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Reaction dynamics of atomic chlorine with methane: Importance
of methane bending and torsional excitation in controlling reactivity

S. Alex Kandel and Richard N. Zare
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The reactions of atomic chlorine with CH4 and CD4 were studied at five collision energies ranging
from 0.13 to 0.29 eV using resonance-enhanced multiphoton ionization of the CH3 and CD3

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 CH3 and CD3 products reveal that the methyl
radicals contain very little energy in rotation or vibration. ©1998 American Institute of Physics.
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I. INTRODUCTION

The reaction of atomic chlorine with methane,

Cl1CH4→HCl1CH3,

is important in atmospheric processes as the dominant so
of HCl in the stratosphere. Additionally, the reaction is i
teresting from a dynamical standpoint as a simple gas-ph
reaction involving a polyatomic reagent and product; su
reactions afford the possibility for extending traditional stu
ies of atom-plus-diatom reactions to more complex syste
Past work in this laboratory has investigated the reaction
chlorine atoms with hydrocarbons1–7 and detailed the effec
on reactivity of C–H stretch vibrational excitation.5–7 This
paper concerns our most recent studies of the Cl1CH4 and
Cl1CD4 reactions, in which we report state distributions a
scattering of the CH3 and CD3 products as a function o
collision energy. Furthermore, we provide evidence that
citation of the low-energy bending and torsional modes
the methane reagent results in significantly enhanced rea
ity.

The Cl1CH4 reaction is endothermic by 600 cm21 ~0.07
eV! and has a rate of 1.0310213 cm3 molecule21 s21 at 298
K.8–10 Kinetic studies show that the reaction has no
Arrhenius behavior, and thus the thermal rate can be
pressed only approximately in simple exponential for
k(T)5Ae2Ea /kT. Consequently, determining the reaction
activation energy is not straightforward. An exponential fit
the data9 yields a value of@1.8310211 cm3 molecule21 s21]
e21580/T, and fits to low-temperature and higher-temperat
9710021-9606/98/109(22)/9719/9/$15.00
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data result in smaller or larger values, respectively. Calcu
tions based on changes in zero-point energy indicate tha
Cl1CD4 reaction should be endothermic by 900 cm21 ~0.11
eV!. In this paper, we report our investigations of these
actions over a range of well-defined collision energies fr
below the reactive barrier to significantly above it. Ther
fore, we are studying the types of collisions most likely to
responsible for reactivity under thermal conditions.

Our previous work concerning the reaction of atom
chlorine with CH4 and CD4 studied the HCl and DCl reaction
products, and produced several results that are relevant t
current investigation.3 First, we observed that the HCl an
DCl products contain very little internal energy. HCl pro
ucts possess on average 31 cm21 of rotational energy, and
DCl products possess 38 cm21; vibrational excitation is not
energetically possible for either product. Second, we
served that DCl products are predominantly backscatte
large background signals caused by contaminant HCl in
gas mixture prevented the measurement of HCl scatter
Finally, we observed that some DCl molecules were mov
too slowly to result from the studied reaction. While w
speculated on several effects that could contribute to for
tion of slow DCl, we were unable to resolve the issue qu
titatively. The current study, which probes the methyl radi
products, is able to make conclusive statements about p
uct energy and scattering.

II. EXPERIMENT

Although the experimental apparatus is similar to th
used for several previous publications,1,2 we present here a
9 © 1998 American Institute of Physics
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thorough overview. Methane~CH4, Matheson, 99.97%; o
CD4, Cambridge Isotope Labs, 99% isotopic purity!, mo-
lecular chlorine~Matheson research purity, 99.999%!, and
helium~Liquid Carbonic, 99.995%! are mixed in a Teflon™-
lined steel tank. This gas mixture is then expanded i
vacuum through a pulsed valve~General Valve 9-series, 0.
mm orifice!. Backing pressure is maintained at 200 Torr f
measuring product velocity distribution or at 400 Torr
record methyl radical spectra. The lower backing press
entails some loss of signal but improves instrumental res
tion.

The reaction is initiated by photolysis of the molecu
chlorine precursor at 305–375 nm. The photodissociation
Cl2 is well characterized;11 at these wavelengths, 96%–99
of the Cl atoms produced are in the ground2P3/2 electronic
state. The tunable light for the photolysis is produced b
Nd31:YAG-pumped dye laser~Continuum PL9020 and
ND6000! using DCM, LDS698, and LD700 laser dyes. Th
dye laser output is frequency doubled in a BBO crystal
produce 15–40 mJ pulses, which are gently focused into
gas expansion to a spot size of approximately 1 mm.

The reaction proceeds at a collision energy that is de
mined by the kinetic energy of the Cl reagent and by
translational temperature of the molecular beam. We hav
direct measurement of the beam translational tempera
however, we have measured the rotational temperatur
trace HCl in our expansion to be 15 K. We assume that
value is a reasonable upper bound for the translational t
perature and calculate the collision energy spre
accordingly.12 Thus, for the Cl1CH4 reaction we access co
lision energies from 10506160 to 19706220 cm21. For the
Cl1CD4 reaction, collision energies range from 12206170
to 22806230 cm21.

CH3 and CD3 products are detected using 211
resonance-enhanced multiphoton ionization~REMPI! via the
3pz Rydberg intermediate state; the 00

0 and 21
1 bands are at

333.9 and 330.7 nm for CD3 and at 333.4 and 329.4 nm fo
CH3.

13–15 A second frequency-doubled Nd31:YAG-pumped
dye laser~Spectra Physics GCR 2A and PDL-3! operating
with a mixture of DCM and LDS698 is used to generate
probe light. Detection is effected at the focal point of a 1.1
lens, using 6–11 mJ/pulse of laser light. After ionization, t
methyl ions traverse a time-of-flight~TOF! mass spectrom
eter and are detected using dual microchannel plates~MCPs!
in a chevron configuration. The signal from the MCPs
recorded by a digital oscilloscope~Hewlett–Packard
54542A! and transferred to a personal computer.

Rotational spectra are recorded on the origin (00
0) vibra-

tional band by tuning the REMPI laser and recording
total ion current form/z of 15 (CH3) or 18 (CD3). For these
measurements, the mass spectrometer is operated with
extraction fields in order to collect all product ions produce
Variations in probe laser power are small, and are meas
simultaneously using a pyroelectric detector~Molectron J3!.
The recorded spectra are corrected for this variation ass
ing a quadratic power dependency for the ionization proc
Measurement of vibrational branching is accomplished i
similar fashion through short scans over the vibratio
bands of interest.
Downloaded 01 Jul 2010 to 171.64.124.91. Redistribution subject to AIP
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For measurement of product speed distributions,
probe laser is fixed on a rotational feature, usually theQ
branch of the 00

0 band of the methyl radical. The mass spe
trometer is then operated with a lower extraction field of 2
V/cm under Wiley–McLaren space-focusing conditions. T
ionization process does not change the velocities of the
tected products; thus, the ions are created with a distribu
of speeds nearly identical to that of their neutral precurso
The packet of product ions then spreads as it traverses
mass spectrometer, according to the ion velocities. We
tain a one-dimensional projection of the ion packet by m
suring the distribution of arrival times at the detector. Fu
thermore, we ‘‘core extract’’ the ion packet by placing
mask with a circular aperture directly before the detect
which serves to reject products with significant velociti
perpendicular to the detection axis. The resulting ion arri
profile can be analyzed to yield the speed distribution of
reaction products, as has been reported in ear
publications.16 The velocity sensitivity of the mass spectrom
eter was calibrated previously by measuring Cl atoms fr
Cl2 photolysis over a range of excitation wavelengths.16 In
order to verify the calibration and optimize the mass sp
trometer, ion arrival profiles for Cl atoms were recorded
each day of measurement.

Background signals for this experiment are relative
small. The major background results from the probe las
and we attribute it to probe-induced photodissociation of C2,
followed by reaction within the time of the laser pulse, fo
lowed by detection of the methyl radical. Additionally, w
observe minor background signals from multiphoton no
resonant dissociative ionization of methane, induced by b
probe and photolysis lasers. Most backgrounds are corre
by a time-jump subtraction procedure, which is utilized f
rotational spectra and for velocity measurements. In this s
traction, the time between the photolysis and probe laser
varied between short~10 ns! and long~50–70 ns! delays, by
directing the trigger pulse for the photolysis laserQ switch
through varying coaxial cable lengths or by utilizing com
puter control of the timing electronics. This subtraction
performed either every other shot or every ten laser sh
and removes all background signals which are independ
of photolysis/probe delay. Background ions produced by
photolysis laser alone are not compensated for by this p
cedure, but such background signals are small and prod
characteristic early positive, late-negative difference sign
that are easily identified and removed upon workup of
data.

The spatial anisotropy of the product velocities is det
mined by measuring how the ion arrival profiles depend
the direction of polarization of the photolysis laser. The ch
rine atom reagent is created with a sin2 u spatial distribution
with respect to the polarization vector, and the product s
tial anisotropy is directly related to this, as no other sour
of anisotropy exist in the experiment. The polarization of t
photolysis laser light is controlled by synchronizing the e
periment to a photoelastic modulator~Hinds International
PEM-80!, which is placed in the photolysis beam path. T
linear polarization of the laser beam is flipped every oth
laser shot so as to lie parallel or perpendicular to the T
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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axis, allowing ion arrival profiles to be acquired simult
neously for parallel and perpendicular photolysis geometr
We refer to these signals asI i and I' . Both lasers fire at 20
Hz repetition rates, so the experiment runs at 5 Hz, a
requires a four-state subtraction to account for two laser
larizations and two photolysis-probe time delays. Our exp
mental sensitivity to spatial anisotropy has been calibra
by observing Cl atoms from Cl2 photodissociation.

III. RESULTS

A. CH3 and CD3 internal states and speed distributions

The rotational spectrum of the 00
0 band of CD3 reaction

products is shown in Fig. 1; the reagent collision energy
0.29 eV. The spectrum is dominated by an intenseQ branch,
which is characteristic for a parallel transition in a symmet
top. In these scans, theQ branch was allowed to saturate o
detection electronics in order to allow greater sensitivity
the weakerO-, P-, R-, andS-branch transitions. The consid
erable width of the rotational lines is indicative of the pr
dissociative nature of the intermediate 3pz Rydberg state.
Spectra have been reported of methyl radicals resulting f
a variety of sources that include pyrolysis and discha
sources,13,17 flash-pyrolized jet-cooled radicals,18 and radical
products of photodissociation and reaction.14,15,19–22It is not
straightforward to extract rotational populations from t
spectral data. Such an analysis requires knowledge of
predissociation dynamics of the intermediate Rydberg s
and the nuclear spin populations of the methyl radicals,
often involves assumption of thermal distributions ofJ andK
states. The paucity of observed rotational lines in our spec
which is compounded by systematic overlaps betweenO and
P branches andR andSbranches, makes a population ana
sis infeasible. Furthermore, because we are probing nas
reaction products, it is quite possible for populations oJ
levels andK sublevels to be highly nonthermal due to d
namical considerations. However, we can glean two sign

FIG. 1. Rotational spectrum for the CD3 products of the Cl1CD4 reaction at
0.29 eV collision energy, acquired on the 00

0 band connecting the ground
state to the 3pz state. Note that only several lines for each rotational bra
have intensity, indicating that the reaction product has very little rotatio
energy.
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cant facts from this methyl radical spectrum. First, the sp
tra shown in Fig. 1 show less rotational excitation th
spectra reported in any of the aforementioned studies, i
cating that the CD3 products from Cl1CD4 are extremely
rotationally cold. Second, we observe thatS-branch transi-
tions are more intense than correspondingR-branch transi-
tions. @CompareS(1) andR(1), for example, or note tha
S(2) is larger thanR(2), even though the latter is over
lapped withS(0).# By examining symmetric top two-photo
line strengths, we can deduce that the methyl radical pr
ucts are formed preferentially in lowerK sublevels. We have
made similar measurements of the spectrum of CH3, which
also appears to have very little rotational energy.

We were able to detect the CH3 (n251) product via the
21

1 band. The total intensity of this band~integrated over all
rotational lines from 329.7 to 329.2 nm! was 48612 times
smaller than that of the 00

0. We conclude that nearly all of the
products are formed vibrationless, with only a small amo
of umbrella-bending (n2) excitation. A similar measuremen
for CD3 was not able to observe the 21

1 band, establishing an
upper limit for the band intensity that is 40 times smal
than the origin band. Theoretical Franck–Condon fact
were used in order to relate CH3 and CD3 REMPI intensities
to vibrational populations,14,19,23resulting in a ratio of sensi-
tivities of 1.1 for the 00

0 and 21
1 transitions for both isoto-

pomers. We conclude that the population of CH3 (n251) is
2.3%60.6%, and the population of CD3 (n251) is less than
3%.

Core-extracted ion arrival profiles are acquired with t
photolysis laser polarization vector parallel and perpendi
lar to the time-of-flight axis. These profiles, which are r
ferred to asI i and I' , are appropriately summed (I iso5I i

12I') to remove the effects of spatial anisotropy arisi
from the Cl2 photodissociation. This isotropic composite pr
file, I iso, is related to the product speed distribution alon
Speed distributions are inverted from the isotropic ion arri
profiles using a maximum entropy analysis that is detailed
earlier publications.16 Figure 2 shows the isotropic profile
and resulting speed distributions for the CD3 product of the
Cl1CD4 reaction. Error bars for the speed distribution a
1s standard deviations from statistical analysis of replic
measurement. These data are acquired with photolysis w
lengths of 307, 320, 335, 355, and 375 nm, correspondin
center-of-mass collision energies of 0.28, 0.25, 0.22, 0
and 0.15 eV. Figure 3 shows isotropic profiles and sp
distributions for the CH3 product of the Cl1CH4 reaction.
These data are acquired using the same five photolysis w
lengths, which correspond to slightly lower center-of-ma
collision energies of 0.24, 0.22, 0.19, 0.16, and 0.13 eV. T
small features visible on the baseline of the ion arrival p
files are background signals resulting from ionization
methane by the photolysis laser, and they do not imp
analysis of the data.

The shaded areas under the speed distributions show
Figs. 2 and 3 indicate the methyl radical product spe
which are moving faster than energetically possible for
ground-state reaction. These limits are calculated by de
mining the center-of-mass frame speed of the methyl rad
from conservation of energy, given our previous measu

h
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ment of virtually no internal excitation of the HCl~DCl!
partner,3 and using endothermicities of 0.07 and 0.11 eV
the Cl1CH4 and Cl1CD4 reactions. For every speed distr
bution measured, some of the products are moving fa
than the maximum allowable speed. This effect is minor
high collision energies but is quite pronounced at the low
collision energies. Additionally, the presence of produ
moving too quickly is more noticeable for CD3 than for CH3.
At the lowest collision energy studied, 0.15 eV, virtually a
of the CD3 radicals have too much kinetic energy to be pro
ucts of the Cl1CD4 reaction.

B. Explanation of anomalously fast products

We attribute the anomalously fast methyl radical pro
ucts to the reaction of chlorine with vibrationally excite

FIG. 2. Core-extracted ion arrival profiles for the CD3 product of the
Cl1CD4 reaction and a fit~the solid line! to the data, along with spee
distributions resulting from the fit. The profiles are isotropic composite p
files which are independent of the photolysis laser polarization; they
acquired on theQ branch of the origin band at reagent collision energies
0.15, 0.18, 0.22, 0.25, and 0.28 eV. The shaded area under each
distribution indicates the product speeds which are greater than energet
possible for products of the ground-state Cl1CD4 reaction. Note that at all
collision energies, some products are moving at anomalously fast sp
this effect is particularly pronounced at low collision energies.

FIG. 3. Core-extracted ion arrival profiles and speed distributions for
CH3 product of the Cl1CH4 reaction. The data are analogous to that p
sented in Fig. 2, and are acquired for collision energies of 0.13, 0.16, 0
0.22, and 0.24 eV.
Downloaded 01 Jul 2010 to 171.64.124.91. Redistribution subject to AIP
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methane, and we make the case for this hypothesis first. S
sequently, we will explain how other effects, such as tra
lational energy spread between the reagents or inaccurac
determining product energies or reaction energetics, can
create the observed speed distributions; we will also disc
the possibility of the reaction of spin–orbit-excited chlorin
atoms. Section III C will detail how spatial anisotropy me
surements are used to verify our hypothesis of vibrationa
excited reaction and discount reaction of excited chlor
atoms.

We propose that some of the CH4 and CD4 reagents are
vibrationally excited in either the bending (n4) or torsional
(n2) modes, and that the reaction of chlorine with these
brationally excited reagents leads to the production of me
radicals with too much energy to result from reaction w
ground-state methane. In CD4, these vibrational modes hav
roughly 1000 cm21 of energy and a thermal population o
4% at 300 K; in CH4, the vibrational modes have 1400 cm21

of energy and a population of 0.7% at 300 K.24 We would
not expect our relatively gentle molecular expansion to re
vibration significantly. While methane reagents should
translationally and rotationally cold, vibrational populatio
should remain near thermal values. Previous studies h
shown that C–H stretch (n3) excitation significantly en-
hances reactivity in the Cl1CH4 reaction;3,7 we posit that
bending and/or torsional excitation could enhance reacti
in a similar fashion. Thus, the small population of vibr
tionally excited methane could lead to a sizable fraction
the products. Furthermore, we note that the excess vi
tional energy in the methane reagent is adequate to exp
all observed methyl radical product velocities. The effect
the vibrationally enhanced reaction would be most noticea
at low collision energies, where the reaction with groun
state methane is near or below threshold. We observe m
anomalously fast methyl radicals at low collision energies
accordance with this explanation. This effect is more p
nounced for reaction with CD4 than for CH4, which can be
explained by the higher vibrational populations of the p
deuterated isotopomer.

We discuss other sources of anomalously fast me
radical products. Inaccuracy in estimating product inter
energies is unlikely, as the state-specific nature of our de
tion process precludes significant error. Similarly, the th
modynamics of the Cl1CH4 reaction are well enough know
to rule out error in energetics as a relevant factor. Con
quently, excess kinetic energy in the methyl radical produ
necessarily results from extra energy in the reagents.
posited significant reactivity for vibrationally excited re
agents present in the beam, as described in the prece
paragraph. Another possible source of fast methyl rad
products is from reaction with electronically excited chlori
atoms. Excited chlorine, Cl2P1/2 or Cl* , has 881 cm21 of
energy and is produced in Cl2 photodissociation with popu
lations that are wavelength dependent and range from 1%
300 nm photolysis to 4% at 375 nm.11 As mentioned previ-
ously, as the reaction nears threshold at lower collision
ergies, this small amount of excited reagents could contrib
significantly in product formation. Furthermore, the e
hanced reactivity of Cl* has been proposed as a mechani

-
re
f
eed
lly

ds;

e
-
9,
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



bo
s
ne
e
e
s

la
o-
-
m
n

gy
an

em

r
n
o

e
n

od
o
s
e

lly

io
ib

nd

ys

al

s
n

l

a
u
te
th

-
ai
w

in

an
-

ton
s
n-

on

se

D

e
rine
a-
ent

wo
hat it

are
s. A
nisot-

9723J. Chem. Phys., Vol. 109, No. 22, 8 December 1998 S. A. Kandel and R. N. Zare
to explain anomalies in rate measurements of hydrocar
reactions.25 It might seem difficult to distinguish product
resulting from reaction with vibrationally excited metha
from those resulting from electronically excited chlorin
However, ground-state chlorine is produced via a perp
dicular dissociative transition in Cl2, and thus the fragment
are produced in a sin2 u distribution, whereu is the angle
between the recoil direction and the photolysis laser po
ization. Cl* is produced via a parallel transition and is pr
duced in a cos2 u distribution. Products resulting from reac
tion with Cl* are therefore experimentally resolvable fro
those resulting from reaction with ground-state chlorine, a
we will detail these measurements presently.

A third possibility is that spread in translational ener
of the reagents could result in increased collision energy
thus fast products. We expect our molecular expansion to
translationally cold and generally assume a translational t
perature of 15 K. This residual thermal motion leads to
spread of6170 cm21 at 1220 cm21 collision energy, and as
the reaction nears threshold, a disproportionate numbe
products could result from the high end of this distributio
However, the spread in collision energy is caused alm
entirely by the motion of the lighter CH4 or CD4 reagent.
Collisions at the high end of our thermal spread are thos
which the methane is moving toward the chlorine atom, a
while these collisions have more energy available for pr
ucts, they also have a reduced center-of-mass velocity. C
sequently, such processes do not produce significantly fa
methyl radical products, and can be ruled out as a sourc
the observed effect in our speed distributions.

C. Spatial anisotropy measurements and differential
cross sections

Further evidence for enhanced reactivity of therma
populated vibrational modes of CD4 and CH4 is available in
a measurement of the product spatial anisotropy; in addit
spatial anisotropy measurements can rule out large contr
tions to reactivity from Cl* . All spatial anisotropy in the
experiment is derived from the photodissociation. Grou
state chlorine atoms are formed with a sin2 u distribution
~characterized by a spatial anisotropy parameter,b521!;
excited-state chlorine atoms are formed, at longer photol
wavelengths, with a cos2 u distribution ~b52!. In reactive
collisions where the methyl radical product velocity is par
lel to the chlorine reagent velocity~forward- and backward-
scattered products!, the spatial distribution of the product
will be equal to that of the reagents. When the product a
reagent velocities deviate by an anglea, the product spatia
distribution is reduced byP2(cosa). The resulting product
spatial anisotropy can be calculated from the center-of-m
scattering angle and the reaction kinematics; thus, a meas
ment of the product spatial anisotropy can be used to de
mine the kinematics of a reaction. Figure 4 demonstrates
behavior; it shows Newton diagrams for Cl1CH4 (v50)
and Cl1CH4 ~n2 or n451!. CH3 products of the ground
state reaction have relatively little translational energy av
able in the center-of-mass frame, resulting in the small Ne
ton circle in Fig. 4~a!. The lab-frame velocities of the
products therefore will always be near parallel to the chlor
Downloaded 01 Jul 2010 to 171.64.124.91. Redistribution subject to AIP
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atom reagent velocity, withvCl andvCD3
deviating by a maxi-

mum of 40°, resulting in a spatial anisotropy which c
range from20.3 to 21.0. Products of the vibrationally ex
cited reaction, Cl1CH4 ~n2 or n451!, have significantly
more translational energy, as shown by the larger New
circle in Fig. 4~b!, and have velocities which deviate by a
much as 90° from the chlorine velocity; product spatial a
isotropy can thus range from10.5 to 21.0. We have em-
ployed a similar treatment of product spatial distributi
measurements to estimate product C2H5 internal energy in
the Cl1C2H6 reaction and product CH3 internal energy in the
Cl1CH4 (n351) reaction.1,2,7

Experimental core-extracted ion arrival profiles are u
to construct anisotropic composite profiles,I aniso52(I i

2I'). Figure 5 presents sample anisotropic profiles for C3

FIG. 4. Newton diagrams for~a! Cl1CH4 (v50) and~b! Cl1CH4 ~n2 or
n451! at 0.16 eV collision energy.~a! The products of the ground-stat
reaction have velocities that are constrained to lie within 40° of the chlo
reagent velocity.~b! The greater amount of energy available in the vibr
tionally excited reaction allows more deviation of the product and reag
velocities. The greatly different sizes of the Newton circles for the t
reactions thus allows a measurement of product spatial anisotropy so t
is possible to distinguish experimentally between the two processes~see the
text!.

FIG. 5. Anisotropic core-extracted ion-arrival profiles for CD3 and CH3

products at 0.22 and 0.19 eV collision energies. The anisotropic profiles
shown along with the corresponding isotropic profile for scaling purpose
least-squares fit to the profile produces the speed-dependent spatial a
ropy of the product,b(v).
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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and CH3 products, shown along with the isotropic profile
for scaling purposes. The fits shown are those obtai
through a nonlinear least-squares procedure; to reduce c
riance, the number of basis functions was reduced from
number used for the speed distribution fit. The result of
fit is b(v), the spatial anisotropy as a function of produ
speed. Figure 6 showsb(v) for CD3 at the lowest collision
energy studied, 0.16 eV. At this energy, all observed pr
ucts are moving too quickly to have resulted from t
ground-state reaction. The measured spatial anisotrop
plotted along with three calculated curves, which show
predictedb(v) values for the ground-state reaction, for r
action with vibrationally excited CD4 ~n2 or n4!, and for
reaction of electronically excited chlorine. The ground-st
reaction should haveb(v) as shown by the dotted curve
with values ofb closest to21, as there is very little energ
in the center-of-mass frame available for product translat
The solid curve, corresponding to the vibrationally excit
reaction, shows how the excess energy in the reagent re
in a wider range of values forb. The dashed curve result
from the opposite spatial anisotropy~b52! of the Cl* re-
agent. The solid curve provides an exceedingly good ma
to the data, whereas no combination of the other two cur
can provide a reasonable fit to the measured anisotr
Thus, we conclude that at 0.16 eV collision energy, all pro
ucts result from reaction with vibrationally excited CD4.
There is no evidence for reaction of Cl2P1/2. Because the
concentration of the Cl* reagent is low~4%!, we cannot
conclude that electronically excited chlorine is generally u
reactive; however, because the signal is dominated by
enhanced reactivity of trace vibrationally excited species,
can state that any enhancement of the Cl* reaction rate is
small in comparison.

Figures 7 and 8 show speed-dependent spatial anis
pies, derived from the analysis of anisotropic profiles,
CD3 and CH3, respectively. The data were acquired at t
same collision energies reported for the data of Figs. 2 an
and are shown along with calculatedb(v) curves for the
ground-state and vibrationally excited reactions. As d

FIG. 6. Speed-dependent spatial anisotropy for CD3 products at the lowest
collision energy studied, 0.15 eV. The data are presented along with t
curves showing the predicted spatial anisotropy for the ground-state rea
~the dotted line!, reaction with CD4 ~n2 or n451! ~the solid line!, and
reaction of Cl* ~the dashed line!. The data indicate that reaction with vibra
tionally excited methane is the dominant process at this collision energy
combination of the other two curves would be adequate to fit the data.
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cussed in the previous paragraph, the lowest collision ene
for Cl1CD4 results in reactivity of vibrationally excited spe
cies only. At higher collision energies, the spatial anisotro
data lie between the solid and dashed curves, indicating
both ground-state and vibrationally excited reactions are
ing place. For the Cl1CH4 reaction, the data indicate a large
proportion of ground-state reactivity as compared
Cl1CD4; this is likely caused by the decreased population
CH4 vibrational modes. It is important to note that even f
the highest collision energies, the spatial anisotropy d
never lie completely on theb(v) curve predicted for the
ground-state reaction. It appears that reagent vibrational
citation results in significant enhancement of reactivity ev
for collision energies far above threshold. This effect will
discussed in detail in Sec. IV.

The speed-dependent spatial anisotropy can be use
deconvolute the speed distributions of the ground-state
vibrationally excited reactions. Sufficient data exist, the
fore, to calculate the differential cross sections for each
action and to determine the relative reactivities of the t
processes. However, such an approach would extend
analysis beyond the capabilities of the data to support, gi
the resolution and error bars of the measurements. Inst
we present a more qualitative analysis. We note that for
given collision energy, the measured spatial anisotropy
between the values calculated for ground-state and vi
tionally excited reactions in a generally speed-independ
fashion. Thus the speed distributions for the products

ee
ion

o

FIG. 7. Speed-dependent spatial anisotropies for CD3 products at collision
energies of 0.15, 0.18, 0.22, 0.25, and 0.28 eV, plotted along with cu
showing the predicted anisotropy for ground-state and vibrationally exc
reaction at each collision energy; the plot is similar to that shown in Fig
with data for each of the five collision energies stacked vertically. At l
collision energy, the data are fit entirely by the solid curve, correspondin
reactivity of vibrationally excited reagents only. As collision energy i
creases, the spatial anisotropy tends to lie increasingly between the soli
dashed curves, indicating that both processes are taking place. Note th
data are never fit solely by the dashed, ground-state curve, as even a
highest collision energies studied, vibrationally excited CD4 contributes to
reactivity.
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ground-state and vibrationally excited reactions are fa
similar, with the exception of the anomalously fast produc
We assume that the measured product speed distributio
characteristic for both reactions~after truncating the anoma
lously fast products!, and we invert this single speed distr
bution to give differential cross sections for both process
Insofar as the spatial anisotropy data tend to follow theb(v)
contours, we expect our resulting differential cross secti
to be qualitatively correct for both ground- and excited-st
reactions.

Figures 9 and 10 show differential cross sections
CD3 and CH3 products for both vibrationally excited an
ground-state reactions. We note that there is a general t
in the spatial anisotropy measurements which favors the
brationally excited reaction at slower speeds. Conseque
we expect the actual differential cross sections to be slig
more backscattered for the vibrationally excited reaction,
slightly more forward scattered for the ground-state react
Figure 9 shows that CD3 from Cl1CD4 (v50) is sharply
forward scattered at low collision energy. This result impl
that the corresponding DCl product is sharply backscatte
in agreement with previous measurements.3 As collision en-
ergy increases, the products become more side scatt
though they always remain forward peaked. Scattering
Cl1CD4 ~n2 or n451! is generally side scattered and do
not change significantly with collision energy. Similarly, Fi
10 shows that CH3 products from Cl1CH4 (v50) are for-
ward scattered at low collision energy. Side scattering
creases with collision energy, so that unlike CD3 products,
CH3 is predominantly side scattered at high energies. Vib
tionally excited CH4 ~n2 or n451! produces forward- and
side-scattered products, largely independent of collision
ergy.

FIG. 8. Speed-dependent spatial anisotropies for CH3 products at collision
energies of 0.13, 0.16, 0.19, 0.22, and 0.24 eV, plotted similarly to Fig
The data show that both ground-state and vibrationally excited reaction
taking place, though the proportion of ground-state reactivity is higher
Cl1CH4 than for Cl1CD4, presumably due to the decreased population
vibrational modes.
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We assume that vibrational populations in our expans
are very close to thermal values. We conclude with qual
tive estimates of the relative reactivity of ground- a
excited-state methane, and note that as we cannot disting
betweenn4 and n2 reactivity, we are sensitive only to th
average reactivity of the two modes. At 0.15 eV collisio
energy, all observed CD3 products come from the vibra
tionally excited reaction. At higher collision energy, the re
tive rate of the ground-state reaction increases, so tha
0.28 eV, approximately 75% of the products result from C4

(v50), implying an 80 times greater reactivity for CD4 ~n2

or n451!. For Cl1CH4, 75% of the products come from th
ground-state reaction at 0.13 eV collision energy, and 6
of the products at 0.24 eV; this behavior allows the rou

.
re
r
f

FIG. 9. Differential cross sections for Cl1CD4 (v50) and Cl1CD4 ~n2 or
n451! showing the methyl product angular distributions at reagent collis
energies of 0.15, 0.18, 0.22, 0.25, and 0.28 eV. The cross sections
deconvoluted from the speed distributions shown in Fig. 2 in a qualita
manner that is detailed in the text.

FIG. 10. Differential cross sections for Cl1CH4 (v50) and Cl1CH4 ~n2 or
n451! at collision energies of 0.13, 0.16, 0.19, 0.22, and 0.24 eV.
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estimate that the vibrationally excited species is 400 and
times more reactive at these two collision energies, resp
tively.

IV. DISCUSSION

We have studied the CH3 and CD3 radical products of
the Cl1CH4 and Cl1CD4 reactions, varying the collision
energy between 0.13 and 0.29 eV. These products
formed with very little energy in vibration or rotation. Core
extracted ion arrival profiles were measured to obtain sp
and spatial anisotropy distributions of the methyl radi
products. The speed distributions contain products movin
anomalously fast speeds that could not originate from
Cl1CH4 (v50) or Cl1CD4 (v50) reactions. We attribute
these products to the reaction of trace amounts of vib
tionally excited methane in our expansion, with the exci
methane belonging to one or both low-lying thermally pop
lated bending and torsional modes~n2 or n4!. Product spatial
anisotropy measurements were used to verify this hyp
esis. These low-energy vibrations result in a large enhan
ment of reactivity; at the highest collision energy studie
CD4 ~n2 or n451! is 80 times more reactive than CD4 (v
50), and CH4 ~n2 or n451! is 200 times more reactive tha
CH4 (v50). At low collision energies, where the reaction
chlorine with ground-state methane should be near or be
threshold, vibrationally excited reagents dominate reactiv
Spatial anisotropy measurements were additionally use
discount the possibility of enhanced reaction of electro
cally excited chlorine, for which we see no experimen
evidence. We perform a qualitative deconvolution of prod
scattering for ground-state and vibrationally excited re
tions. Products of the vibrationally excited reaction are s
scattered and vary little with reaction collision energy. Pro
ucts of the ground-state reaction are forward scattered at
collision energies and show increased side scattering
higher collision energies.

We will first discuss the reaction of chlorine wit
ground-state methane in terms of the line-of-centers mo
which qualitatively describes the scattering and collision
ergy dependence of the reaction products. We will then co
pare the state and scattering distributions for the vib
tionally excited reaction to earlier studies of the reaction
chlorine with C–H stretch-excited methane. We relate
results to the theoretical work of Duncan and Truong26

which is relevant to both ground-state and excited-state
actions. Finally, we will detail how vibrational enhanceme
is expected to affect the thermal kinetics of the reaction
chlorine with methane.

Earlier studies of Cl1CD4 (v50) and Cl1C2H6 (v
50) explained product scattering qualitatively in terms
the line-of-centers model,2,3 which states that only the com
ponent of translational energy which lies along the line c
necting the reagents’ centers of mass can be used to
mount the barrier to reaction. Using this model, the la
barrier and relatively small collision energy for the Cl1CD4

(v50) reaction would constrain only the most direct of co
lisions to lead to reactions, whereas the small barrier
Cl1C2H6 (v50) would allow glancing collisions to produc
products, as well. By assuming that the products scatte
Downloaded 01 Jul 2010 to 171.64.124.91. Redistribution subject to AIP
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the same manner as hard spheres, we predict that Cl1CD4

(v50) should produce backscattered DCl~and thus forward-
scattered CD3!, while Cl1C2H6 (v50) should produce iso-
tropically scattered products. Both of these predictions ar
accord with our observations. Furthermore, the line-
centers model states that with increasing collision ener
more glancing collisions become reactive, which would le
to an increase in product side scattering, as is observe
this study. Cl1CH4 (v50), while similar to the perdeuter
ated reaction, is not as well explained by this qualitat
model. At 0.22 eV collision energy, scattering for CH3 peaks
in the sideways direction and decreases in both forward
backward directions, and presumably, Cl1CD4 (v50)
would show similar behavior at higher collision energie
While the simple, classical model explains the gross beh
ior of the ground-state reaction, evidently more involved d
namical effects are in play.

Our previous studies of the Cl1CH4 (n351) reaction
showed that the asymmetric C–H stretching mode dram
cally impacts reactivity. We observed through a direct m
surement thatn3 excitation increases reactivity by a factor
30 at 0.16 eV collision energy.3 In light of the present re-
sults, approximately 75% of products which we attributed
ground-state reaction should in fact result from reaction
CH4 ~n2 or n451!, and therefore the enhancement of rea
tivity caused byn3 excitation is closer to 120. Our model fo
the Cl1CH4 (n351) reaction stated that the reagent vibr
tional excitation fully opens the cone of acceptance for
reaction, i.e., nearly all reagent collisions result in produc
The similar reactivity of the bending and/or torsional mod
indicates that smaller amounts of vibrational energy are s
ficient to promote reaction for most collisions. Additionall
the scattering deduced for Cl1CH4 ~n2 or n451! is similar
to the broad side scattering measured for the HCl (v50)
product of Cl1CH4 (n351). Product state distributions
however, are markedly different, as Cl1CH4 (n351) yields
products with significant rotational and vibrational excit
tion.

Duncan and Truong26 published a transition-state-theor
analysis of the Cl1CH4 reaction which calculated therma
rates for CH4 with bending (n4) and stretching (n1) mode
excitation.26 This study reported significantly enhanced ra
from excitation of either vibrational mode, due to a lowerin
or a removal of the barrier to reaction. For the reverse re
tion, CH31HCl→CH41Cl, vibrational excitation of the CH3
reagent had small to negative effects on reaction rate.
calculated rates are in agreement with the lack of met
radical vibrational excitation reported in this paper. Becau
methane is tetrahedral and methyl radical is planar
Franck–Condon type of argument would predict significa
umbrella-bending excitation of the methyl product of th
reaction, in contrast to the measured result. However,
large enhancement in reactivity seen for CH4 (n451) sug-
gests that umbrella bending lies along the reaction coo
nate, and the transition state for the reaction occurs when
methyl is in a more planar geometry. Thus, while projecti
the methane geometry onto the methyl radical would ind
imply product bending excitation, this geometry would ve
rarely lead to reaction. This model is the traditional one o
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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reaction with a ‘‘late’’ transition state, in which the transitio
state resembles the reaction products, and a productlike
sition state has indeed been calculated theoretically
Cl1CH4.

26,27 In such systems, vibrational energy enhanc
reactivity, whereas translational energy is generally ineff
tive; furthermore, products of such reactions are gener
formed with small amounts of vibration and large amounts
translation. Our previous studies of HCl and DCl inclu
measurements of total reactivity,3 scattering,3,7 and product
rotational alignment,4,6 all of which indicate a reaction path
way which is ‘‘late’’ with respect to C–H stretching. Th
current study indicates the transition state is also product
with respect to methyl radical bending.

It is well known that Cl1CH4 displays non-Arrhenius
behavior; i.e., the thermal reaction rate as a function of te
perature cannot be described accurately as a simple expo
tial, k(T)5Ae2Ea /kT. Our present study reports enhanc
ment in reactivity due to excitation of low-lying vibrationa
modes. It is likely that this vibrational enhancement ha
substantial effect in the thermal kinetics of the reaction. T
population of excited CH4 vibrational modes is 0.7% at room
temperature but increases to 30% at 800 K. Enhanceme
reactivity from vibrational excitation of methane therefo
causes an increase in reaction rate at high temperat
which is in accordance with the observed kinetic data.
low temperatures, the ground-state reaction dominates r
tivity, and we expect that fits to the low-temperature d
would produce an accurate activation energy for the reac
which is lower than that calculated for a larger temperat
range. In order to test this model we constructed a simpl
to the rate data by assuming that the individual ground-s
and excited-state reactions each produced an exponentia
pendence of rate on temperature. We produced an exce
fit to the data using a ground-state activation energy of
cm21, an excited-state activation energy several hund
cm21 lower, and a preexponential factor for the vibrationa
excited reaction that was approximately 10 times larger t
that of the ground-state reaction. We do not present th
numbers as quantitative, but we note that they are reason
from a dynamical standpoint and thus support the plausib
of our explanation. Thus, the enhanced reactivity of chlor
with methane having vibrational excitation in its low-lyin
bending or torsional modes should be an important facto
accounting for its kinetics under thermal conditions.
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