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The full characterization of the nascent OH(X2Π, V′′, N′′, J′′, Λ′′) state distributions for the O(1D) +
C2H6 f OH + C2H5 reaction has been experimentally performed using the laser-induced fluorescence technique
to probe theV′′ ) 0-4 levels of the OH molecules. This thorough study has been carried out for the first
time using the N2O photodissociation at 193 nm to generate the O(1D) atoms (the average collision energy,
〈ET〉, is equal to 0.52 eV). By comparison with the experimental available data for〈ET〉 ) 0.27 eV (Park and
Wiesenfeld,J. Chem. Phys. 1991, 95, 8166), it has been observed the existence of a small influence ofET on
the dynamics of the title reaction, as only a somewhat higher rovibrational excitation of the OH product has
been found on increasing the collision energy of the system. This supports the belief that the studied reaction
essentially evolves through the insertion of the O(1D) atom into a C-H bond, yielding both short-lived
(insertion/fast elimination microscopic mechanism) and long-lived (insertion/slow elimination microscopic
mechanism) alcohol-type collision complexes. However, although not fully conclusive, some evidence has
been found about the coexistence of a third reaction mode (abstraction), which may contribute to the formation
of the highest vibrationally excited OH molecules with low rotational excitation. The dynamics of the insertion/
fast elimination mechanism has been qualitatively reproduced using the quasiclassical trajectory method applied
on two ab initio based analytical triatomic potential energy surfaces developed by us very recently for the
related O(1D) + CH4 reaction, but with a mass correction.

I. Introduction

The reactions of the oxygen atom in its first excited electronic
state, O(1D), with hydrocarbons are an important source for
stratospheric OH molecules, which are involved in the natural
degradation processes of the ozone layer through the OH/HO2

catalytic cycle.1-3 Though most studies of these reactions have
focused on the O(1D) + CH4 process, an increasing number of
them explore the properties of the reactions with larger
hydrocarbons.

The global (including all reaction channels) rate constant (k)
for the O(1D) + C2H6 process falls near the gas kinetic value;
it is equal to (6.3( 0.3) × 10-10 cm3 molecule-1 s-1 4 at 300
K. The reaction channel leading to the formation of OH radicals,

is minor in this case, in contrast to the reaction between O(1D)
and CH4. The observed yield for OH production in the process
with CH4 is equal to 0.75( 0.15,6 while the one for reaction 1
is equal to 0.25.7 This difference has been atributted to the
preference for the cleavage of the C-C bond instead of the
C-O bond in the alcoholic C2H5OH intermediate through which

the reaction is believed to evolve. In this sense, the yield of the
reaction channels not producing OH, H, or the quenching of
O(1D) atom has been estimated as 0.87 for the process between
O(1D) and C2H6,4 and more recently, a value of 0.70 has been
reported for the branching ratio of the CH3 + CH2OH channel.7

Some experimental work can be found in the literature
devoted to the determination of the nascent quantum state
distributions of the OH product arising from reaction 1. Full
characterization of the OH(X2Π) molecules was performed at
an average collision energy of reactants (〈ET〉) equal to 0.27
eV, using the 248 nm photolysis of O3 as a source of O(1D)
atoms.8 The OH vibrational levels fromV′′ ) 0 to V′′ ) 4 were
detected by means of the laser-induced fluorescence (LIF)
technique. A monotonically descendent vibrational distribution,
a bimodal rotational distribution forV′′ ) 0 in contrast with
the unimodal rotational profiles forV′′ ) 1-4, a statistical
OH(X2Π3/2)/OH(X2Π1/2) spin-orbit population ratio, and a quite
slight preference for the population of the OH(X2Π, Π(A′))
Λ-doublet state were observed.8 These results are in agreement
with a previous study of the OH(X2Π, V′′ ) 0-1) distributions
at a similar collision energy.9 The OH(X2Π, V′′ ) 0, 1) product
state distributions arising from reaction 1 have also been
measured at a higher collision energy,〈ET〉 ) 0.52 eV, using
the 193 nm photolysis of N2O as a source of O(1D) atoms.10-12

This is a cleaner source of O(1D) atoms than the photolysis of
O3 at 248 nm. Results similar to those determined at〈ET〉 )
0.27 eV were obtained at〈ET〉 ) 0.52 eV, although somewhat
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O(1D) + C2H6 f OH(X2Π) + C2H5

∆H°298K ) -49.1 kcal mol-1 (ref 5) (1)
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more rotational excitation of the OH product was found.
Nevertheless, to achieve a better understanding of the effect of
collision energy on the dynamical properties of the OH(X2Π)
product, the characterization of its nascent quantum state
distributions for the full range of populated vibrational levels
at the〈ET〉 ) 0.52 eV condition would be very useful.

The stereodynamics of reaction 1 has been examined using
polarized Doppler resolved LIF spectroscopy.13 Differential
cross sections (k - k′) determined for the state-specific
OH(X2Π1/2, V′′ ) 0, J′′ ) 6.5, 13.5) channels were found to be
nearly isotropic. Thek - j ′ and thek′ - j ′ correlations for the
OH(X2Π1/2, V′′ ) 0, J′′ ) 13.5) showed a broad symmetric
distribution with a pronounced maximum at 90°. Recently, the
global differential cross section (k - k′) for the title reaction
has been measured using molecular beams,7 obtaining a quite
isotropic distribution with a sharp forward feature. In addition,
the reaction of O(1D) with clusters of ethane14 and the “half-
collision” reaction arising from photodissociation of C2H6‚N2O
van der Waals complexes at 193 nm11 have also been studied.

In this work, we have carried out a full experimental char-
acterization of the internal state distributions of the OH(X2Π)
product arising from the O(1D) + C2H6 reaction. For the first
time, the higher vibrational levels (V′′ ) 2-4) of the OH product
for this reaction have been detected at a mean collision energy
of 0.52 eV. These results complete previous work performed
in our laboratory on theV′′ ) 0-1 levels.10,12When these results
are compared with those of ref 8 (〈ET〉 ) 0.27 eV), it is possible
to carry out a detailed analysis of the influence of initial collision
energy on the dynamical properties of the OH molecules
generated in reaction 1, since different enough initial reaction
conditions are considered. Moreover, this analysis has allowed
us to discuss the microscopic reaction mechanism of the process.
Finally, the experimental study of the O(1D) + C2H6 reaction
has been accompanied by a preliminary theoretical analysis
of the nascent OH product energetics corresponding to the
O(1D) + C2H6 reaction using the quasiclassical trajectory (QCT)
method and two pseudotriatomic analytical potential energy
surfaces (PESs) developed for the O(1D) + CH4 reaction.15,16

II. Experiment

II.1. Experimental Setup. Experiments were carried out in
a laser photolysis LIF setup employing a flow system (Figure
1).10,12 The experiment includes three steps: (1) initiation of
the reaction through the 193 nm photolysis of N2O; (2) a period
of time during which the reaction proceeds; (3) detection of
the OH products by means of the LIF technique.

High-purity gases furnished by Praxair were used without
further purification (N2O (99.998%) and C2H6 (99.95%)). They
were flowed continuously through a stainless steel chamber,
which was pumped through a throttled turbomolecular pump
(Varian Turbo-1000HT) and a rotary pump (Leybold TRIVAC
D40B). With this system, back vacuums of approximately 1×
10-7 Torr were ordinarily measured using a cold-cathode
manometer (Varian senTorr). During an experiment, the gas
pressure into the chamber was monitored by a capacitance
manometer (Leybold CM1). The total pressure into the chamber
and the pumping rate were chosen so that the renewal of the
detection volume was allowed between adjacent laser pulses,
and thus no residual signal was detected.

The O(1D) atoms were generated by photodissociation of N2O
at 193 nm using an ArF excimer laser (Lambda-Physik Compex
100). After a fixed time delay controlled with a digital delay
generator (Stanford Research DG535), the OH(X2Π, V′′, N′′,
J′′, Λ′′) quantum states arising from the O(1D) + C2H6 reaction

were probed by LIF in the A2Σ+ r X2Π transition using a XeCl-
pumped tunable dye laser (Lambda-Physik LPX 105i and LPD
3002 CES). Both laser beams counterpropagated collinearly;
the photolysis laser beam was mildly focused with anf ) 50
cm fused quartz cell, and the probe laser beam was expanded
with a Galilean tellescope.

The fluorescent emission was collected perpendicularly to
the beams’ propagation direction through a convergent lens
(f ) 75 mm) and two Oriel UG11 and two Corion SB-300-F
filters into a photomultiplier tube (Hamamatsu R1398; PMT in
Figure 1). This signal was amplified 5 times in a preamplifier
(Stanford SR-240) and sent to two gated integrator boxcars
(Stanford SR-250). The first boxcar gate was set to integrate
the photolysis laser scattering signal and was used to monitor
the photolysis laser power. The second boxcar gate was set
to integrate the laser-induced fluorescence decay (LIF signal),
and it was triggered by a signal coming from a photodiode
(Hamamatsu S1722-02; PD1 in Figure 1), which collects a
reflection from the probe laser beam. To monitore the dye laser
power, the intensity of another reflection from the probe laser
beam is measured by a photodiode (Hamamatsu S1336-5BQ;
PD2 in Figure 1) and sent to a third gated boxcar integrator.
The three integrated signals coming out from the boxcars were
A/D converted (Stanford SR-245) and transferred into a personal
computer using a GPIB board. A LabVIEW program developed
in our research group17 was employed to both collect and store
the signals from the boxcars (LIF and power signals) and to
control the experiment.

The LIF excitation spectra obtained during the experiments
were assigned using reported data18,19 and normalized with
respect to the variations in the pump and probe laser powers.
Then the area of each peak was measured, and from the
normalized areas the populations of the OH(X2Π, V′′, N′′, J′′,
Λ′′) quantum states were extracted using available EinsteinB
coefficients.19,20

To obtain the populations of the OH(X2Π, V′′, N′′, J′′, Λ′′)
states in theV′′ ) 0-4 vibrational levels, the LIF excitation
spectra were recorded using the diagonal bands (∆V ) 0), (0,0)
and (1,1), and, because of the predissociation of the A2Σ+ state
for N′ > 0 at V′g 2,21 the off-diagonal bands (∆V * 0), (0,1),
(1,2), (0,2), (1,3), (0,3) and (1,4). Table 1 contains the wave-

Figure 1. Schematic representation of the experimental setup: (PD1,
PD2) photodiodes; (PMT) photomultiplier tube.
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length regions scanned and the dyes used in the probe laser for
each of these bands. Several examples of LIF excitation spectra
for some of the measured bands are given in Figure 2.

II.2. Experimental Conditions. To obtain the nascent
distributions of internal states of the OH radical under bulk
conditions, the total pressure into the reaction chamber and the
delay between the two lasers were kept as low as possible. Thus,
typical values of total pressure were 100 mTorr (with an
approximate ratio of partial pressures of N2O and C2H6 equal
to 1:1), while the laser delay was fixed at 250 ns. It is difficult
to establish the amount of vibrational, rotational, spin-orbit,
and Λ-doublet deactivation underwent by the nascent OH
detected because, to the best of our knowledge, no rate constants

for these processes when OH collides with C2H6 or N2O have
ever been reported. It has been calculated using a hard-spheres
model that, on average, less than 1 collision was suffered by
the OH molecules at 100 mTorr and 250 ns conditions before
being detected, so it could be expected that there is little effect
of state-changing collision processes, even for spin-orbit and
Λ-doublet distributions. On the other hand, it has been also
calculated following the same procedure that the O(1D) atoms
produced by photolysis underwent less than one collision with
other species before reacting. Therefore, it can be expected that
the O(1D) velocity was not significantly reduced by nonreactive
collisions, and it could be assumed to be the same one resulting
from the photodissociation process.

The population analysis performed in this study relies on the
fact that the measurements were made in the linear LIF regime.
To confirm that the effect of saturation is negligible, the de-
pendence of the LIF signal with the dye laser power was studied
for each of the vibrational LIF bands detected, so the maximum
probe laser power at which the LIF spectra could be measured
within the linear regime could be established. The results for
two of these experiments are given in Figure 3. As might be
expected from the values of the EinsteinB coefficients,19,20the
linear behavior disappears at higher dye laser power as the|∆V|

Figure 2. LIF excitation spectra of the nascent OH(X2Π, V′′ ) 0-4) product arising from the O(1D) + C2H6 reaction.

Figure 3. Dependence of the LIF signal with the probe and pump laser powers. The linear correlation between LIF intensity and laser power and
the maximum value of the laser power at which this behavior is observed are shown.

TABLE 1: Bands and Dyes Employed in the LIF Detection
of OH(X2Π, W′′ ) 0-4) Molecules

vibrational
bands ∆λ/nm dye solutions

(0,0), (1,1) 306.0-320.0 sulforhodamine B/methanola

(0,1), (1,2) 343.0-358.0 p-terphenyl/dioxane and DMQ/dioxane
(0,2), (1,3) 385.0-400.0 QUI/dioxane
(0,3), (1,4) 447.0-460.0 coumarine-120/methanol

a To obtain the spectral range required, the output frequency from
the dye laser was doubled using a KDP crystal.
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of the LIF bands increases. The dependence of the LIF intensity
with the photolysis laser power was also analyzed. The linear
correlation observed indicates that the OH radical is formed
only by reaction 1 following the absorption of a single 193 nm
photon. Hence, the formation of OH products as a result of
processes that imply the absorption of zero or more than one
193 nm photons could be discarded.

II.3. Experimental Results. II.3.A. Spin-Orbit andΛ-Dou-
blet Populations.The spin-orbit interaction in OH(X2Π) leads
to the existence of two electronic fine structure states, F1 and
F2 (X2Π3/2 and X2Π1/2, respectively), whose population in the
statistical limit only depends on their degeneracy. Thus, the
statistical population ratio between both spin-orbit states,P(F1)/
P(F2), should be equal to (N′′ + 1)/N′′ for each rotational level.
Figure 4 shows the experimental and the statistical limit spin-
orbit populations ratio,P(V′′,N′′,X2Π1/2)/P(V′′,N′′,X2Π3/2), as a
function of N′′. Table 2 collects the average [P(V′′,N′′,X2Π3/2)
N′′/(P(V′′,N′′,X2Π1/2)(N′′ + 1))] ratios obtained for OH(X2Π,
V′′ ) 0-4). Considering the confidence intervals of the
measurements, it can be stated that there is no preferential
population of any of the two spin-orbit states. The same results
were reported in previous studies on reaction 1 at〈ET〉 ) 0.27
eV8 for V′′ ) 0-4 and at〈ET〉 ) 0.52 eV10-12 for V′′ ) 0-1.

Two Λ-doublet fine structure states,Π(A′) andΠ(A′′), arise
from the interaction of electronic orbital and rotational angular
momenta. In the high rotational levels limit case, theΠ(A′) state
corresponds to the alignment of the half-filledπ OH molecular
orbital in the rotation plane, while a perpendicular alignment
of this orbital to that plane occurs for theΠ(A′′) state. Figure
5 shows theΛ-doublet populations ratioP(Π(A′))/P(Π(A′′))
as a function ofN′′. Table 2 collects the average values for

V′′ ) 0-4. These results show a preferential population of the
Π(A′) state. This fact is usually explained on the basis of an
insertion-type reaction mechanism where the OH rotation
follows a preferential orientation during the fragmentation of
the R-O-H bent collision complex. The same results were
reported in previous studies on reaction 1 at〈ET〉 ) 0.27 eV8

for V′′ ) 0-4 and at〈ET〉 ) 0.52 eV10-12 for V′′ ) 0-1.
II.3.B. Rotational Distributions.Figure 6 depicts the experi-

mentally measured nascent OH(X2Π, V′′ ) 0-4) product
rotational distributions arising from reaction 1. The average
rotational levels for each of the vibrational levels populated are
given in Table 3. From Figure 6 it might be stated that the
measured rotational distribution forV′′ ) 0 is quite different
from the remaining ones. Thus, the rotational distribution
obtained forV′′ ) 0 is clearly bimodal, presenting a predominant
component peaked at low-N′′ values and a second component

Figure 4. LIF spin-orbit populations ratio (O) for the OH(V′′ ) 0-4)
product arising from the O(1D) + C2H6 reaction. The line depicted in
the graphics corresponds to the statistical population ratio. Error bars
correspond to 1 standard deviation.

TABLE 2: Average Spin-Orbit Populations Ratio
[P(W′′,N′′,X2Π3/2)N′′]/[P(W′′,N′′,X2Π1/2)(N′′ + 1)] and Average
Λ-Doublet Populations RatioP(Π(A′))/P(Π(A′′)) for
OH(X2Π, W′′ ) 0-4) Molecules Arising from Reaction 1

V′′
[P(V′′,X2Π3/2)N′′]/

[P(V′′,X2Π1/2)(N′′ + 1)]a
P(V′′,Π(A′))/
P(V′′,Π(A′′)) a

0 1.18( 0.25 1.43( 0.29
1 1.04( 0.22 1.34( 0.32
2 0.94( 0.21 1.14( 0.22
3 0.93( 0.13 1.23( 0.18
4 0.96( 0.18 1.29( 0.27

all V′′ b 1.07( 0.22 1.33( 0.27

a The statistical ratio values are always equal to 1.b Averaged over
all V′′ levels, considering each level population.

Figure 5. LIF Λ-doubling populations ratio (O) for the OH(V′′ ) 0-4)
product arising from the O(1D) + C2H6 reaction. The line depicted in
the graphics corresponds to the statistical population ratio. Error bars
correspond to 1 standard deviation.
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reaching higher rotational levels. The rotational distributions
for vibrational levelsV′′ > 0, however, seem to be essentially
unimodal with a maximum that appears at high-N′′ levels, its
value diminishing as the vibrational quantum number increases,
as generally expected.

The qualitative analysis of Figure 6 can be put on a
quantitative basis by carrying out a surprisal analysis of the
rotational distributions.8,22Essentially, this method evaluates the
degree of deviation of the experimental distributions (P(V′′,N′′))
from the prior one (P0(V′′,N′′)).23 To deal with this, the rotational
surprisal,IR (IR ) -ln[P(V′′,N′′)/P0(V′′,N′′)]), is plotted as a
function of the gR parameter (gR ) fr/(1 - fv)), which is
expressed in terms of the fractions of available energy disposed
in OH rotation (fr) and vibration (fv). In Figure 7 the surprisal
plots derived for OH(X2Π, V′′ ) 0, 2, 4) are collected. As can

be observed, the surprisal plot derived for OH(X2Π, V′′ ) 0)
clearly deviates from the ones obtained for higher vibrational
levels. In that case, there is a clear bimodal behavior because
the surprisal plot presents a negative slope at low-N′′ values
and a positive slope at high-N′′ values, each one of them
reflecting the two components previously observed in the
rotational distribution plot (low-N′′ and high-N′′ components).
On the other hand, the surprisal plots for OH(V′′ ) 1-3) show
a single component with a positive slope (resembling the high-
N′′ component observed forV′′ ) 0) ranging over all the
measuredN′′, as can be observed in the surprisal plot depicted
in Figure 7 for OH(X2Π, V′′ ) 2). In regard to the surprisal
analysis performed forV′′ ) 4, even though it shows the
existence of a major contribution of the high-N′′ component to
the rotational distribution, the surprisal plot obtained in this case
somewhat resembles the one derived forV′′ ) 0 because it also
has a small negative slope region at low-N′′ values (Figure 7).

From the surprisal analysis, the contributions of the high-N′′
and low-N′′ components detected in the OH rotational distribu-
tions have been determined. The values obtained are shown in
Table 3, and as above-mentioned they indicate that the low-N′′
component only contributes significantly to the rotational
distributions of the OH product for theV′′ ) 0 level, with also
a nonnegligible contribution in the case ofV′′ ) 4. The
characteristic slopes (θR) of the high-N′′ components and the
temperatures derived by the fitting of the low-N′′ components
for OH(X2Π, V′′ ) 0, 4) by Maxwell-Boltzmann distributions
are also given in Table 3.

Each of the different components observed in the OH product
rotational distributions can be assigned to different possible
microscopic mechanisms for reaction 1. The large negative
values found for theθR parameter of the high-N′′ components
indicate the existence of much more rotational excitation than
expected. This fact suggests that this rotational component may
arise from the dissociation of a highly energized CH3CH2OH
collision complex prior to redistribution of the available energy
in that complex through energy transfer among its internal
degrees of freedom.8-12 Therefore, a microscopic mechanism
evolving through the insertion of an O(1D) atom into a C-H
bond to yield an alcohol-type collision complex followed by a
fast elimination of the OH molecule can be assigned to the
production of the high-N′′ component. On the other hand, the
little rotational excitation associated with the low-N′′ component
observed for OH(X2Π, V′′ ) 0) suggests that this component
may arise from the dissociation of a quite stabilized CH3CH2-
OH collision complex.8,10-12 Thus, the low-N′′ rotational
component can be assigned to an insertion mechanism followed

TABLE 3: Average Rotational Levels of the OH(X2Π, W′′ ) 0-4) Rotational Distributions Arising from Reaction 1 and
Characteristic Propertiesa of the High-N′′ and Low-N′′ Components of These Distributions

experimental valuesb

V′′ ) 0 V′′ ) 1 V′′ ) 2 V′′ ) 3 V′′ ) 4

〈N′′〉V′′ this work 10.5( 0.2 13.0( 0.4 11.6( 0.3 9.3( 0.2 7.9( 0.2
ref 8 9.9 12.6 10.0 7.9 5.3

Plow-N′′/Phigh-N′′ this work 0.56 0.02 0.00 0.00 0.12
ref 8 0.75 0.11 0.00 0.00 0.00

-θR this work 11.8 11.0 8.7 6.6 5.2
ref 8 10.6 8.9 7.2 5.4 2.3

T/K this work 885 470
ref 8 795

a The characteristic properties are the yield ratio between the low-N′′ and high-N′′ components (Plow-N′′/Phigh-N′′), the slope of the high-N′′ component
in the surprisal plot (θR), and the temperature derived by fitting a Maxwell-Boltzmann distribution to the low-N′′ component (T). b 〈ET〉 ) 0.52 and
0.27 eV for this work and ref 8, respectively. The average rotational levels and the temperature value given for ref 8 have been derived from the
rotational distributions depicted in that work.

Figure 6. LIF rotational populations (O) for the OH(V′′ ) 0-4) product
arising from the O(1D) + C2H6 reaction. Error bars correspond to 1
standard deviation. Populations are normalized to unity.
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by a slow elimination of OH through a long-lived collision
complex. In this case little vibrational excitation should be
expected for the OH product, this fact explaining the negligible
contribution observed for the low-N′′ component at higher
vibrational levels.

As a consequence of the above-indicated considerations, the
low-N′′ component detected in the case ofV′′ ) 4 cannot be
associated with the same reaction mode assigned for the low-
N′′ component in OH(V′′ ) 0). In principle, that rotational
component might be due to the existence of relaxation effects
by collision. This would make the affected distributions be
shifted toward low-N” values, then leading to a spurious low-
N′′ component in the rotational surprisal plots. However, because
no relaxation effects by collision are observed in the rotational
distributions for lower vibrational levels of the OH product, the
use of such an explanation to justify the behavior detected for
the rotational distribution of OH(V′′ ) 4) may be rejected.
Therefore, the low-N′′ component inV′′ ) 4 may arise from
the existence of a microscopic reaction mechanism different
from the ones already introduced (insertion/fast elimination and
insertion/slow elimination). In fact, the features established for
the low-N′′ component in OH(V′′ ) 4) (little rotational and high
vibrational excitation) are closer to what should be expected
for large exothermic processes like reaction 1 when they evolve
through an abstraction mechanism. In the case of reaction 1
this kind of direct microscopic mechanism corresponds to the
abstraction of an H atom of the hydrocarbon by the attacking
oxygen.

Despite the conclusion in the previous paragraph, it is
recognized that the experimental indications found in the present
work about the contribution of the abstraction mechanism (the
bimodal feature in the OH(V′′ ) 4) surprisal plot) are not fully
conclusive. However, at this point it is important to mention
the results obtained by us in a recent study of the OH product
energetics arising from the analogous O(1D) + C2H4 reaction.24

For this system, similar behavior with respect to the title reaction
in regard to the final energetics of the OH product24,25 and its
stereodynamics13 has been reported, the CC double bond playing
a minor role. Thus, it can be expected that both processes occur
via the same reaction mechanism. Then the clear bimodal feature
reported for the OH(V′′ ) 3) product arising from the reaction
with ethylene24 (this is the highest populated vibrational level
in this case) supports the experimental evidence found for the
title reaction and reinforces the suggestion that for this kind of
system an abstraction mechanism plays a nonnegligible role in
the formation of OH molecules in the highest vibrational states.

The abstraction mechanism could proceed through different
ways. Thus, this reaction mode could take place directly on the
ground potential energy surface (11A PES) of the O(1D) + C2H6

system, arising as a competitive reaction mode to the insertion

pathways. For the related O(1D) + CH4 f OH + CH3 reaction,
such a situation was suggested from ab initio calculations26 of
the ground PES and shown later in dynamical studies15,16of it.
It was reported in refs 15 and 16 that an abstraction mechanism
evolving through the ground 11A potential energy surface, which
has a global contribution to the reactivity smaller than 1-2%,
yielded the formation of high vibrationally excited (the popula-
tion maximum appeared atV′′ ) 4) and low rotationally excited
OH molecules. As will be shown in section III.B, similar results
have been obtained when applying the quasiclassical trajectory
method for the description of the O(1D) + C2H6 reaction.

On the other hand, the abstraction mechanism may also occur
in the first excited surface (21A PES) of the O(1D) + C2H6

system. Some high level ab initio calculations still in progress
in our group show that the energy barrier corresponding to the
first excited PES for the O(1D) + CH4 reaction is around 1-2
kcal mol-1 and that it connects reactants with the OH+ CH3

products through an abstraction reaction pathway.27 Therefore,
the possibility that the 21A PES contributed appreciably to the
reactivity of the O(1D) + hydrocarbon systems at the values of
ET usually employed in the experiments cannot be discarded.
If this situation was attained, then the reactive behavior of these
systems would somewhat resemble the one established for the
O(1D) + H2 f OH + H reaction. For this process and its
deuterated isotopic variants, both experimental (see, for example,
refs 28-30) and theoretical (see, for example, refs 31-34)
studies have shown that although the major contribution to the
reactivity is due to a fast insertion/elimination mechanism, which
evolves through the ground 11A′ PES, the low-energy barrier
that presents the first excited potential energy surface (11A′′
PES) allows an abstraction reaction mechanism to take place
on it, yielding high vibrationally and low rotationally excited
OH molecules.

As a matter of fact, in a very recent contribution,35 the
OH(X2Π, V′′ ) 3, 4) rovibrational distributions arising from
the O(1D) + H2 reaction were experimentally measured and
also theoretically calculated using rigorous quantum dynamical
calculations on high-quality analytical representations of the
ground and first excited PESs of the system. It was observed
that, although the OH(V′′ ) 4) rotational distribution was
apparently unimodal, the abstraction mechanism evolving
through the excited PES contributed in a significant extent
(approximately 20%) to the formation of the OH(V′′ ) 4)
molecules (but not for theV′′ ) 3 or lower levels), this
mechanism yielding less rotational excitation than the one
occurring via the ground PES. In fact, it was found that the
experimental OH(V′′ ) 4) rotational distribution andP(V′′)4)/
P(V′′)3) vibrational populations ratio were excellently repro-
duced when considering both the insertion/elimination mech-

Figure 7. LIF rotational surprisals plots (O) for the OH(V′′ ) 0, 2, 4) product arising from the O(1D) + C2H6 reaction.
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anism (evolving through the ground PES) and the abstraction
one (occurring through the excited surface).

Finally, in early studies of the O(1D) + hydrocarbon
reactions,9 it was stated that an abstraction mechanism could
also occur via intersystem crossing between the ground PESs
of the O(1D) + hydrocarbon (11A PES) and O(3P) + hydro-
carbon (13A PES) systems. However, in a recent study of the
transitions between the singlet and triplet surfaces of the related
O + H2 system, it has been found that the contribution of the
intersystem crossing to the reactivity of the O(1D) + H2 process
is negligible.36 Moreover, LIF measurements37,38 and QCT
calculations39,40 about the OH product arising from the
O(3P) + saturated hydrocarbon reactions have shown that
internally cold OH molecules with a preferential population of
the 2Π3/2 spin-orbit state are produced by a direct abstraction
mechanism on the ground triplet surface of these systems, these
findings differing from what has been observed for the low-N′′
component of OH(V′′ ) 4) arising from the O(1D) + C2H6

process. Nevertheless, different properties may be expected for
the OH product when it is produced on the 13A PES under
intersystem crossing conditions.

The rotational distributions obtained in this work at〈ET〉 )
0.52 eV have been compared with those obtained in the previous
full characterization of the energetics of OH product arising from
reaction 1 at〈ET〉 ) 0.27 eV.8 No strong differences have been
found between both kind of results, probably because of the
large reaction exothermicity, which attenuates the influence of
the initial reaction conditions on the dynamics (the products
available energy is equal to 2.40 and 2.65 eV for〈ET〉 ) 0.27
and 0.52 eV, respectively). Moreover, the fact that similar results
were obtained in both studies of the energetics of the OH product
is useful information because it reinforces the suggestion that
the process mainly evolves through an insertion/elimination
mechanism, since this reaction mode should be expected to be
little sensitive to changes in collision energy. The predominance
of this kind of insertion/elimination reaction mode has also been
indicated by the experiments on the stereodynamics of reac-
tion 1.7,13

However, if a deeper analysis of the results is performed, it
must be noted that the rotational distributions obtained at
〈ET〉 ) 0.52 eV are somewhat more excited than the corre-

sponding ones at〈ET〉 ) 0.27 eV and that the enhancement of
the rotational excitation is stressed as higher OH vibrational
levels are considered. This situation is evidenced by the average
rotational levels given in Table 3. Moreover, it can also be
observed that the high-N′′ component for OH(X2Π, V′′ ) 0-1)
is more populated at〈ET〉 ) 0.52 eV, and for this reaction
condition more negative values of theθR parameter are obtained.
These facts indicate that increasing collision energy not only
favors the fast elimination of products (the high-N′′ component)
but also leads to somewhat higher rotational excitation of the
fast-eliminated OH molecules. On the other hand, the low-N′′
components corresponding to OH(X2Π, V′′ ) 0) are very similar
for both reaction conditions, thus supporting the statement that
this component may arise from dissociation of long-lived
collision complexes, because this microscopic mechanism might
show a smaller dependence on the initial translational energy.

In the experimental study performed at〈ET〉 ) 0.27 eV, no
evidence for bimodal behavior of the OH(V′′ ) 4) rotational
distribution8 was reported and it was indicated that this
distribution only shows the contribution of the high-N′′ com-
ponent. However, the shape of the rotational distribution
depicted in ref 8 for OH(V′′ ) 4) is very similar to the one
obtained in this work. This distribution was less excited than
the essentially unimodal ones for OH(V′′ ) 1-3) and it was
shifted toward lower values ofN′′. Anyway, if it is assumed
that the low-N′′ component observed in the present work for
the rotational distribution atV′′ ) 4 arises from an abstraction-
type mechanism, it may be expected that the contribution of
this reaction mode does change significantly with collision
energy. The higher the collision energy is, the larger the
contribution of the abstraction mechanism should be, because
an energy barrier controls the evolution through this direct
mechanism. Therefore, the contribution of this mechanism at
〈ET〉 ) 0.27 eV could be much too small to be detected
experimentally.

II.3.C. Vibrational Populations.The population of each
OH(X2Π) vibrational level arising from reaction 1 has been
determined by summing up the rotational populations measured.
The vibrational populations obtained for OH(X2Π, V′′ ) 0-4)
are given in Table 4, and they are drawn in Figure 8a.

Figure 8. (a) LIF vibrational populations (O) for the OH(V′′ ) 0-4) product arising from the O(1D) + C2H6 reaction. Error bars correspond to 1
standard deviation. Populations are normalized to unity. (b) Vibrational surprisals plots for the global vibrational populations (O) and for the
vibrational populations corresponding to the high-N′′ rotational component (4).

TABLE 4: Vibrational Populations for the OH(X 2Π, W′′ ) 0-4) Molecules Arising from Reaction 1

P(V′′)/P(V′′)1)

study 〈ET〉/eV V′′ ) 0 V′′ ) 1 V′′ ) 2 V′′ ) 3 V′′ ) 4

this work 0.52 2.04( 0.51 1.00 0.80( 0.19 0.48( 0.10 0.22( 0.05
ref 8 0.27 2.50 1.00 0.70 0.43 0.38
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The analysis of the vibrational populations measured has been
performed in terms of the vibrational surprisals,8,22,23 Iv (Iv )
-ln[P(V′′)/P0(V′′)]), which were plotted as a function of the
average fraction of available energy released as vibrational
energy of OH product (fv) (Figure 8b). The graphic derived
shows nonlinear behavior principally due to the population value
at V′′ ) 0. If the vibrational surprisal analysis is only carried
out for the vibrational populations associated with the high-N′′
component, then the existence of a linear correlation is verified.
Such a behavior reinforces the suggestion that this component
arises from a single mechanism. Moreover, it must be pointed
out that the linear behavior obtained for the vibrational surprisal
analysis of the high-N′′ component displays large negative
values ofλv (λv ) dIv/dfv), which implies that the high-N′′
contribution might be due to a strongly nonstatistical process,
as the mechanism of insertion/fast elimination is. On the other
hand, the subtraction of the low-N′′ component contribution from
the global vibrational population forV′′ ) 4 to obtain the high-
N′′ component population also allows for a better linear
correlation in the surprisal plot, just as it has also been observed
in our recent contribution to the related O(1D) + C2H4 system.24

This fact supports the suggestion that a nonnegligible amount
of the OH(V′′ ) 4) molecules are being produced by a different
mechanism than the insertion/fast elimination mechanism, that
is to say, by an abstraction mechanism. However, because the
contribution of the abstraction reaction mode is really small,
the break of the linear correlation in the surprisal plot for the
V′′ ) 4 level due to this reaction mode is not highly evident.

The OH vibrational distribution measured in this work at
〈ET〉 ) 0.52 eV has been compared with the one reported in ref
8 at 〈ET〉 ) 0.27 eV. As was observed for the rotational
distributions, there are no large differences between the
vibrational distributions obtained for both conditions (see Table
4). This can be rationalized in terms of the influence of the
large exothermicity of the O(1D) + C2H6 reaction and also in
terms of the presence of a deep minimum through which the
reactivity mainly evolves. However, it must be noted that a slight
increase of the OH vibrational excitation is found with rising
the collision energy, as was commented above regarding the
OH rotation.

When the vibrational surprisal analysis was performed in ref
8, a linear correlation for the high-N′′ component was also
obtained. However, the data corresponding to theV′′ ) 4
vibrational level slightly deviate from linear behavior, indicating
that the population of the high-N′′ component inV′′ ) 4 could
be somewhat overestimated. This fact may suggest that some
of the population assigned to the high-N′′ component in this
vibrational level (and therefore corresponding to the insertion/
fast elimination mechanism) belongs to another rotational
component (and therefore to another mechanism), as has been
concluded in the present work.

III. Theory

III.1. Theoretical Methodology. To perform a complemen-
tary theoretical study of the O(1D) + C2H6 f OH + C2H5

reaction, the two ab initio based analytical triatomic potential
energy surfaces (PES1 and PES2) previously derived in our
group for the analogous reaction between O(1D) and CH4 were
used (see refs 15 and 16 for further details). In these PESs the
methyl group was treated as a pseudoatom of 15 amu. Both
PESs are quite similar, although PES1 exhibits a small barrier
along the minimum energy path and PES2 is a barrierless
surface. In general, the use of any of these two analytical PESs
versions of the ground potential energy surface (11A in C1

symmetry) of the O(1D) + CH4 system allowed us to obtain a
rather good reproduction of its dynamics behavior, not only
concerning the OH product final energetics but also concerning
other detailed properties (state-specific differential cross sections
(k - k′) and product translational energy distributions).12,15,16

This was possible because the two PESs were found to be
especially efficient in describing the insertion/fast elimination
mechanism that is believed to be the most important one for
the O(1D) + hydrocarbon reactions. However, the consideration
of a triatomic model treating the CH3 group as a pseudoatom
led to a relatively poor description of the insertion/slow
elimination mechanism, for which the energy transfer to the
internal degrees of freedom of the methyl group could not be
neglected.

According to the similarities between the reactions of O(1D)
atoms with either methane or ethane and disregarding the
presence of a C-C bond in ethane, it may be expected that the
insertion/fast elimination mechanism corresponding to reaction
1 could also be rather well reproduced using PES1 and PES2.
This is the reason that the same procedure (QCT meth-
od15,16,40-42) and potential energy surfaces (PES1 and PES2)
that were employed previously to analyze the O(1D) + CH4

system have been applied here to study reaction 1. In this case,
the mass of the pseudoatom used in the QCT calculations on
PES1 and PES2 has been taken as the mass of the C2H5 group
(29 amu). Moreover, this theoretical study has been centered
in those properties corresponding to the insertion/fast elimination
mechanism. This was achieved by just analyzing the properties
of the corresponding reactive trajectories, as was described in
our previous contributions on the O(1D) + CH4 system.15,16

III.2. Theoretical Results. The nascent OH(X2Π, V′′ ) 0-4)
rovibrational distributions corresponding to the insertion/ fast
elimination mechanism of the O(1D) + C2H6 f OH + C2H5

reaction have been calculated by applying the QCT method on
both PES1 and PES2 forET values of 0.27 and 0.52 eV. In
Figure 9, the vibrational distributions found atET ) 0.27 and
0.52 eV are compared with the experimental ones reported in
this work (〈ET〉 ) 0.52 eV) and in ref 8 (〈ET〉 ) 0.27 eV) for
that microscopic mechanism. In Figures 10 and 11, the com-
parison between the experimental and theoretical rotational
distributions atET)0.27 and 0.52 eV, respectively, is given.

The QCT vibrational distributions depicted in Figure 9 does
not exactly fit the experimental results at〈ET〉 ) 0.27 eV or at
〈ET〉 ) 0.52 eV, providing more OH vibrational excitation than
the experiments. The average vibrational levels derived for the
calculations are〈V′′〉 ) 2.0 (PES1) and 1.6 (PES2) atET ) 0.27
eV and〈V′′〉 ) 2.0 (PES1) and 1.8 (PES2) atET ) 0.52 eV,
while the experimentally obtained values are〈V′′〉 ) 1.2
(〈ET〉 ) 0.27 eV) and 1.3 (〈ET〉 ) 0.52 eV). Nevertheless, the
distributions obtained for PES2 qualitatively reproduce the
experimental data at both collision energies, showing a mono-
tonic decrease of the vibrational population as the vibrational
quantum number increases. For the distributions for PES1, they
suggest the existence of much more vibrational excitation than
in the experimental results because the PES1 vibrational
distributions obtained were inverted and their population maxima
appeared atV′′ ) 2. The different behavior obtained for the
two PESs can be rationalized on the basis of their different
topologies. Thus, as above-mentioned, PES1 presents a small
barrier in the entrance channel of the reaction as a consequence
of the triatomic model used, while PES2 was forced to be
barrierless in order to reproduce the experimental information
about the rate constant.15,16 In principle, it might be expected
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that the presence of the early barrier in PES1 favors more
vibrational excitation of the OH product.

The theoretical rotational distributions reproduce quite well
the shape of the experimental distributions, specially forET )
0.27 eV, as can be observed in Figure 10. However, the
calculations yield more rotational excitation than experimentally
found, especially forET ) 0.52 eV, as can be appreciated in
Figure 11. Thus, the average rotational levels derived from QCT
results are in general about 3-4 rotational quantum numbers
higher than the experimental values. In this case, it must be
noted that PES1 provides better results than PES2 (essentially
for V′′ ) 0-1), unlike what was observed for the vibration.
The differences of both PESs in the entry channel together with

the subtle differences that are exhibited in the exit channel
should account for their different behavior regarding the OH
rotation results.

The differences detected between the experimental data and
the theoretical results for both the vibrational and rotational
distributions are not too important if the kind of approximations
that have been included in the calculations is taken into account.
As a matter of fact, the experimental behavior of the insertion/
fast elimination mechanism studied is qualitatively well-
reproduced by the theoretical calculations, thus concluding that
this reaction mode may not differ in an important extent from
the analogous one for the O(1D) + CH4 f OH + CH3 reaction.
That is to say, the additional complexity introduced by the

Figure 9. LIF (-) and QCT (0, PES1;4, PES2) vibrational distributions for the OH(V′′ ) 0-4) product arising from the insertion/fast elimination
mechanism associated with the O(1D) + C2H6 reaction atET ) 0.27 (LIF data from ref 8) and 0.52 eV (the present work). Populations are normalized
to unity.

Figure 10. LIF (-) and QCT (0, PES1; 4, PES2) rotational
distributions for the OH(V′′ ) 0-4) product arising from the insertion/
fast elimination mechanism associated with the O(1D) + C2H6 reaction
at ET ) 0.27 eV (LIF data from ref 8). Populations are normalized to
unity.

Figure 11. LIF (-) and QCT (0, PES1; 4, PES2) rotational
distributions for the OH(V′′ ) 0-4) product arising from the insertion/
fast elimination mechanism associated with the O(1D) + C2H6 reaction
at ET ) 0.52 eV (the present work). Populations are normalized to
unity.
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presence of a C-C bond in ethane does not involve significant
changes regarding the insertion/fast elimination microscopic
mechanism of reaction 1.

The occurrence of abstraction-like reactive trajectories in the
QCT calculations on the ground PES of the O(1D) + C2H6

reaction has also been studied. To deal with this, the minimal
value of the PES energy reached by each reactive trajectory
was analyzed (the PES energies at the equilibrium geometries
of reactants, products, and (C2H5)OH minimum are, respec-
tively, -4.79,-6.47, and-10.56 (PES1) and-10.54 (PES2)
eV, where the zero of energy corresponds to O(1D) + H +
(C2H5)). In this way, it was found that about 1-2% of the
reactive trajectories evolved from reactants to products with a
minimum PES energy higher than-6.5 eV. All remaining
trajectories took values below-9.0 eV. An analysis of the
temporal evolution of the interatomic distances allowed us to
unambiguously assign the former trajectories to an abstraction
mechanism, while the latter ones were ascribed to insertion.
Similar results were also obtained in our previous theoretical
studies of the O(1D) + CH4 reaction.15,16

The properties established for the abstraction-like trajectories
also support the experimental evidence for this mechanism
shown in section II. Thus, the OH vibrational populations
(normalized to unity) found for the abstraction mechanism at
ET ) 0.52 eV and using PES2 areP(V′′)0) ) 0, P(V′′)1) ) 0,
P(V′′)2) ) 0.01, P(V′′)3) ) 0.06, P(V′′)4) ) 0.51, and
P(V′′)5) ) 0.42. Similar results were also obtained with PES1.
Hence, as experimentally suggested, a nonnegligible contribution
of the abstraction mechanism should be expected for OH(V′′ g
4). In fact, according to the QCT calculations, the abstraction
mechanism approximately accounts for the 10% and 30% of
the OH(V′ ) 4) and OH(V′ ) 5) molecules produced, respec-
tively. Regarding the rotational distributions for this reaction
mode, there is not enough statistics to infer quantitative
conclusions. However, it seems that for the OH(V′′ ) 4)
molecules, the rotational distribution for abstraction is less
excited than the insertion/fast elimination one, which would
account for the bimodal feature experimentally observed.

IV. Summary and Conclusions

The full characterization of the nascent OH(X2Π, V′′, N′′,
J′′, Λ′′) product state distributions for the O(1D) + C2H6 f
OH + C2H5 reaction has been experimentally performed using
the LIF technique to probe theV′′ ) 0-4 levels of the OH
molecules. This thorough study has been carried out for the
first time using the N2O photodissociation at 193 nm to generate
the O(1D) atoms (〈ET〉 ) 0.52 eV), thus not only completing
the previous preliminary study of theV′′ ) 0-1 levels at this
reaction condition10-12 but also allowing for a comprehensive
analysis of the influence of the collision energy on the dynamics
of this process by comparison with the experimental available
data for〈ET〉 ) 0.27 eV8 and also by taking into account QCT
results from model triatomic PESs. In this way, a discussion
about the microscopic mechanism of the title reaction can be
carried out.

The results obtained in this work suggest the existence of a
small effect ofET on the dynamics of the O(1D) + C2H6 f
OH + C2H5 reaction. The spin-orbit distributions of the OH
product show a statistical population of the2Π3/2 and 2Π1/2

states, while some preference for the formation of theΠ(A′)
Λ-doublet state has been detected, as reported in ref 8. Only
somewhat higher rovibrational excitation of the OH product has
been observed on increasing the collision energy of the system,
which indicates that the large exothermicity of the O(1D) +

C2H6 process and the presence of a deep alcohol minimum on
the PES through which the reaction mainly takes place via an
insertion/elimination mechanism soften the changes onET. Thus,
the available energy of the products is equal to 2.40 and 2.65
eV for 〈ET〉 ) 0.27 and 0.52 eV, respectively.

A comparison between the results obtained in this work and
those reported in ref 8 supports the belief that the studied
reaction essentially evolves through the insertion of the O(1D)
atom into a C-H bond, yielding both short-lived (fast elimina-
tion) and long-lived (slow elimination) collision complexes.
However, although not fully conclusive, some evidence has been
found on the coexistence of a third microscopic reaction
mechanism (abstraction), which may contribute to the formation
of the highest vibrationally excited OH molecules with low
rotational excitation. The possible contribution of the abstraction
mechanism is additionally supported by very recent measure-
ments performed by us on the analogous O(1D) + C2H4 reaction
and by theoretical and experimental data of other authors on
the related O(1D) + H2 reaction. It is expected that both the
ground (11A) and first excited (21A) PESs of the O(1D) + C2H6

reaction are involved in the abstraction mechanism, while the
possibility that it occurs via an intersystem crossing seems to
be, in principle, less probable.

The experimental study of the O(1D) + C2H6 reaction has
been complemented by a theoretical analysis. To deal with this
purpose, the same procedure (QCT method) and ab initio based
analytical triatomic potential energy surfaces (PES1 and PES2)
that were employed to analyze the related O(1D) + CH4 system
have been applied here to study reaction 1. In this way, the
dynamics of the insertion/fast elimination mechanism has been
roughly described, qualitatively reproducing the experimental
rovibrational distributions trends of the OH product reported
in this work and in ref 8. This suggests that the additional
complexity introduced by the presence of a C-C bond in ethane
does not involve significant changes in the insertion/fast
elimination microscopic mechanism of reaction 1 because it is
quite a direct reaction mode. Moreover, the occurrence of a very
small percentage (1-2%) of abstraction-like reactive trajectories
in the QCT calculations on the O(1D) + C2H6 ground PES has
been observed, consistent with the experimental results.
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