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Reaction dynamics of atomic chlorine with methane: Importance
of methane bending and torsional excitation in controlling reactivity
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The reactions of atomic chlorine with Gland CD, were studied at five collision energies ranging
from 0.13 to 0.29 eV using resonance-enhanced multiphoton ionization of thea@tH CD;
products. Core-extracted ion arrival profiles were used to determine methyl radical product speed
distributions. The distributions contain products that are moving anomalously fast which
energetically cannot result from the reaction of ground-state chlorine with ground-state methane.
We attribute these products to reaction of ground-state chlorine with methane vibrationally excited
in trace quantities into low-energy bending and torsional modes. Measurements of product spatial
anisotropy are used to confirm this interpretation and to indicate that the possible reaction of
spin—orbit excited chlorine is less important. These low-energy vibrations create large
enhancements in reactivity over ground-state molecules, and consequently, vibrationally excited
reagents dominate reactivity at low collision energies and contribute substantially at the highest
collision energies studied. It is suggested that vibrationally excited reagents play an important role
in the thermal kinetics of the reaction of chlorine with methane and may contribute significantly to
explain the observed deviation from Arrhenius equation behavior. Scattering distributions of the
products of both ground-state and vibrationally excited reactions are reported, and additional
measurements of the internal state distributions of the &idl CD; products reveal that the methyl
radicals contain very little energy in rotation or vibration. 1®98 American Institute of Physics.
[S0021-960628)01646-9

I. INTRODUCTION data result in smaller or larger values, respectively. Calcula-
) ) ) ) tions based on changes in zero-point energy indicate that the
The reaction of atomic chlorine with methane, Cl+CD, reaction should be endothermic by 900 ¢nf0.11
Cl4+CH,—HCI+CH,, eV). In this paper, we report our investigations of these re-

o ) ] ] actions over a range of well-defined collision energies from
is important in atmospheric processes as the dominant SOUrgRjow the reactive barrier to significantly above it. There-
of HQI in the stratosphgre. Addltlonally, the reaction Is In- fore e are studying the types of collisions most likely to be
teresting from a dynamical standpoint as a simple gas-phasgsponsible for reactivity under thermal conditions.
reaction involving a polyatomic reagent and product; such oy previous work concerning the reaction of atomic
reactions afford the possibility for extending traditional stud-cpjorine with CH, and CD) studied the HCI and DClI reaction
ies of atom-plus-diatom reactions to more complex systeMsroducts, and produced several results that are relevant to the
Past work in this laboratory has investigated the reaction ofrrent investigation.First, we observed that the HCI and
chlorine atoms with hydrocarbofis and detailed the effect pcy products contain very little internal energy. HCI prod-
on reactivity of C—H stretch vibrational excitatidn’ This ucts possess on average 31 ¢nof rotational energy, and
paper concerns our most recent studies of the@, and  pc| products possess 38 ¢y vibrational excitation is not
Cl+CD, reactions, in which we report state distributions a”denergetically possible for either product. Second, we ob-
scattering of the Ckland CLy products as a function of seryed that DCI products are predominantly backscattered;
collision energy. Furthermore, we provide evidence that extarge background signals caused by contaminant HCI in our
citation of the low-energy bending and torsional modes ofyas mixture prevented the measurement of HCI scattering.
the methane reagent results in significantly enhanced reacti‘pina"y, we observed that some DCI molecules were moving
ity. o _ B too slowly to result from the studied reaction. While we
The CHCHj, reaction is ??3dotherm|c by (7590701'3”(0-07 speculated on several effects that could contribute to forma-
e\Q_%‘d has a rate of 1010 cm® molecule $7at298  tion of slow DCI, we were unable to resolve the issue quan-
K. Kinetic studies show that the reaction has non-titatively. The current study, which probes the methyl radical

Arrhenius behavior, and thus the thermal rate can be exyroducts, is able to make conclusive statements about prod-
pressed only approximately in simple exponential form, st energy and scattering.

k(T)=Ae Ea’kT. Consequently, determining the reaction’s

activation energy is not straightforward. An exponential fit to!l- EXPERIMENT

the datd yields a value of 1.8x 10" ** cm® molecule * s 7Y Although the experimental apparatus is similar to that
e 15807 and fits to low-temperature and higher-temperaturaused for several previous publicatichswe present here a
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thorough overview. MethanéCH,, Matheson, 99.97%; or For measurement of product speed distributions, the
CD,, Cambridge Isotope Labs, 99% isotopic purityno- probe laser is fixed on a rotational feature, usually @e
lecular chlorine(Matheson research purity, 99.998%nd  branch of the § band of the methyl radical. The mass spec-
helium (Liquid Carbonic, 99.995%are mixed in a Teflon™- trometer is then operated with a lower extraction field of 225
lined steel tank. This gas mixture is then expanded intd//cm under Wiley—McLaren space-focusing conditions. The
vacuum through a pulsed valy&eneral Valve 9-series, 0.6 ionization process does not change the velocities of the de-
mm orifice. Backing pressure is maintained at 200 Torr fortected products; thus, the ions are created with a distribution
measuring product velocity distribution or at 400 Torr to of speeds nearly identical to that of their neutral precursors.
record methyl radical spectra. The lower backing pressurdhe packet of product ions then spreads as it traverses the
entails some loss of signal but improves instrumental resolumass spectrometer, according to the ion velocities. We ob-
tion. tain a one-dimensional projection of the ion packet by mea-

The reaction is initiated by photolysis of the molecular suring the distribution of arrival times at the detector. Fur-
chlorine precursor at 305—-375 nm. The photodissociation othermore, we “core extract” the ion packet by placing a
Cl, is well characterized! at these wavelengths, 96%—99% mask with a circular aperture directly before the detector,
of the Cl atoms produced are in the groutih, electronic ~ Which serves to reject products with significant velocities
state. The tunable light for the photolysis is produced by gerpendicular to the detection axis. The resulting ion arrival
Nd*":YAG-pumped dye laser(Continuum PL9020 and profile can be analyzed to yield the speed distribution of the
ND6000 using DCM, LDS698, and LD700 laser dyes. The reaction products, as has been reported in earlier
dye laser output is frequency doubled in a BBO crystal topublications® The velocity sensitivity of the mass spectrom-
produce 15—-40 mJ pulses, which are gently focused into theter was calibrated previously by measuring Cl atoms from
gas expansion to a spot size of approximately 1 mm. Cl, photolysis over a range of excitation wavelengthén

The reaction proceeds at a collision energy that is deterorder to verify the calibration and optimize the mass spec-
mined by the kinetic energy of the Cl reagent and by thetrometer, ion arrival profiles for Cl atoms were recorded for
translational temperature of the molecular beam. We have néach day of measurement.
direct measurement of the beam translational temperature; Background signals for this experiment are relatively
however, we have measured the rotational temperature @mall. The major background results from the probe laser,
trace HCI in our expansion to be 15 K. We assume that thi@nd we attribute it to probe-induced photodissociation ¢f Cl
value is a reasonable upper bound for the translational tenfollowed by reaction within the time of the laser pulse, fol-
perature and calculate the collision energy spreadpwed by detection of the methyl radical. Additionally, we
accordingly*? Thus, for the CkCH, reaction we access col- observe minor background signals from multiphoton non-
lision energies from 1050160 to 1970-220 cm ®. For the  resonant dissociative ionization of methane, induced by both
CI+CD, reaction, collision energies range from 122070  probe and photolysis lasers. Most backgrounds are corrected
to 2280+230 cnT L. by a time-jump subtraction procedure, which is utilized for

CH; and CD, products are detected using+2  rotational spectra and for velocity measurements. In this sub-
resonance-enhanced multiphoton ionizaiBEMPI) via the  traction, the time between the photolysis and probe lasers is
3p, Rydberg intermediate state; th§ &nd 2} bands are at varied between shofil0 ng and long(50—70 ng delays, by
333.9 and 330.7 nm for Cpand at 333.4 and 329.4 nm for directing the trigger pulse for the photolysis laggiswitch
CH,.*~1® A second frequency-doubled RidYAG-pumped  through varying coaxial cable lengths or by utilizing com-
dye laser(Spectra Physics GCR 2A and PDl-8perating puter control of the timing electronics. This subtraction is
with a mixture of DCM and LDS698 is used to generate theperformed either every other shot or every ten laser shots,
probe light. Detection is effected at the focal point of a 1.1 mand removes all background signals which are independent
lens, using 6—11 mJ/pulse of laser light. After ionization, theof photolysis/probe delay. Background ions produced by the
methyl ions traverse a time-of-fligffOF) mass spectrom- photolysis laser alone are not compensated for by this pro-
eter and are detected using dual microchannel p[&M&Ps cedure, but such background signals are small and produce
in a chevron configuration. The signal from the MCPs ischaracteristic early positive, late-negative difference signals
recorded by a digital oscilloscopgHewlett—Packard that are easily identified and removed upon workup of the
545427 and transferred to a personal computer. data.

Rotational spectra are recorded on the origif) (Gbra- The spatial anisotropy of the product velocities is deter-
tional band by tuning the REMPI laser and recording themined by measuring how the ion arrival profiles depend on
total ion current fom/z of 15 (CH;) or 18 (CD;). For these the direction of polarization of the photolysis laser. The chlo-
measurements, the mass spectrometer is operated with higine atom reagent is created with a%thspatial distribution
extraction fields in order to collect all product ions produced.with respect to the polarization vector, and the product spa-
Variations in probe laser power are small, and are measurehl anisotropy is directly related to this, as no other sources
simultaneously using a pyroelectric detectdtolectron J3. of anisotropy exist in the experiment. The polarization of the
The recorded spectra are corrected for this variation assunphotolysis laser light is controlled by synchronizing the ex-
ing a quadratic power dependency for the ionization procesqeriment to a photoelastic modulat@dinds International
Measurement of vibrational branching is accomplished in 22EM-80, which is placed in the photolysis beam path. The
similar fashion through short scans over the vibrationalinear polarization of the laser beam is flipped every other
bands of interest. laser shot so as to lie parallel or perpendicular to the TOF
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(_“,D3 cant facts from this methyl radical spectrum. First, the spec-
E_.=029eV tra shown in Fig. 1 show less rotational excitation than
coll spectra reported in any of the aforementioned studies, indi-
cating that the CB products from CCD, are extremely
rotationally cold. Second, we observe tt&branch transi-
tions are more intense than correspondigranch transi-
tions. [CompareS(1) andR(1), for example, or note that
S(2) is larger thanR(2), even though the latter is over-
lapped withS(0).] By examining symmetric top two-photon
line strengths, we can deduce that the methyl radical prod-
ucts are formed preferentially in low&r sublevels. We have
made similar measurements of the spectrum of,Gihich
A . ' , . . also appears to have very little rotational energy.
3342 3340 3338 3336 3334 3332 We were able to detect the GKlv,=1) product via the
A (nm) 2} band. The total intensity of this barfhtegrated over all
rotational lines from 329.7 to 329.2 nnwvas 4812 times
FIG. 1. Rotational spectrum for the GProducts of the CtCD,reactionat  smaller than that of theg) We conclude that nearly all of the
0.29 eV collision energy, acquired on thg B_and connecting the ground products are formed vibrationless, with only a small amount
state to the B, state. Note that only several lines for each rotational branch . o _
have intensity, indicating that the reaction product has very little rotationalOf umbrella-bendlng (2) excitation. A similar measurement
energy. for CD3; was not able to observe thé Band, establishing an
upper limit for the band intensity that is 40 times smaller
than the origin band. Theoretical Franck—Condon factors
axis, allowing ion arrival profiles to be acquired simulta- were used in order to relate Gldnd CD, REMPI intensities
neously for parallel and perpendicular photolysis geometriesto vibrational population&**®?*resulting in a ratio of sensi-
We refer to these signals &sandl, . Both lasers fire at 20 tivities of 1.1 for the § and 2 transitions for both isoto-
Hz repetition rates, so the experiment runs at 5 Hz, as ipomers. We conclude that the population of Qht,=1) is
requires a four-state subtraction to account for two laser po2.3%+0.6%, and the population of Gr,=1) is less than
larizations and two photolysis-probe time delays. Our experi3o.

mental sensitivity to spatial anisotropy has been calibrated Core-extracted ion arrival profiles are acquired with the

probe

by observing CI atoms from gphotodissociation. photolysis laser polarization vector parallel and perpendicu-
lar to the time-of-flight axis. These profiles, which are re-
IIl. RESULTS ferred to asl; and |, , are appropriately summed;{,=1,

+21,) to remove the effects of spatial anisotropy arising
from the C}, photodissociation. This isotropic composite pro-
The rotational spectrum of the803and of CQ) reaction file, liso, is related to the product speed distribution alone.
products is shown in Fig. 1; the reagent collision energy isSpeed distributions are inverted from the isotropic ion arrival
0.29 eV. The spectrum is dominated by an inte@deranch, profiles using a maximum entropy analysis that is detailed in
which is characteristic for a parallel transition in a symmetricearlier publication$® Figure 2 shows the isotropic profiles
top. In these scans, i@ branch was allowed to saturate our and resulting speed distributions for the £product of the
detection electronics in order to allow greater sensitivity forCl+CD, reaction. Error bars for the speed distribution are
the weakelO-, P-, R-, andSbranch transitions. The consid- 1o standard deviations from statistical analysis of replicate
erable width of the rotational lines is indicative of the pre- measurement. These data are acquired with photolysis wave-
dissociative nature of the intermediat@,3Rydberg state. lengths of 307, 320, 335, 355, and 375 nm, corresponding to
Spectra have been reported of methyl radicals resulting fromenter-of-mass collision energies of 0.28, 0.25, 0.22, 0.18,
a variety of sources that include pyrolysis and dischargeand 0.15 eV. Figure 3 shows isotropic profiles and speed
sources>" flash-pyrolized jet-cooled radicatand radical  distributions for the CH product of the CkCH, reaction.
products of photodissociation and reactf8n®°?3tis not  These data are acquired using the same five photolysis wave-
straightforward to extract rotational populations from thelengths, which correspond to slightly lower center-of-mass
spectral data. Such an analysis requires knowledge of theollision energies of 0.24, 0.22, 0.19, 0.16, and 0.13 eV. The
predissociation dynamics of the intermediate Rydberg statemall features visible on the baseline of the ion arrival pro-
and the nuclear spin populations of the methyl radicals, anfiles are background signals resulting from ionization of
often involves assumption of thermal distributionsJ@ndK  methane by the photolysis laser, and they do not impact
states. The paucity of observed rotational lines in our spectranalysis of the data.
which is compounded by systematic overlaps betw@emd The shaded areas under the speed distributions shown in
P branches an& andS branches, makes a population analy-Figs. 2 and 3 indicate the methyl radical product speeds
sis infeasible. Furthermore, because we are probing nascewhich are moving faster than energetically possible for the
reaction products, it is quite possible for populationsJof ground-state reaction. These limits are calculated by deter-
levels andK sublevels to be highly nonthermal due to dy- mining the center-of-mass frame speed of the methyl radical
namical considerations. However, we can glean two signififrom conservation of energy, given our previous measure-

A. CH; and CD; internal states and speed distributions
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Cl + CD4 — DCI + (_‘,D3 methane, and we make the case for this hypothesis first. Sub-
sequently, we will explain how other effects, such as trans-

f lational energy spread between the reagents or inaccuracy in

2 determining product energies or reaction energetics, cannot

3 | o28ev create the observed speed distributions; we will also discuss
5] ) the possibility of the reaction of spin—orbit-excited chlorine
& |- 0-25eV atoms. Section I1l C will detail how spatial anisotropy mea-
é | 002 eV surements are used to verify our hypothesis of vibrationally
= excited reaction and discount reaction of excited chlorine

(@] = 0.18 eV atoms.
- | o1sev We propose that some of the ¢lHnd CD, reagents are

0 %0 o 3 100 500 1800 2500 vibrationally excited in either the bendingzp or t.orsional _
TOF shift (ns) CD, speed (m/s) (v2) modes, and that the reaction of chlorine with these vi-

brationally excited reagents leads to the production of methyl
FIG. 2. Core-extracted ion arrival profiles for the CProduct of the  radicals with too much energy to result from reaction with

CI+CD, reaction and a fi{the solid ling to the data, along with speed ground-state methane. In GDthese vibrational modes have

distributions resulting from the fit. The profiles are isotropic composite pro- _1 .
files which are independent of the photolysis laser polarization; they arJothIy 1000 cm* of energy and a thermal population of

acquired on th& branch of the origin band at reagent collision energies of 4% at 300 K; in CH, the vibrational modes have 1400 ch
0.15, 0.18, 0.22, 0.25, and 0.28 eV. The shaded area under each spegfl energy and a population of 0.7% at 3007KWe would
distri_bution indicates the product speeds which are g_reater than energe’[icall;{ot expect our relatively gentle molecular expansion to relax
possible for products of the ground-statet@D, reaction. Note that at all . . L .
collision energies, some products are moving at anomalously fast speed‘é,’br‘?ltlorl significantly. While methane reagents should be
this effect is particularly pronounced at low collision energies. translationally and rotationally cold, vibrational populations
should remain near thermal values. Previous studies have
shown that C—H stretchvg) excitation significantly en-
ment of virtually no internal excitation of the HGDCI)  hances reactivity in the @ICH, reaction®’ we posit that
partner; and using endothermicities of 0.07 and 0.11 eV forpending and/or torsional excitation could enhance reactivity
the CH-CH,4 and Ch-CD, reactions. For every speed distri- in a similar fashion. Thus, the small population of vibra-
bution measured, some of the products are moving fast&fonally excited methane could lead to a sizable fraction of
than the maximum allowable Speed. This effect is minor forthe products_ Furthermore, we note that the excess vibra-
high collision energies but is quite pronounced at the lowestional energy in the methane reagent is adequate to explain
collision energies. Additionally, the presence of productsy|| observed methyl radical product velocities. The effect of
moving too quickly is more noticeable for GEhan for CH. the vibrationally enhanced reaction would be most noticeable
At the lowest collision energy Studied, 0.15 eV, Virtua”y all at low collision energiesy where the reaction with ground_
of the CD; radicals have too much kinetic energy to be prod-state methane is near or below threshold. We observe more

ucts of the CiCD, reaction. anomalously fast methyl radicals at low collision energies, in
accordance with this explanation. This effect is more pro-
B. Explanation of anomalously fast products nounced for reaction with Cbthan for CH, which can be

explained by the higher vibrational populations of the per-
deuterated isotopomer.

We discuss other sources of anomalously fast methyl
radical products. Inaccuracy in estimating product internal
energies is unlikely, as the state-specific nature of our detec-
Cl + CH, — HCI + CH,4 tion process precludes significant error. Similarly, the ther-
modynamics of the Gt CH, reaction are well enough known

We attribute the anomalously fast methyl radical prod-
ucts to the reaction of chlorine with vibrationally excited

Wﬂ to rule out error in energetics as a relevant factor. Conse-
T 0.04 &V quently, excess kinetic energy in the methyl radical products
§ : necessarily results from extra energy in the reagents. We
2| | 0228V posited significant reactivity for vibrationally excited re-
2 ) ‘ agents present in the beam, as described in the preceding
2l = 0196V paragraph. Another possible source of fast methyl radical
3 046 6V products is from reaction with electronically excited chlorine
O ’ atoms. Excited chlorine, GP,,, or CI*, has 881 cm’ of
M| 0.13 8V energy and is produced in £bhotodissociation with popu-
100 -5 0 50 100 1000 2000 lations that are wavelength dependent and range from 1% at
TOF shift {ns) CHj, speed (m/s) 300 nm photolysis to 4% at 375 nthAs mentioned previ-

ously, as the reaction nears threshold at lower collision en-

FIG. 3. Core-extracted ion arrival profiles and speed distributions for the_ ; : :
CH; product of the CCH, reaction. The data are analogous to that pre- ergies, this small amount of excited reagents could contribute

sented in Fig. 2, and are acquired for collision energies of 0.13, 0.16, 0.1g5ignificantly 'n product formation. Furthermore, the en-
0.22, and 0.24 eV. hanced reactivity of Cl has been proposed as a mechanism

Downloaded 01 Jul 2010 to 171.64.124.91. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 109, No. 22, 8 December 1998 S. A. Kandel and R. N. Zare 9723

to explain anomalies in rate measurements of hydrocarbon A B
reactions® It might seem difficult to distinguish products
resulting from reaction with vibrationally excited methane
from those resulting from electronically excited chlorine.
However, ground-state chlorine is produced via a perpen-
dicular dissociative transition in &land thus the fragments
are produced in a st distribution, whered is the angle
between the recoil direction and the photolysis laser polar-
ization. CF is produced via a parallel transition and is pro-
duced in a cds distribution. Products resulting from reac- Cl + CH, (v=0) Cl+ CH, (v,, vg=1)
tion with CI* are therefore experimentally resolvable from

those resulting from reaction with ground-state chlorine, andf!G. 4. Newton diagrams fof@) Cl+CHj (v=0) and(b) Cl+CH, (v, or
we will detail these measurements presently. v4=1) at 0.16 eV collision energya) The products of the ground-state
. . . . reaction have velocities that are constrained to lie within 40° of the chlorine
A third possibility is that_ spread in trans_la_t'onal €Nergy reagent velocity(b) The greater amount of energy available in the vibra-
of the reagents could result in increased collision energy antbnally excited reaction allows more deviation of the product and reagent
thus fast products_ We expect our molecular expansion to b%elocities. The greatly different sizes of the Newton circles for the two
. . eactions thus allows a measurement of product spatial anisotropy so that it
translatlonally cold an_d gengrally assume a trz_inslatlonal tenfs possible to distinguish experimentally between the two procésseshe
perature of 15 K. This residual thermal motion leads to aexy.
spread of+170 cm ! at 1220 cm? collision energy, and as
the reaction nears threshold, a disproportionate number of

products could result from the high end of this distribution.atom reagent velocity, witla, andVCD3 deviating by a maxi-
However, the spread in collision energy is caused almosihum of 40°, resulting in a spatial anisotropy which can
entirely by the motion of the lighter CHor CD, reagent.  range from—0.3 to —1.0. Products of the vibrationally ex-
Collisions at the high end of our thermal spread are those igited reaction, G+CH, (v, or v,=1), have significantly
which the methane is moving toward the chlorine atom, angnore translational energy, as shown by the larger Newton
while these collisions have more energy available for prodcircle in Fig. 4b), and have velocities which deviate by as
ucts, they also have a reduced center-of-mass velocity. Cofnuch as 90° from the chlorine velocity; product spatial an-
sequently, such processes do not produce significantly fast@fotropy can thus range front0.5 to —1.0. We have em-
methyl radical products, and can be ruled out as a source @fioyed a similar treatment of product spatial distribution

VeH,

the observed effect in our speed distributions. measurements to estimate produgHginternal energy in
the CHC,Hg reaction and product CHnternal energy in the
C. Spatial anisotropy measurements and differential ClI+CH, (v3=1) reaction-?’
cross sections Experimental core-extracted ion arrival profiles are use
Further evidence for enhanced reactivity of thermallyl® construct anisotropic composite profiles,nis=2(l;
populated vibrational modes of GRind CH, is available in ~ —!1)- Figure 5 presents sample anisotropic profiles fopCD

a measurement of the product spatial anisotropy; in addition,
spatial anisotropy measurements can rule out large contribu-

. - : . . DCI + CD Cl+ CH, = HCl + CH
tions to reactivity from Ci. All spatial anisotropy in the c +g?:n::hoto?ys?; 8 335 nm photolysis
experiment is derived from the photodissociation. Ground-

state chlorine atoms are formed with a Zsihdistribution ) ‘ :
(characterized by a spatial anisotropy paramegzr,—1);
excited-state chlorine atoms are formed, at longer photolysis
wavelengths, with a c89 distribution (8=2). In reactive
collisions where the methyl radical product velocity is paral-
lel to the chlorine reagent velocitjorward- and backward-
scattered producksthe spatial distribution of the products
will be equal to that of the reagents. When the product and
reagent velocities deviate by an anglethe product spatial ]
distribution is reduced by,(cosa). The resulting product 0
spatial anisotropy can be calculated from the center-of-mass
scattering angle and the reaction kinematics; thus, a measure-
ment of the product spatial anisotropy can be used to deter- ' _
mine the kinematics of a reaction. Figure 4 demonstrates this _5'0 o s 100 100 50 ' o 80 100
behavior; it shows Newton diagrams for &CH, (v=0) TOF shift (ns) TOF shift (ns)

and CHCH, (v, or v,=1). CH; products of the ground-

state reaction have relatively little translational energy availFIG. 5. Anisotropic core-extracted ion-arrival profiles for £Bnd CH
products at 0.22 and 0.19 eV collision energies. The anisotropic profiles are

able in the center-of-mass frame, resulting in the small New: ; g _ : _
shown along with the corresponding isotropic profile for scaling purposes. A

ton circle in Fig. 4_3)- The lab-frame velocities of the' least-squares fit to the profile produces the speed-dependent spatial anisot-
products therefore will always be near parallel to the chlorineopy of the products(v).

Signal
Signal
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------ Cl+CD,(v=0)
— Cl+ CD,(vove=1)
- - ClI*+ CD,(v=0) \

A

T T T T T
500 1000 1500 2000 2500

CD; velocity

Collision energy —

FIG. 6. Speed-dependent spatial anisotropy for, @ducts at the lowest
collision energy studied, 0.15 eV. The data are presented along with three
curves showing the predicted spatial anisotropy for the ground-state reaction
(the dotted ling reaction with CQQ (v, or v,=1) (the solid ling, and
reaction of Ct (the dashed line The data indicate that reaction with vibra-
tionally excited methane is the dominant process at this collision energy; no
combination of the other two curves would be adequate to fit the data.

I I 1 I T
500 1000 1500 2000 2500
Voo, (m/s)

. . . . FIG. 7. Speed-dependent spatial anisotropies fog @Bducts at collision

and Ch products, shown along with the isotropic profiles energies of 0.15, 0.18, 0.22, 0.25, and 0.28 eV,gpIotted along with curves
for scaling purposes. The fits shown are those obtaineehowing the predicted anisotropy for ground-state and vibrationally excited
through a nonlinear least-squares procedure; to reduce Cov@action at each collision energy; Fhe plot is s_imilar to that shpwn in Fig. 6,
riance, the number of basis functions was reduced from thglth Qata for each of the five 'CO||IS.IOH energies ;tacked vertically. At. low

. . . collision energy, the data are fit entirely by the solid curve, corresponding to
number used for the speed distribution fit. The result of thgeactivity of vibrationally excited reagents only. As collision energy in-
fit is B(v), the spatial anisotropy as a function of productcreases, the spatial anisotropy tends to lie increasingly between the solid and
speed. Figure 6 show8(v) for CD; at the lowest collision ~ dashed curves, indicating that both processes are taking place. Note that the

energy studied, 0.16 eV. At this energy, all observed prodgata are never fit solely by the dashed, ground-state curve, as even at the

. ) highest collision energies studied, vibrationally excited,&bntributes to
ucts are moving too quickly to have resulted from theeaciivity.
ground-state reaction. The measured spatial anisotropy is
plotted along with three calculated curves, which show the
predictedB(v) values for the ground-state reaction, for re- cussed in the previous paragraph, the lowest collision energy
action with vibrationally excited CP (v, or v,), and for  for CI+CD, results in reactivity of vibrationally excited spe-
reaction of electronically excited chlorine. The ground-statecies only. At higher collision energies, the spatial anisotropy
reaction should hav@(v) as shown by the dotted curve, data lie between the solid and dashed curves, indicating that
with values ofB closest to—1, as there is very little energy both ground-state and vibrationally excited reactions are tak-
in the center-of-mass frame available for product translationing place. For the CtCH, reaction, the data indicate a larger
The solid curve, corresponding to the vibrationally excitedproportion of ground-state reactivity as compared to
reaction, shows how the excess energy in the reagent resul®+CD,; this is likely caused by the decreased population of
in a wider range of values fgB. The dashed curve results CH, vibrational modes. It is important to note that even for
from the opposite spatial anisotrof=2) of the CI re-  the highest collision energies, the spatial anisotropy data
agent. The solid curve provides an exceedingly good matchever lie completely on thg(v) curve predicted for the
to the data, whereas no combination of the other two curveground-state reaction. It appears that reagent vibrational ex-
can provide a reasonable fit to the measured anisotropyitation results in significant enhancement of reactivity even
Thus, we conclude that at 0.16 eV collision energy, all prod<or collision energies far above threshold. This effect will be
ucts result from reaction with vibrationally excited @D discussed in detail in Sec. IV.
There is no evidence for reaction of &p,,. Because the The speed-dependent spatial anisotropy can be used to
concentration of the Cl reagent is low(4%), we cannot deconvolute the speed distributions of the ground-state and
conclude that electronically excited chlorine is generally un-vibrationally excited reactions. Sufficient data exist, there-
reactive; however, because the signal is dominated by thiore, to calculate the differential cross sections for each re-
enhanced reactivity of trace vibrationally excited species, weaction and to determine the relative reactivities of the two
can state that any enhancement of thé @action rate is processes. However, such an approach would extend the
small in comparison. analysis beyond the capabilities of the data to support, given
Figures 7 and 8 show speed-dependent spatial anisotrthe resolution and error bars of the measurements. Instead,
pies, derived from the analysis of anisotropic profiles, forwe present a more qualitative analysis. We note that for any
CD; and CH;, respectively. The data were acquired at thegiven collision energy, the measured spatial anisotropy lies
same collision energies reported for the data of Figs. 2 and hetween the values calculated for ground-state and vibra-
and are shown along with calculatgg{v) curves for the tionally excited reactions in a generally speed-independent
ground-state and vibrationally excited reactions. As disfashion. Thus the speed distributions for the products of
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Cl + CD4(v=0) Cl + CD4(V2,V4=1)
— DCI + CD, — DCI + CD3

Collision energy —

0
B

T
.0 0.0

T T
1.0 -1.0 0.0 1.0

-1
cos 0 (CD,) cos 0 (CDy)
1 1 I I 1 1
500 1000 1500 2000 2500 3000 FIG. 9. Differential cross sections for €CD, (v=0) and CKHCD, (v, or
VeH, (m/s) v,=1) showing the methyl product angular distributions at reagent collision

energies of 0.15, 0.18, 0.22, 0.25, and 0.28 eV. The cross sections are
FIG. 8. Speed-dependent spatial anisotropies fog @idducts at collision  deconvoluted from the speed distributions shown in Fig. 2 in a qualitative
energies of 0.13, 0.16, 0.19, 0.22, and 0.24 eV, plotted similarly to Fig. 7manner that is detailed in the text.
The data show that both ground-state and vibrationally excited reactions are
taking place, though the proportion of ground-state reactivity is higher for
Cl+CH, than for CH-CD,, presumably due to the decreased population of

vibrational modes. We assume that vibrational populations in our expansion
are very close to thermal values. We conclude with qualita-
tive estimates of the relative reactivity of ground- and
ground-state and vibrationally excited reactions are fairlyexcited-state methane, and note that as we cannot distinguish
similar, with the exception of the anomalously fast productspetweenw, and v, reactivity, we are sensitive only to the
We assume that the measured product speed distribution i§erage reactivity of the two modes. At 0.15 eV collision
characteristic for both reactiorjafter truncating the anoma- energy, all observed Cpproducts come from the vibra-
lously fast products and we invert this single speed distri- tionally excited reaction. At higher collision energy, the rela-
bution to give differential cross sections for both processeSiye rate of the ground-state reaction increases, so that by
Insofar as the spatial anisotropy data tend to follow/iie) .28 eV, approximately 75% of the products result from,CD
contours, we expect our resulting differential cross sectiomév:o), implying an 80 times greater reactivity for GDv,
to be qualitatively correct for both ground- and excited-stateyy ,=1). For CH-CH,, 75% of the products come from the
reactions. ground-state reaction at 0.13 eV collision energy, and 60%

Figures 9 and 10 show differential cross sections forof the products at 0.24 eV; this behavior allows the rough
CD; and CH; products for both vibrationally excited and

ground-state reactions. We note that there is a general trend

in the spatial anisotropy measurements which favors the vi-

brationally excited reaction at slower speeds. Consequently, Cl + CH, (v=0) Cl + CH, (v, ,v,=1)
we expect the actual differential cross sections to be slightly 4 4l 4
more backscattered for the vibrationally excited reaction, and — HCl + CH, — HCl + CH3
slightly more forward scattered for the ground-state reaction.
Figure 9 shows that CPfrom CI+-CD, (v=0) is sharply
forward scattered at low collision energy. This result implies
that the corresponding DCI product is sharply backscattered,
in agreement with previous measuremeh#s collision en-

ergy increases, the products become more side scattered,
though they always remain forward peaked. Scattering for
CI+CD, (v, or v4=1) is generally side scattered and does
not change significantly with collision energy. Similarly, Fig.

10 shows that CKproducts from C+CH, (v=0) are for-
ward scattered at low collision energy. Side scattering in-

creases with collision energy, so that unlike £products, 10 0.0 10 o o0 10
CHg is predominantly side scattered at high energies. Vibra- cos 6 (CH,) cos 6 (CH,)
tionally excited CH (v, or v,=1) produces forward- and 3 3

side-scattered products, largely independent of collision eng g, 10, Differential cross sections for €CH, (v =0) and CHCH, (v, or
ergy. v,=1) at collision energies of 0.13, 0.16, 0.19, 0.22, and 0.24 eV.

Collision energy —

N
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estimate that the vibrationally excited species is 400 and 20fhe same manner as hard spheres, we predict thaCD},
times more reactive at these two collision energies, respegy =0) should produce backscattered Oi@hd thus forward-

tively. scattered CE), while Cl+C,Hg (v=0) should produce iso-
tropically scattered products. Both of these predictions are in
IV. DISCUSSION accord with our observations. Furthermore, the line-of-

We have studied the GHand CD radical products of ~Centers model states that with increasing collision energy,
the CH-CH, and CH-CD, reactions, varying the collision more glancing collisions become reactive, which would lead
energy between 0.13 and 0.29 eV. These products arf® an increase in product side scattering, as is observed in
formed with very little energy in vibration or rotation. Core- this study. Ci-CH, (v=0), while similar to the perdeuter-
extracted ion arrival profiles were measured to obtain speedtéd reaction, is not as well explained by this qualitative
and spatial anisotropy distributions of the methyl radicalmodel. At 0.22 eV collision energy, scattering for &peaks
products. The speed distributions contain products moving dft the sideways direction and decreases in both forward and
anomalously fast speeds that could not originate from théackward directions, and presumably, +@D, (v=0)
Cl+CH, (v=0) or CHCD, (v=0) reactions. We attribute would show similar behavior at higher collision energies.
these products to the reaction of trace amounts of vibraWhile the simple, classical model explains the gross behav-
tionally excited methane in our expansion, with the excitedor of the ground-state reaction, evidently more involved dy-
methane belonging to one or both low-lying thermally popu-namical effects are in play.
lated bending and torsional mod@s or v,). Product spatial Our previous studies of the €ICH, (v3=1) reaction
anisotropy measurements were used to verify this hypothshowed that the asymmetric C—H stretching mode dramati-
esis. These low-energy vibrations result in a large enhanceally impacts reactivity. We observed through a direct mea-
ment of reactivity; at the highest collision energy studied,surement that; excitation increases reactivity by a factor of
CD, (v, or v,=1) is 80 times more reactive than Gy 30 at 0.16 eV collision energyIn light of the present re-
=0), and CH (v, or v,=1) is 200 times more reactive than sults, approximately 75% of products which we attributed to
CH, (v=0). At low collision energies, where the reaction of ground-state reaction should in fact result from reaction of
chlorine with ground-state methane should be near or belokH, (v, or v,=1), and therefore the enhancement of reac-
threshold, vibrationally excited reagents dominate reactivitytivity caused byv; excitation is closer to 120. Our model for
Spatial anisotropy measurements were additionally used tthe CHCH, (v3=1) reaction stated that the reagent vibra-
discount the possibility of enhanced reaction of electronitional excitation fully opens the cone of acceptance for the
cally excited chlorine, for which we see no experimentalreaction, i.e., nearly all reagent collisions result in products.
evidence. We perform a qualitative deconvolution of productThe similar reactivity of the bending and/or torsional modes
scattering for ground-state and vibrationally excited reacindicates that smaller amounts of vibrational energy are suf-
tions. Products of the vibrationally excited reaction are siddicient to promote reaction for most collisions. Additionally,
scattered and vary little with reaction collision energy. Prod-the scattering deduced for €CH, (v, or v,=1) is similar
ucts of the ground-state reaction are forward scattered at loto the broad side scattering measured for the HGEQ)
collision energies and show increased side scattering agiroduct of CHCH, (v3=1). Product state distributions,
higher collision energies. however, are markedly different, as-dCH, (v3=1) yields

We will first discuss the reaction of chlorine with products with significant rotational and vibrational excita-
ground-state methane in terms of the line-of-centers modetjon.
which qualitatively describes the scattering and collision en-  Duncan and Truorf§ published a transition-state-theory
ergy dependence of the reaction products. We will then comanalysis of the C+CH, reaction which calculated thermal
pare the state and scattering distributions for the vibrarates for CH with bending ;) and stretching ¢;) mode
tionally excited reaction to earlier studies of the reaction ofexcitation?® This study reported significantly enhanced rates
chlorine with C—H stretch-excited methane. We relate oufrom excitation of either vibrational mode, due to a lowering
results to the theoretical work of Duncan and Trudhg, or a removal of the barrier to reaction. For the reverse reac-
which is relevant to both ground-state and excited-state retion, CH;+HCI—CH,+Cl, vibrational excitation of the CH
actions. Finally, we will detail how vibrational enhancementreagent had small to negative effects on reaction rate. The
is expected to affect the thermal kinetics of the reaction oftalculated rates are in agreement with the lack of methyl
chlorine with methane. radical vibrational excitation reported in this paper. Because

Earlier studies of C+tCD, (v=0) and CHC,Hg (v methane is tetrahedral and methyl radical is planar, a
=0) explained product scattering qualitatively in terms of Franck—Condon type of argument would predict significant
the line-of-centers modéf® which states that only the com- umbrella-bending excitation of the methyl product of this
ponent of translational energy which lies along the line con+eaction, in contrast to the measured result. However, the
necting the reagents’ centers of mass can be used to suarge enhancement in reactivity seen for Ohr,=1) sug-
mount the barrier to reaction. Using this model, the largegests that umbrella bending lies along the reaction coordi-
barrier and relatively small collision energy for the#G@ID, nate, and the transition state for the reaction occurs when the
(v=0) reaction would constrain only the most direct of col- methyl is in a more planar geometry. Thus, while projecting
lisions to lead to reactions, whereas the small barrier fothe methane geometry onto the methyl radical would indeed
Cl+C,Hg (v=0) would allow glancing collisions to produce imply product bending excitation, this geometry would very
products, as well. By assuming that the products scatter irarely lead to reaction. This model is the traditional one of a
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