentioned before, the authors had cm?® molecule* st at 10.1 Torr) in the regions of overlapping
to make corrections to their simple analysis due to interfering pressures in their experiments and ours.
secondary reactions, which consisted mainly of contributions In contrast to the measurements at room temperatufiesat
from the reaction of Chiradicals with H atoms. The corrected 500 K, the data from this work are in good agreement with
values found (4.8x 107! cm® molecule! st at 7.8 and 15 those obtained by Stoliarov et ®l.At T = 700 K, our
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TABLE 1: Measured Rate Constants for the 400 , . . .
Methyl —Methyl Recombination Reaction with He Bath Gas
(kg in 1071 cm® molecule™® s71, 2¢ Statistical Error) 715K
T=305K T=515K T=715K 300
P/Torr ky P/Torr ky P/Torr ki I ]

0.6 3.32+0.42 115 1.29:0.20 1.7 0.58t0.05
3.1 4.81+0.52 3.15 1.99:0.22 3.2 0.820.05
6.1 5.12+0.50 6.15 2.4G:0.30 6.2 1.02£0.14 200+
10.1 5.27£046 10.15 2.640.26 10.2 1.28:0.14

T T T T T T T
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400 | il ol . . . . —
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Figure 4. Methyl recombination ratek; = ki[CHs]o (upper panel) 300 L ]
and the yield of ethane (lower panel), i.e., the ratid GfHe} .. to the 305K +
normalized drop of acetone in counts{aceton&}96% CR, with Ar .

as bath gas at 300 K. The linear least-squares fits, shown as dashed

lines in the upper panel, gave the rate consta{taethyl) = 3.39+

0.36 from the decay of methyl radicalS{ andki(ethane)= 1.71+ 200
0.24 from the ethane productio®) in units of 10°** cm® molecule™

s! (+ 20 statistical errors). The dashed line in the lower panel gave

the average yield of ethane, 1.#00.13.

measurement d; is the only one reported at pressuresof 100
1.7-10.2 Torr. However, De Avillez Pereira et al. reportad

for higher pressures (26694 Torr)2° As can be seen in Figure

3, the uncorrected rate constants of De Avillez Pereira et al. .
indeed appear to be too high with respect to our low-pressure | ER— L . L . L
data. Unfortunately, the authors did not report corrected values 0 100 N 20?, 800
for their high-temperature data. Therefore, we chose an average Macetone™} x 96% x CR

scaling factor of 0.85 for all rate constants in their 700 K data, Fhigure 5. :_Extrdagolatecfi ethane yield i“f;g“”fﬁzHggég/'OgeRd Ve;%lgs
; ; : ' the normalized drop of acetone in coumi§aceton % CR, at 305,
\F/)Vrfg;:;lu?gv(\j/a?gpears to be a smooth continuation of our low 515, and 715 K. The dashed lines show the least-squares fits with the

error bars as weights giving slopes of: 18@.17, 1.01+ 0.09, and
Although our high temperature and pressure rate constants1.16+ 0.18 for 305, 515, and 715 K, respectively.

compare favorably with earlier measurements by other groups,

our low-pressure values measured at room temperature aremeasured to be (3.38 0.36) x 10~ cm® molecule* s™* atP

consistently higher than literature data. Moreover, helium = 1.1 Torr of Ar (see Figure 4), which is in excellent agreement

appears to be at least as effective as argon in deactivating thewith the values of 3.5k 107! cm® molecule® s™* calculated

highly energized ethane complex. The most probable source offrom the global fit parameters evaluated by Hessler &t ahd

error in our measurements lies in the determination of the initial (3.3—4.0) x 1071 cm® molecule® s™* measured at pressures

methyl radical concentration caused by systematic errors in between 0.75 and 1.5 Torr by Walter et al. using discharge flow

experimental conditions (e.g., flow velocity, gas mixing ratio, mass spectrometd/Second, the initial concentration of methy!

pressure). Another source may be found in unidentified reactionsradicals, [CHJo, was validated by carbon balance analysis.

of homogeneous or heterogeneous nature in the reactor. CorBecause all Ckl radicals should be converted to the final

respondingly, two validations for our experiments were carried product, GHg, the ethane concentration at infinite timexie],

out. First, we attempted to reproduce the rate constant for theshould be half of [CH]o

methyl recombination with Ar as bath gas, which has been well

documented: 14 The room-temperature rate constkntwas [C,Hgl., = [CH;l /2 = A[acetone]96% (E4)
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This can be rewritten in terms of actual signal counts as

1.0l _T=500K T=700K_
{C,Hs"}., = A{acetoné}96% CR (E5) v A
. L . N L v AAA M
where CR is the calibration ratio of individual calibration o®vy v v
constants for ethane and acetone concentrations measured in A Z|:1 A o
separate experimentsC;Hs "} was obtained by extrapolating 0.8 AW 18 A
the ethane profiles am/e = 30 to infinite time using the UE) Xv LY ) V| w
following equation: x ~ 2
% D. L o®
CHI_(CHY_ ZOHIt o T R B
[C,Hl.. {C2H6+}oo 2k [CHql t+ 1 ov
P/ Torr P/ Torr P/ Torr
For profiles with the reaction ratek;[CHs]o, larger than 300 o 06 o 1 o 158 A
s1, the conversion of methyl radicals to ethane was largely e 3 e 3 e 3 g
complete £90%) within the 15 ms time window of observation, 04 2 6 A 6 A 6 'y
giving a good estimate fofC,Hg"}«. However, for smaller v 10 v 10 v 10
reaction rates, the reaction is too far from being complete; thus, 0 250 500 0 250 500 0 250 500
the extrapolation of the ethane trace has to be considered k'm15/s'1

J. Phys. Chem. A, Vol. 107, No. 51, 200B1419

T=300K

carefully. In add|t|o.n, lower methyl concent'ratlons re;ulted ]n Figure 6. Ratios of the apparent reaction rate for the production of
not only lower reaction rates but also lower signal-to-noise ratios gthane (observed a¥e = 30) and the decay rate of the methyl radical
in the ethane counts. Therefore, larger error bars, 00 concentrationKnso'knis) versus the reaction rate of the methyl radicals
rather thand-2¢ statistical errors, have been quoted for these (Kmis).

{C:Hg"} values. All{C;Hg'} . data were plotted against the

. . amount of internal energy:
A{aceton&}96% CR data (see Figure 5). Linear least-squares ay

fits were performed with the error bars as weights, giving slopes CH;+ CH; + M — CHg* + M (R1a)
of 1.00+ 0.17, 1.01+ 0.12, and 1.16t 0.18 for 305, 515, and

715 K with intercepts close to zero. These results confirm that CHg* +M—CHg+ M (R1b)
the initial concentration [Ck, was determined correctly via 3

eq E1, and parallel reactions of methyl radicals with species CH, + CH;—~ CH, + H (R4)

other th?f‘ a second methyl .radlcals C°”"?' be ruled out. The relative fragmentation pattern obs* was assumed to

In addition to the ethane yield, the reaction rate constant,  pe the same as determined for Ne (16.67 and 16.85 eV) as
could have been deduced from the rise of the ethane profiles asjischarge gas instead opHyiving an about three times higher
well. Unfortunately, the kinetics for the production of ethane yie|d for the ethylene ion fragment compared to the parent,
are inconsistent with the decay of methyl radicals; that is, the ethane. Fitting rate constants for reactions R1a and R1b and
rate constants obtained from the ethane production are persisg|lowing the fragmentation pattern to vary slightly we could
tently smaller than the rate constants determined from the methy' capture the observed slower growth of the Signa] of the ethane
decay for all three bath gases:,HHe, and Ar. The reason for  parent ion. Rate constants for deactivating excited ethane were
this observation is not known. Interestingly, the relative differ- generally found to be arourd, ~ 10713 cm?® moleculel s 2;
ence between the two reaction rates obserkg(;2Hs) andk; that is, thermalization was completed in less than 1 ms
(CHy), vanishes with decreasing initial methyl concentrations, depending on the bath gas pressure used, which does not seem
i.e., the slower the reaction proceeds the better the agreemento be excessively slow considering the fact that the initial internal
is. Moreover, the discrepancy between the rate constients,  energy of ethane produced in the recombination is about 4 eV.
(CHa) andk(CzHe), also diminishes with increasing pressure In addition,k;, represents at best a cumulative collisional energy
(see Figure 6). We suspect that this behavior is caused by atransfer rate. It has to be emphasized that it was not possible to
temporary loss of ethane signalrate = 30 due to increased  extract any meaningful results from these data because the
fragmentation of energized ethane after ionization. As ethane ionization efficiency and fragmentation pattern of excited ethane
is deactivated, it becomes “visible” again at its parent mass. In molecules is necessary information for a detailed analysis,
fact, we found evidence to support this idea by looking at masseswhich, however, are not known and their determination is
m/e = 26—29 in separate experiments using a reaction tube with beyond the scope of this experiment.
a larger orifice size to enhance the sensitivity of the apparatus. The overall yield should be unaffected by this behavior
Signals at masses/e = 27 and 29 show a fast rise and slower because at long times (2 x ki[CH3]o) 1) the amount of excited
decay, which supports the proposed idea, which entails that theethane compared to already equilibrated ethane is small. Indeed,
highest concentrations of excited ethane are found early in thethe ethane yield, i.e., the ethane produced per acetone photolyzed
reaction when the turnover rate is high as well (see Figure 7). (See above), determined in the case of Ar as bath gas (1 Torr)
In addition, the signal at mass/e = 28 exhibits faster kinetics ~ can be given as 1.14 0.13, despite the fact that the apparent
than the parent signal of ethane. However, a small contribution rate of production was only half as fast as the decay of methyl
from ethylene to massve = 28 produced in reaction R4 made radicals (see Figure 4).
it very difficult to analyze this signal quantitatively.

We also attempted to simulate the slower rise of the ethane
signal by numerically integrating a simple reaction mechanism  Potential Energy Surface.For this work, we calculated two
where GHg* represents the final product still carrying some features of the potential energy surface that are important for

Theoretical Calculations
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Figure 8. Relative energiesAE, calculated at the MRCISBQ level

as a function of the €C distancesRcc, for two approaching methyl
fragments withinDzq symmetry (staggered orientatio®; this work.

The total energy of two methyl radicals at infinite separation distance
was set to be zero. The solid line shows the least-squares fit to the
scaled ab initio datad, see text) using eq E7. The insert shows the
AE values at shorter €C distances (2:62.7 A). x, ref 9; A, ref 11;

O, ref 13; - - -, ref 12,

was used to account for the effects of full €IEnergies were
computed for 22 €C distances in the range of 20Rcc (A)

< 4.4 and are shown in Figure 8 (filled circles) as energy
differences AE) with respect to the total energy of two methyl
radicals at infinite separation. The calculated data points were

differences in the apparent rates obtained from the ethane rise relativefitted to a Morse potential function

to the methyl decay are 27% and 34%, respectively.

the kinetics of the methylimethyl recombination reaction using
the MOLPRO program suit& The first feature is the long-

Vi = D¢l — _ﬂCC(RCC_RQCC)]2 — Dec (E7)

where the parameteBcc andRe cc represent the dissociation

range attractive interaction between the radical centers (carbonenergy and equilibrium €C bond length, respectively. The

atoms) of two approaching methyl radicalg:€). The other one
is the hindered internal rotation barrier between two3CH

parametefcc determines the steepness of the Morse potential.
Because the MRGHQ calculations underestimate the-C bond

moieties Viorsion. Both features have been calculated as a dissociation energy, we scaled the MoBs&: to agree with the

function of the C-C separation distanc&{c).
Multireference configuration interaction (MRC%)calcula-
tions were performed fovcc employing orbitals from complete

experimental value. The scaled ab initio points are simply the
calculated points multiplied by the ratio of the scaled and
original Morse potentials at each distance. The parametric values

active space self-consistent field (CASSCF) wave functions with for Dcc, Recc andScc are listed in Table 2.

14 valence electrons being distributed in eight active orbitals.

In addition to the G-C bonding and antibonding orbitals, this

Previous calculations foAE are also shown in Figure 8 for
comparison. The data include the effective Morse potential by

active space includes the six CH bonding orbitals but not the Wardlaw et aP and Wagner et dP (crosses), the empirical

corresponding six CH antibonding orbitals. Including the latter

overlap integral potentials by Darvesh etl&ltriangles), the

in CAS(14,14) reference functions would have made the potential (dashed line) calculated by Klippenstein éfaising

subsequent MRCI calculations prohibitively laborious for car-
rying out geometry optimizations. Preliminary calculations

MRCISD with the cc-pVDZ basis set, and the minimum energy
reaction path (squares) calculated by Robertson 8tuaing a

indicated that the CAS(14,8) reference functions led to more generalized valence bond (GVB) theory with the 6-31G(d) basis
reliable geometric properties than the CAS(2,2) reference set. For the calculateBcc distances, the scalelE values of

functions obtained by omitting the CH bonding orbitals. Within

this work are only slightly higher (by about 6:2 kcal/mol)

the D3g symmetry that corresponds to the staggered geometrythan those of Wardlaw et al. and Wagner et al. but are

of ethane, the structural parameters of the supermolecu€:“H
-+CHg,” were fully optimized at fixed G-C distances using a
DzP+diffuse basis set To minimize the error associated with

significantly lower by as much as 6 kcal/mol Béc = 2.7 A
compared to calculations of Darvesh et al., Klippenstein et al.,
and Robertson et al. Because, according to the variational

the use of this relatively small basis set, the energies of the transition state calculations described below, the location of the
optimized structures were recalculated with larger basis sets,transition state changes with temperature roughly from about

i.e.,aug-ccpVTZ for carbon atoms and gqevTZ for hydrogen
atoms3® Moreover, a multireference Davidson correctiet()

4.5t0 2.5 A forT = 200-1500 K, a strong correlation between
the recombination rate constant aA# is expected.
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TABLE 2: Potential Parameters and Vibrational the theoretical value found here (2.84 kcal/mol) and that by
Frequencies Used for VARIFLEX Calculations® Robertson et & (3.06 kcal/mol) compare favorably with the
vibrational frequencies/cni experimental value of 2.92 kcal/m#l.Although only a very
conserved modes transitional modes small basis set, i.e., 6-31G(d), was used by Robertson et al. in

the GVB calculation, th&/osion potential shown as triangles in

potential parameters 2 Giv)) CHe () 2 Chs CaHe Figure 9 is only slightly larger than our high-level data.
Dcc 33877 cmtc However, as mentioned above, the-C interaction potential
BCH é466<: rCTg Z“ 2004 2054 translation 995 (CC stretch) cal_cula_ted by Robertson et al. at the GVB level of theory is
R:gc 1,695 fe 3004 2806 rotation 289 (torsion) quite different from our high-level calculation. _
Recn  3.625 A 606 1388 rotation 822 (CHock) For the transition state theory calculation, a global potential
Renn  3.370 A 606 1379 rotation 822 (C4tock) energy surface is needed. Analogous to the work of Wardlaw
PBec 2.1281 A’i: 3161 2985  rotation 1190 (GHock) et al., an empirical analytic potential energy surface was built
ge:: g'iggé égle gigi gggg rotation 1190 (GHock) describing the interactions between two Ctdicals in the
G?CZHG) 234 et f 3161 2969 reaction entrance region. In brief, the potential energy was
e(Ar) 114 cnrif 1402 1468 approximated as the sum of two terms. The first on¥;ifor
e(He) 10cm!f 1402 1468 the transitional degrees of freedom, which are the vibrational
€(Hy) 60cnt! 1402 1469 degrees of freedom in the reaction produgHgarising from
0 (CoHe) 4.39 A 1402 1469 - .
o (A 347K translatlonal and rotational Qegrees of freedom of 'Fhe tw@ CH
o(He) 2.55K radicals. The second one ‘4 for the conserved vibrational
o(Hy) 283A degrees of freedom. Detailed definitions of the transitional and

aThe indices (C and H) denote interactions between pairs of atoms Conservgd vibrational mF’deS gnd the correspo.ndin.g.Vibrational
belonging to the different Citeactants® Reference 9¢ Reference 46. frequencies have been listed in Table 2. For simpliditywas
4 Reference 41¢ This work.’ Reference 43. assumed to be separable and quadratic. The potdntiahs
set to be the sum of two term&/; for the C-C interaction and
The barrier for the hindered internal rotatiovigsion) of the V;, for the G+-H and H--H interactions between the two GH
ethane complex was calculated using the coupled-cluster theOI'yfragments_Vl is the same Morse potential as described in
with singles, doubles, and perturbative triple excitations, CCSD- equation E7 but modified by two orientational facfors
(T).28 Viorsionwas determined to be the energy difference between
the staggered geometryD4; symmetry) and the eclipsed V, =V,, cos 6, co< 6, (E9)
geometry Dz, symmetry) of the HC---CHj; system. With the
C—C distance being fixed, the staggerddkd geometry was  where6, and 6, are the angles between the-C vector and
optimized with theaug-cc-pVDZ basis set® The corresponding the 3-fold symmetry axis of the two GHadicals.V, is a sum
eclipsed D3n) geometry waslefinedas that obtained by rotating  of Morse-like potentials/j, as suggested by Darvesh et'al.
one methyl group by 60about the C-C bond of the optimized
staggered geometry with all other geometric parameters of the V, = ; Vi (E10)
staggered geometry frozen. The energies of both the staggered ij=CHHH
and eclipsed geometries were then calculated with two larger

basis sets, i.egug-cc-pVTZ for carbon atoms aralig-cc-pVDZ V; =Dj x [1 — e iR Rz _p, (E11)
for hydrogen atoms, andug-cc-pVQZ for carbon atoms and
aug-cc-pVDZ for hydrogen atom® The corresponding two Bij = Bej T 0.01673(1~ Ry/Ry) (E12)

energies were denoted Bg andEg, respectively. The purpose
of these two large-scale calculations is to extrapolate the CCSD-where the indice§ represent the €-H and H--H pairs of the

(T) energies to the complete basis sEtds) limit using the two CHz fragmentsD; andR; are the corresponding potential
formulation suggested by Helgaker ef&l. well depths and separation distances. All paramef@ysRe i,
and fej) were taken from the literatute!l41 except, fe nn,

_ 64E, — 27E; which was determined by fittingy, to the calculated torsion

Bees=—37 (E8) barriers. The parameters for eqs-H712 are listed in Table 2.

Transition State Theory Calculations.For the temperatures
The final results oWiorsion= Eces(eclipsed)— Ecgg(staggered) considered in this work, i.e., 200 T < 1350 K, the dominant
are shown in Figure 9 (open circles). The torsion barrier reaction mechanism for the methyhethyl recombination is
decreases as the~@ distance increases. Rcc > 2.7 A, the the production of ethane on the singlet potential energy surface.
torsion barrier is lower than 0.1 kcal/mol, implying an essentially The contribution from other product channels is negligile.
free internal rotation of the two GHmoieties. Note that the  Using the variable reaction coordinate/flexible transition state
present calculations of the torsional barrier extend no further theory, the dividing surface for the barrierless £H CHjs
thanRec = 2.7 A so that the well-known deficiencies of the reaction was found variationally at an E- (energy) and J- (total
CCSD(T) method at larger-6C distances were not encountered. angular momentum) resolved level of theory. Then the effective
The dashed line in Figure 9 was calculated from the potential bimolecular rate constants were calculated as a function of
surface of Wardlaw et af.which is a sum of the empirical  temperature and pressure by solving the one-dimensional master
pairwise Lennard-Jones potentials. The dotted line representsequation via a numerical matrix inversion algorithm. All
the results of Darvesh et & who used the same expressions theoretical calculations have been carried out using the VARI-
as those used here but with different parameters. Evidently theFLEX 1.0 program? with appropriate modifications.
torsion potentials in both cases are significantly lower than ours, An energy grain size of 50 cm with the energies spanning
which is also reflected in the torsion barrier of ethane in its the range from 8000 cm below to 50 000 cm! above the
equilibrium geometry of 0.89 and 0.34 kcal/mol as calculated threshold provides numerically converged results for the rate
by Wardlaw et al. and Darvesh et al., respectively. In contrast, constants at all temperatures. Total angular momentum quantum
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Figure 9. Torsion bar_riers calculateql at the RCCSD(T) level versus Figure 10. Switching function,fs, (—) and CH-splay angle (inset)
the C-C separation distances. The insert shows an enlarged portionysed in this work as a function of-€C distancesRec. The broken
of the graph between 2.5 and 4.0 A. The solid line shows the least- Jines show the switching functions for an exponential dependarece
squares fit to the ab initio data of this work using egs EEQ2. 0O, e @RR) with ¢ = 1 A1 (---) anda. = 0.7 AL (---).
This work; - - -, ref 9;---, ref 11; A, ref 13.

TABLE 3: Optimized Reaction Path C—C Bond Distances
numbers ranging up to 150 were considered with a step size offrom Iterative Canonical Calculations
5. In the Monte Carlo integration 20 000 configurations were /K RA  TK RA  TK RIA TIK RIA

sampled with the convergence limit at about 5%. 200 706 407 377 577 356 810 335

A Lennard-Jones model was used to calculate the collision 599 400 473 369 600 355 900 328
frequency between £ls and bath gases (Ar, He, and)Hvith 206 395 500 367 715 342 1000 3.21
the parameters (diameter) ande (well depth) taken from 310 393 515 367 800 336 1350 2.97

Hippler et al. (see Table 2%.The energy transfer probability
was evaluated using a simple exponential down model, which in Table 2. The correlation of frequencies was taken from the
features only one downward energy transfer parani@&, work of Wardlaw and Marcu$The torsion mode of the £Elg
Because there are no experimental datalAdEqowr[) & variety was treated as a one-dimensional hindered internal rotor with a
of values ranging from 50 to 1500 cthhave been examined torsion barrier of 2.92 kcal/mol and a reduced rotational constant
in this work. Additionally, the biased random walk (BRW) of 10.62 cn™.
model was used to provide an a priori estimate®Eqown The option ‘R-dependent geometries” in the VARIFLEX
During recombination, the structure of the &gtoup changes  program was used to specify a methyl geometry at the transition
from a planar geometry to a splayed geometry along the reactionstate for each temperature. Because VARIFLEX 1.0 does not
coordinateR. The vibrational frequencies for each geometry allow the geometry to adjust in the variational treatment, an
along the reaction coordinate were estimated by interpolation “a\/erage" geometry for each temperature was found by Carrying
out thermally averaged (canonical) transition state calculations

(R =+ (P —)f(R-R) (E13) iteratively. Starting from planar methyl moieties at the transition
state, a G-C distanceRcc, was found at which the rate constant
where Re is the equilibrium value ofR in C,Hg with the had a minimum. For the next run, the geometry for this particular
switching function,fs, obtained from the calculated depen- Rcc was chosen resulting in a new optimizBgc. After only

dence of the Chisplay angle along the minimum energy path three iterations, the calculations essentially converged giving
(see Figure 10). More specifically, a smooth cubic spline fit optimizedRcc values for each temperature (see Table 3).
through all of the calculated splay angles was shifted and scaled |n addition, the VARIFLEX 1.0 program in its current form

so that the resulting switching function has the valfigs) = allows only fixed values for the symmetry number of the
0 at large distances arfg0) = 1 at the equilibrium distance.  transition state. However, between the extreme boundaries,
The new switching function implies that the methyhethyl complete free rotation of the methyl moieties (planarsCihd

recombination has a loose transition state at low temperaturesthe ethane product (pyramidal GH the symmetry number
which tightens considerably at higher temperatures. In com- changes from 72 to 18. Wardlaw and Marcus handled this
parison, the exponential switching functify= e~ *R~RJ) with problem by distinguishing planar and pyramidal geometries
o = 1.0 At as used by Wardlaw and Maréusuggests a  considered in their determination of the sum of states in the
transition state that is too loose at higher temperatures, whereasransition state and approximating a new sum of states according
the transition state foo = 0.7 A™* as used by Wagner and  to the relative abundance of either geomé&ffy accommodate
Wardlaw!? is too tight except at the highest temperatures (see this change in an empirical way here, the symmetry number
Figure 10). The reactant frequencieé and the product instead of the sum of states for the transition state was adjusted
frequenciesy? are the conserved frequencigs=f 1-12) of using the same switching function mentioned above. For this,
two isolated methyl radicals and ethane, respectively, as definedthe original code had to be altered, replacing the original call
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TABLE 4: Calculated High-Pressure Limit Rate Constants 8 —r — . , . , . r . r
for the Methyl —Methyl Recombination Reaction k., in 10711
cm? molecule™® s71)
TIK Keo T/IK Keo 7L
200 6.30 700 3.57 ‘Tm
296 5.55 906 3.11 \n
300 5.50 1000 2.87 % 6L
407 4.85 1350 2.55 3
500 4.38 2000 1.90 35
577 4.07 £
[s2] 5 |
for the symmetry number with a functional calculating the new ‘_(E,
symmetry number invoking the-&C bond distance used at that 5
instance. < 4l
The pivot points were chosen to be the centers of mass of N
the methyl fragments. This provides a reasonable approximation
to the dividing surface (transition state) because the separation
distances between two reacting £irhgments is always in the i
range of 2.54.5 A for T = 200-1500 K.
Theoretical Results and Discussion 2t

200 400 600 800 1000 1200
High-Pressure Limit Rate Constant.The high-pressure limit T/K

rate constants,, was calculated without any adjustable param- Figure 11. Plot of the temperature dependence of the theoretical high-
eters. The theoretical results are listed in Table 4 and plotted in presiure “rpl_irt]_ rate l((:onstantf gf the mfeltlayrhethylf ﬁcombir}altizon
Figure 11 (solid line) along with experimental values karat reaction.—, 1his work, =--, ret , - - -, rer 10,», ret 2., =-, ret 1.

200, 300, 407, and 473 K (symbols) taken from the literdat@ ~ EXPerimental dataw, ref 1; 4, ref 2,0, ref 3,0, ref 20.

for which we assumed that the rate constants measured at

pressures larger than 100 Torr were in or at least very close to  compared to our calculations, the theoretical datakipr

the respective high-pressure limit. The previous theoretical pptained by Darvesh et &.seem to have a qualitatively similar
calculations by Cobos et &l\Wagner et al: Darvesh et al; temperature dependence, however, shifted almost uniformly to
and Klippenstein et df have been included as well. Itis evident  higher rate constant values. The calculation method used by
that the theoretical rate constants from this work are in quite paryesh et al. is very similar to the one used in this work but
good agreement with the experimental data, underestimating theyith two important differences in the potential energy surface:
high-pressure limit rate constants by only 10%. A generalized First, we used a Morse potential for the-C interaction
three-parameter Arrhenius-expression was fit to the calculatedpetween two Chiradicals instead of an overlap-integral type

high-pressure rate constant giving of potential. Second, although we used the same a@tom
theory _ interaction potential functions, the potential parameters are
ko (T)= different, especially for the hydrogen ateratom interactions
7.42 x 10 1 (1/298 K) > KT ey molecule t s * between two CHlradicals, resulting in their much lower torsion
(E14) barrier than the value experimentally observed.
_ _ ooy Klippenstein et aI_. carried out a direct transition statg-theory-
The fit deviates by less thar4% from the calculated,, ™ in based stud}2 An arbitrary, temperature-dependent scaling factor
the studied temperature rangeof= 200-1350 K. had to be introduced by the authors with values ranging from

For comparison we calculated the high-pressure-limit rate 0.4 to 0.9 forT = 407—1350 K to match measured rate
constant with a constant symmetry number of 72 for the constants. The scaled results are shown in Figure 11 (dash-dotted

transition state for three temperaturég: '? (296 K) = 5.42 x line), which deviate only slightly at temperatures higher than
10711 cm? molecule s7%; K2 4500 K) = 4.21 x 1011 cmB 700 K compared to our calculated data.
moleculel s~ K2=2(1350 K)= 2.14 x 10~ cm?® molecule? In summary, it appears that the temperature dependence of

s~1. Not surprisingly, K="? is lower than those for which k. at temperatures between 200 and 500 K can be described

symmetry number switching was considered. However, the well theoretically at the current level of theory. However,

difference between the two models is only significani (%) because of a lack of experimental data, prediction&.oft

for higher temperature§ (> 1000 K) as the transition state is  higher temperatures seem less certain.

getting tighter. For these high temperatures, there are no Pressure Dependence of the Rate Constarithe pressure-

experimental data for the high-pressure-limit available so that dependent rate constant was calculated with Ar bath gas first

neither model can be verified at this point. to check the performance against a large body of well-
Wagner et al. calculatell, using flexible transition state  established experimental data. The results are shown in Figure

theory employing a semiempirical potential energy surface with 12. The experimental rate constantsTat 200 K were taken

one adjustable parameféiThis potential parameter was chosen from the study of Walter et & All others were taken from the

so that the calculatekl, for 296 K is essentially the same as reevaluation of Hessler et al. and references théfeis

the measured rate constant reported by Hippler €ThE results mentioned above, the energy transfer parameter, which describes

are shown in Figure 11 (dashed line). The agreement betweenthe rate of deactivation of the excitedts* by collisions with

theory and experiment is good at temperatures lower than 400bath gas molecules, was selected from a sé\&own values

K. However, the calculateki,(T) displays a discontinuity at a  to explore the dependency of the deactivation efficiency on the

temperature of about 500 K. The reason for this phenomenonshape of the falloff curve. The best energy transfer parameters

is not clear. from this set are shown in Figure 13.
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[AEgowi= 100 cn1! appears to be a more appropriate value,
for which the falloff curve was calculated (Figure 12) for future
experimental validation.

At room temperature, the rate constant has been extensively
measured using various experimental techniques in the pressure
range covering 10t—1C° Torr (Ar).1=3 The falloff curve could
be reproduced very well wWithAEgowd= 150 cntl. It is
interesting to note that the BRW model predicted a higher value
(270 cnm?) for CAEgown[l

The experimental data between 407 and 906 K, which were
taken mostly from the studies of Slagle et %alere also
reproduced well theoretically withh Eqowivalues ranging from
200 to 500 cm?. Slagle’s data foll = 906 K were scaled down
according to Hessler et #&.based on lower UV absorption
coefficients of methyl radicals than were originally used. It is
worth noting that Wagner et al. calculated falloff curves for Ar
as bath gas with an adjustable potential energy surface, as
mentioned abov& A single energy transfer parametehEq L]
which is the total average energy change in the metastablg C
per collision with bath gas molecules, was optimized by the
minimization of the weighted root-mean-square of the relative
error between theory and experiment. A valuéiit, (= —205
+ 65 cnt! could reproduce the experimental data reported by
Slagle et al. covering = 296-906 K. Our calculations indicate
a slight temperature dependence of this parameter; however,
the average valueAEyldyg = —134 cntt is close to the one
published by Wagner et al.

At T = 1350 K, the rate constants were measured by four
groups?’ Although the experimental data are fairly scattered
above 1000 Torr, the calculated rate constants fit the whole body
of data with[AEgew = 600 cnT. At such a high temperature,
the high-pressure limit cannot be reached until the Ar bath gas
pressure increases to around Torr.

Because the theoretical calculations of the rate constants with
Ar bath gas were successful, similar calculations have been
carried out for He bath gas. The experimental rate conskants
along with the calculated falloff curves for differelmkEgown]
values are shown in Figure 3. It can be seen that at room
temperature the calculated falloff curve wWitREgyowJ= 200
cm~! represents the experimental data from this work at low
pressures and the data of De Avillez Pereira et al. at high
pressures very wefl A lower value of [AEgowd= 50—100
cm1 was needed to accommodate the lower rate constants
obtained at 1 Torr reported by Slagle et%dDeters et allé and
Cody et al*® At 500 and 700 K, the calculated falloff curves
with [AEgownd= 250 and 400 cmt, respectively, agree well
with the corresponding experimental rate constants obtained
here.

Figure 13 illustrates théAEgowivalues used in this work
for both He and Ar bath gases. It is evident thislEqoJ_EXhibits
a moderate positive temperature dependence. For the temper-
ature range covered hef@\Egow[values for He are similar to
the ones for Ar, which is qualitatively supported by the BRW
model. Quantitatively, the BRW model predi€isEgowi values

For the lowest temperature (200 K), experimental data are Which are roughly 30% larger than what was observed here;

available only in the pressure range 9411 Torr, in which

the rate constants are very close to the high-pressure limit.
Therefore, without any experimental rate constants at lower

that is, the BRW model appears to be reliable for estimating
the energy transfer parameter at moderate temperdtures.

Unfortunately, an unambiguous energy transfer parameter

pressures, it is not possible to determine an approximate valuecannot be assigned to the experimental rate constantsfor H

for [AEgown X0 describe the falloff behavior at this temperature.
For the GHg—Ar collision, the BRW model giveSAEqown =
183 cnt? at 200 K. According to the temperature dependence

of the energy transfer parameters found here (Figure 13),

bath gas measured at room temperature. The obtained rate
constants as well as calculated falloff curves are shown in Figure
14. However, the data suggest thAEqow s larger than 300
cm1, which makes hydrogen a more efficient quencher than
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Figure 14. Plots of the pressure dependence of the rate constant with

H; as bath gas at room temperature. The circles denote the experimental
rate constants (after pressure correction) measured here. The lines denote

the calculated falloff curves witbAEyow[Jvalues as indicated in the
figure.

He or Ar. This is in disagreement with the BRW model, which
predicts a smaller value ai\EgowiJ= 130 cntl.
Global Fit. Global fits provide useful descriptions for the
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Figure 15. Plots of the pressure dependence of the rate constants,
for He as bath gas at 202 K, ref 19. 290 K: O, ref 20. 305 K
(average temperature)®, this work; @, refs 15-17. 473 K: A, ref

20. 500 K: v, refs 16 and 17. 515 K, this work. 600 K: <, refs

16 and 17. 700 K: (left-pointing open triangle), ref 20. 715 K: (left-
pointing solid triangle), this work. 800 Kx, refs 16 and 17. 810 K:
+, ref 2. 900 K: *, ref 15. The dashed lines are results of a global fit

rate constants as a function of temperature and pressure with &f Troe’s equation (E15E18) to the data points shown. The falloff

moderate number of parameters. For this purpose, many

empirical formulas are available in the literature. Troe’s equation
has been widely used in this resgéct

K(T.P) = 1kipg, X (Feen)” (E15)
kP

Pr = E X ﬁ_ (E16)

X=|1 _loPte E17

-1t N — d(lgP, + ¢ (E17)

wherec = — 0.4-0.671g(Fcen), N = 0.75-1.271g(Fcen), d =
0.14.R s the gas constant. Instead of fitting the high-pressure
limit rate constantke., the Arrhenius expression &"*°(T)

curves were plotted for the temperatures as indicated in the plot.

nonlinear least-squares fit gives the following results: (see
Figure 15)

ko(T) =
1.17 x 10 2(T/298 K) > e *** KT cmf molecule st
a=0, T =570K (E19)
Conclusions

In this paper, we reported experimental measurements of the
rate constant for the methymethyl recombination reaction as
a function of temperature (305, 515, and 715 K) and pressure
(0.6—-10 Torr). He, H, and Ar were used as bath gases. The
measured rate constants show negative temperature dependence
and typical falloff behavior.

A new potential energy surface was developed for TST

(eq E14) was used as is. The temperature dependence of thea|cylations. Without any adjustable parameters, the calculated
centering parameter is usually given as a four-parameter yigh-pressure-limit rate constants are in very good agreement

equation
FerD=0—ae """ +ae "™ +e ™" (E18)

The least-squares fitting routine tended to set the paramester “
to zero and the parameté@t* to infinity in a very shallow
minimum so that the last two terms were neglected for the final
analysis. The global fit was performed for 74 rate constants for
He bath gas consisting of experimental data covering-Z®

K and 0.6-678 Torr reported by Cody et dP,Slagle et al.
(577 and 810 KY, Stoliarov et all® Knyazev et all617 De
Avillez Pereira et al?® and this work. As mentioned above,
the data of De Avillez Pereira et al. &t= 473 and 700 K were
scaled by a common factor of 0.85. A LevenbeMarquardt

with the available experimental data. Moreover, the whole body
of experimental rate constants with Ar and He bath gases could
be well reproduced theoretically by solving the master equation
with only one adjustable parametéEgownfor the collisional
energy transfer between the reaction product, ethane, and the
three bath gases. THAEqow[values were shown to have a
positive temperature dependence for both He and Ar. The
current theoretical calculations suggest that He andakl
collision partners are as effective as Ar in deactivating highly
energized ethane molecules. Unfortunately, there are no ex-
perimental data for the high-pressure limit rate constant at
elevated temperatures 500 K), which could help to calibrate
future calculations and make predictions of the temperature
dependence df., more reliable.
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