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The reaction of atomic chlorine with methane was studied in crossed-beam experiments at a collisional energy
of E. ~ 4.7 kcal/mol. Using a time-sliced product imaging technique, several outstanding issues about this
reaction were addressed in this work. It was found that the reactivity of the-epit excited CI(2Py;) atom

toward methane is negligibly small, in agreement with the assertion of recent studies. The excitation of methane
bending/torsional modes exhibits only modest enhancement in reactivity, in contrast to the previous experiments.
The product angular distributions are mainly backscattered for CID,, and sideways scattered for €l

CH,. The shapes of the distributions from the ground state and the bend-excited methane are remarkably
similar.

I. Introduction collision energy range of-36.7 kcal/mol. They instead sug-
The reaction of CH CHs — HCI + CHs has an important ~ 9ested the dominant role of the &%) + CHy (v2 or v4 = 1)

role in the 0zone production/depletion cycle in the stratosphere. '€action in contributing tolthe_ non-Arrhenius behavior. A

As a result, it has been under extensive investigations, both "éinvestigation by Kim et af; using BrCl near 420 nm as the

experimentally~5 and theoretically; 14 over the past decades. ~Photolysis Cl-atom source (which gives & @leld of ~50%)

The reaction is endothermic by 1.21 kcal/mol and has a rate of confirmed the two conclusions mentioned previously. The

1.0 x 10-13 ¢ molecule’ s at 298 K. Kinetics experiments estimated vibrational enhancement factor in the rate from these

show non-Arrhenius behavior with a temperature-dependent Studies, which is~200 (or 80) times faster for one quantum

activation energy of 2:43.2 kcal/mol and an approximate pre- €xcitation of v (torsion) orzs(bend) mode of Chi (or CDy),
exponential factor oA~ 1 x 10~ cm? molecule® s, which compared to the vibrational ground-state reactfod, is,

is ~30 times smaller than the hard-sphere collision rate at room however, substantially larger than the enhancement factor of
temperaturé:5 Such a small value oA is often indicative of 30 + 15 that has been observed for the asymmetric stretching
tight steric hindrance for surmounting the barrier to reaction. Mode excited#s = 1) CH, reaction’>2*This is in sharp contrast
Non-Arrhenius behavior generally is not unusual and can be © the earlier, rather indirect experiments in which no enhance-
attributed to many factors. For the activatecHCCH, reaction, ~ Ment was found for either bending or torsional excitedsCH
H-atom transfer is involved in chemical rearrangement. At low "€actionz*2In a very recent study of this reaction using the
temperatures, tunneling must occur and its contribution to the PHOTOLOC approach coupled with velocity-map ion imaging,
deviation from linear Arrhenius plot cannot be neglected. In Bass et al. found that the estimated rate enhancements for bend-/
addition, Ravishakara and Wihascribed the non-Arrhenius ~ torsion-excited methanes are heavily dependent on how one
behavior to differential reactivity of the spirorbit excited ~ treats the experimental resolution in fitting the déavith
CI(2Py) reactants that are accessible under thermal conditions,ProPer accounting for the speed distribution of the photolyzed
This hypothesis is counter-intuitive. Hence, since then, numerousC! reactant, a satisfactory simulation of the product image can
kinetics studies have been devoted to solving this intriguing P& obtained without invoking the contribution from the vibra-
propositions-19 However, because the measured quenching rate tional excited methanes; otherwise, a significant enhancement
constants are typically-300 times faster than the rate of the ~factor will be concluded. _
ground-state CHPsy2) reaction, the collision of C{2Py) + CHa Theoretical investigations predicted, at most, only modest
is simply overwhelmed by the physical quenching process, enhallgicliment factors for the- and v-mode excgted react-
yielding CI@Psy) + CH. Therefore, these kinetics studies cannot ants:# ** Very recently, Michelsen and Simps@r® modeled
decipher the relative reactivities of @Py;) and CIePsy). the non-Arrhenius behavior of this reaction from the viewpoints
By analyzing the speed-dependent spatial anisotropy of the ©f Poth the kinetics and dynamics. They concluded that the

CHs product in a PHOTOLOC experiment, Kandel and Z&re ~ curvature in the Arrhenius plot at temperatures above room
concluded that the CH CH, reaction is not significant in the ~ témperature can be explained by the rate enhancement from
the symmetric 41) or asymmetric stretch/§) excited CH. Non-

t Part of the special issue “Richard Bersohn Memorial Issue”. Arrhenius behavior at lower temperatures is taken into consid-
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Figure 1. Two raw images of the C§v = 0) products from the Ci CD, reaction at the same collision enerds & 4.78 kcal/mol) but under
different source temperatures of the Clileam ((a) 340 and (b) 463 K). Overlaid on the images are the Newton diagrams. The dashed circles,
labeled as 0,Q and 0", represent the anticipated @@ = 0) product speeds from the= 0, v, = 1, andvs = 2 states of the CPreactants,
respectively. In panels ¢ and d, the corresponding product veteftity contour maps are displayed. The obvious background in the forward
direction, which was caused by the collision of £Bith the metastable Hen the discharged Cl beam, was discarded.

factor for bending and/or torsional excited £HFor experi- 3pA; 03 Q-head for better image resolution. Consequently,
mental reasons, most of experiments were performed for theonly the low N-states of the vibrational ground state of methyl
Cl + CD, reaction. radicals were sampled. REMPI spectra, nonetheless, indicate

that they represent a very significant fraction of total reactivity.
Il. Experiment

The experiments were conducted with the crossed-beam“l' Results and Discussion

apparatus that has been described in detail previdBishybrief, A. ldentification of Product Images. Figures la and 1b

a dc high-voltage discharge source was used to generate thegresent the two raw images of @products at 340 and 463 K,
Cl-atom beam (3.5% Glin helium, at 6 atm.§%31To prolong respectively. After the density-to-flux correctiéhthe corre-

the stability of the discharge beam, a scheme of pulsed high sponding product velocityflux contour maps, &/dud(cos6),
voltage with a pre-ionization pulse was adapi@éf 3 The are displayed in Figures 1c and 1d. Both images feature three
amounts of CRPsjz) and CI(?Py,) were not determined in this  backscattered, ring-like structures. The reaction oftOCD,
study. The previous investigation, using a slightly different — CDs; + DCI is endothermic by 2.34 kcal/mol. Using the
discharge scheme, indicated that the relative yield 6fRi,,) conservations of energy and momentum, the most intense ring
can be quite significar®® A neat CH, or CD; beam was can readily be assigned to the ground-state reactioRP)
delivered from a heatable, pulsed valve (an Evan-Lavie valve) + CD4(v = 0) — CDs(v = 0) + DCI(+' = 0). The two outer

at 6 atm. Two source temperature340 and 463 K, from the rings, labeled Dand 0", with faster recoil speeds, must then
thermocouple measuremenwere used to vary the initial  orginate from internally excited reactants. The possible candidate
populations of,- andvs-mode excited CR) Their speeds1.1 from the Cl beam is the spirorbit excited CI(?Py/,) state that

and 1.29 km/s, respectivetyvere measured using two fast lies 882 cnt! (2.52 kcal/mol) above the ground @,,) state.
ionization gauges. To isolate the effects of the initial vibration The dramatic increase of thé &nd 0" signals that is observed
excitation, the intersection angles of the two molecular beams when the secondary beam source is heated (see Figure 1d versus
were adjusted accordingly, so that the experiments underFigure 1c), however, implicates the vibrationally excited,CD
different source temperatures yield approximately the same reactants as the major contributors. Among them, the excitations
collision (translation) energy ot = 4.78 + 0.03 kcal/mol. of the two low-frequency modes, (1092 cnt?® or 3.12 kcal/
The reaction product Cf(or CHs) was interrogated by (2 mol, double degeneracy) and (998 cnt?! or 2.85 kcal/mol,

1) resonance-enhanced multiphoton ionization (REMPI), using triple degeneracy) of CPDare the prime candidates. The
the time-sliced ion velocity imaging techniqgf32-34 The laser outermost ring has a maximal kinetic energy~6#.6 kcal/mol,
frequency of the probe was fixed at the peak of tHAX—— as seen below. Hence, it is most likely from the2@if) +
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Figure 2. Similar to Figures 1b and 1d, except the reaction is-GTH, at Ec = 4.60 kcal/mol. Obviously, the background problem is more severe

when m/e= 15 was detected. In addition to the two localized beam-related backgrounds, there is a widespread background centered around the
laboratory origin, which was caused by the interactions of the UV laser with the pump-oil background. These backgrounds were subtracted, and the
resultant contour map is shown in panel b.
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Figure 3. CDs product speed distributions for the two source temperatures (a) 340 and (b) 463 K. The labels are the same as those in Figure 1.
The small shift of the peaks from the labeled marks reflect the rotational excitations of the two product rotors. The corresponding anguianslistribut

are shown in panels ¢ and d. The slight difference in shapes between panels c and d for the same labeled reaction could be the experimental
uncertainty and/or could result from the slight variations of the, 68am characteristics. (Note that the peaks in panel b are slightly narrower than
those shown in panel a.)

CD4(v4 = 2) — CD3(v = 0) + DCI(+ = 0) reaction, although  the source temperature of the £bkeam was raised to 465 K,
some minor contributions from the other excited states of CD for which a beam speed of 1.42 km/s was measured. Despite
such as, = 2, v; and/orvz = 1 cannot be ruled out. The origin  the background interferences, two clear rings in the sideways/
of the middle ring, peaking at an average kinetic energy releasebackward direction are observed. After subtracting the back-
of 4.8 kcal/mol, is somewhat ambiguous, because of the ground and performing the density-to-flux correction, the
proximity of the energetics between "GPy, and CDy(v4 Or product velocity-flux contour map is shown in Figure 2b.
v2 = 1), which is beyond our energy resolution. Energetically, the inner feature corresponds to thérgh) +

To differentiate the aforementioned two possibilities, the CHs(v = 0) — CHs(v = 0) + HCI(+' = 0) ground-state reaction.
image of the ClH+ CH, reaction was acquired and shown in  The outer ring is separated from the inner one~8.5 kcal/
Figure 2a. To enhance the signals from the hot-band reaction,mol, which is consistent with the energetics of 3.75 kcal/mol
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Figure 4. Similar to Figure 3, except the reaction is €ICH,. The residual background was removed when partitioning the peaks in the speed
distribution. Note the absence of any significant signals at the location anticipated for (& £+ CHs(v = 0) reaction. The hot band feature
is more consistent with the assignmentef= 1 thanv, = 1.

TABLE 1: Vibrational Enhancement Factors in the CI(2P3;) + CDg4(v2/v4) Reactior?

S*/S) S/ S) Ny, = 1/n0 Ny, = z/no Ny, = 1/I"Io Ny, = 2/n0
340 K 0.161 0.0061 0.044 7410 0.02 2.1x 104
463 K 0.474 0.053 0.137 66103 0.068 2.3x 1078
ratio(463 K/340 K) 2.94 8.7 3.1 9.3 3.4 11
o0*l 0p or 0**[ 0¢ 3+1 75+2

aNote: The relative cross sections are deduced f&m no.

from the CI@P3) + CHa(va = 1) — CHz(v = 0) + HCI(v' = in an ~3-fold enhancement in cross section. Similar analysis
0) reaction. Nothing obvious, as will be shown below, is present can be performed for the Gt CH,4 reaction, as shown in Figure
at the energy anticipated for @Py,) + CHy(v = 0), clearly 4. Assuming that the vibrational population of the {¥¢am is
demonstrating the insignificance of its contribution or reactivity, equilibrated at the source temperature of 465iKanalogy to
which confirms the previous assertion by Zare’s grétg. the CDy beam—and withS/S = 0.13, we deduce a reactivity
Analogously, we conclude thgat the assignment of the middle enhancement factor of-24 (depending on i, = 1 is active
ring for the C} product predominantly originates from the or not) for bend-excited CHat E. = 4.60 kcal/mol. These
ClI(3P3j2) + CD4(v4 = 1) reaction. factors are significantly smaller than the factor-e80 for ClI

B. Reactivity Enhancement of Bend-Excited Methane. = + CD4 and~200 for Cl+ CHy that were obtained by Zare’s
Analysis of the product images provides more-quantitative groug®2?! but are more consistent with the suggestion by
determination of the relative reactivity. Integrating the contour Michelsen and Simpsott:2
map over the scattering angles, weighted by&ito account Itis instructive to compare the vibrational enhancement factor
for the solid angle factor, yields the product speed distribution. to the reagent translational factor. The excitation function for
The results for the CP products under the two source the ground-state Ct CD, reaction has recently been measured
temperatures are presented in Figure 3a. Three peaks are clearlin this laboratory. The unpublished results indicate that, with
resolved and can be assigned as noted previously. The integratedquivalent amounts of additional energy in the translational
area of each peak then yields the respective contribuBen, degrees of freedom, the enhancement factors in the reaction
no, from the process of interest. The results from the speed cross sections become3.5 and 4.3 times larger in the order
distributions are summarized in Table 1. Also indicated in the of increasingec. Hence, the vibrational enhancement from the
table are the anticipated Boltzmann populations of the excited v4 (and/oruv,)-mode excitation is not much different from the
v» and v4 modes (the ground-state population is set as one), reagent translational energy, and, thus, is not mode-specific. This
assuming that the vibrational populations in our beam are similar comparison should have a strong bearing in future modeling,
to source thermal values. As is observed, both the rati&/of ~ such as the Michelsen’s appro&cl8 of the kinetic behaviors
S andS*/S of the two temperatures are, within 10%, in accord of this reaction.

with the thermal population enhancement factors otthmode, A recent theoretical investigation indicated that thenode
e.g., 8/%) 1631/ (S1%0)340k = (Nyy, = 1/N0) 263K/ (N, = 1/No) 340K, @aNA of CH, is intimately coupled to the reaction coordinate and
the agreement is slightly less so for the mode. This adiabatically correlated to the (umbrella) mode of the CH
comparison suggests little vibrational cooling in our {J0H,) product!* This analysis corroborates the classical intuition of
beam, despite rather strong supersonic expansion that yields coldhe geometric change from the pyramidal structure of thg CH
rotational and translational distributions. moiety in the transition state to the planar methyl radical product.

Based on this information, we can now estimate the vibra- Yet, the observed enhancement factor of the vibrationally
tional enhancements in reactivity*(oo and ¢™ /oo, as shown nonadiabaticproduct channel of the ground-state £tbes not
in Table 1). The range of values is dependent on if we consider seem to be mode-specific. Further work on the formation of
the v, mode solely or both the, and v, modes (with equal the v,-mode excited products, which will be the adiabatically
reactivity). Roughly speaking, each quantum excitation results correlated channel, is planned.
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We note that the effect of bend excitation of £bin the CDy) or sideways scattered (for GHoroducts, and their angular
product HCI rotational distribution has also been investigated distributions are remarkably similar.
theoretically3® A cold unimodal rotational distribution of HCI
was found with ground-state reaction of £¥#and a unimodal, Acknowledgment. This work was supported by the National
although slightly hotter, distribution was found for the bend Science Council of Taiwan (K.L. was supported by NSC No.
fundamentaf®® These results are in accord with the present 92-2113-M-001-040, and J.J.L. was supported by NSC No. 92-
experiment and the previous observafidithe calculations also ~ 2113-M-001-044) and Academia Sinica. We thank M. Brouard
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