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The reactions of O(1D) atom with saturated hydrocarbons (RH), CH4, C2H6, and C3H8, were studied by
monitoring the laser induced fluorescence of products OH in theV′′ ) 0 and 1 levels under bulk conditions
and in van der Waals complexes, N2O‚RH. O(1D) was produced by the ArF excimer laser photolysis of
N2O. Nascent rotational distributions are bimodal in all cases; the low- and high-N components. The former
is formed from a long-lived collision complex generated by the insertion process. The collision complex has
enough lifetime to randomize excess energy before decomposition. The high-N component is produced in
the short-lived insertion process, in which the collision energy of O(1D) atoms is reflected in the rotational
energy. The spin-orbit state in the only half-reactions producing theV′′ ) 0 level shows large population
in the low-lying2Π3/2 state in low-N components, though spin-orbit populations are statistical in other reaction
systems studied. The reaction proceeds via a transfer from a singlet reaction surface to a triplet surface
keeping the conservation of the electronic angular momentum.

1. Introduction

The electronically excited oxygen atom, O(1D), is highly
reactive with various molecules and causes both abstraction and
insertion reactions in different from the ground state, O(3P).1-3

The reactions with simple saturated hydrocarbons, especially
methane, are important in upper atmospheric chemistry3,4 and
generate the OH radical, which is an important intermediate of
the catalytic HOx cycle in the lower stratosphere because the
HOx cycle is one of the mechanisms most responsible for O3

destruction.5

The reaction of O(1D) with hydrocarbons is known to proceed
without a barrier, and the cross-section is large, nearly the gas
kinetic limit. Since the first study was reported by Basco and
Norrish,6 the O(1D) + hydrocarbon reaction systems have been
widely studied by several groups.7-22 The early studies
supported that the main products were OH and alkyl radicals,
which were formed through two parallel mechanisms. The
dominant reaction mechanism is insertion of an O(1D) atom
into the C-H bond, resulting in chemically activated alcohol
followed by fragmentation. This reaction mechanism was
confirmed by the detection of stable alcohol under the high-
pressure condition, in which chemically activated intermediate,
[ROH]†, was collisionally stabilized before dissociation. How-
ever, OH radicals were also observed under the high-pressure
condition. The formation of OH radicals was ascribed to the
direct abstraction of H atom by O(1D) atom, not via the activated
intermediate.
Although OH and alkyl radicals are main products in these

reactions, other paths were also reported. One is the weaker
C-C bond cleavage of the chemically activated alcohol. This
reaction path is more dominant in the reaction with larger
hydrocarbons. The formation of molecular hydrogen from the
intermediate was also reported.8,9 Hydrogen atom generation
was shown in a crossed molecular beam experiment for the

reaction of O(1D) with CH4, and the molecular hydrogen
elimination was estimated to be less than 25% of the atomic
elimination.10

Recent studies about nascent internal distributions of
products13-20 and ab initio calculations21,22 for the reaction of
O(1D) with simple saturated hydrocarbons producing OH and
alkyl radicals throw light on its reaction dynamics. Luntz
reported that rotational distribution of OH was characterized
by bimodal modes for all reactants; the rotationally and
vibrationally hot and cold OH(X2Π).13 The former is dominant
for CH4 and produced by the dissociation of the short-lived
intermediate prior to energy equilibration, where the reaction
mechanism is similar to the reaction of O(1D) with H2. The
latter product is considered to be generated by the abstraction
reaction because of the similar distribution to that in the reaction
of O(3P) with hydrocarbon.23 This mechanism is more dominant
for larger hydrocarbons. On the other hand, Park and Wiesen-
feld reported on the basis of more complete measurements of
the product OH that the rotationally and vibrationally cold OH
might be ascribed to the insertion mechanism forming long-
lived intermediate alcohol, in which excess energy was suf-
ficiently randomized among vibrations prior to fragmentation.17

Naaman and co-workers made the crossed molecular beam
experiments of the reaction of O(1D) with monomers and
clusters of simple saturated hydrocarbons, and observed the
propensities for populating the lower lying spin-orbit F1
component in lower rotational levels only in the CH4 cluster
and C3H8 monomer reactions.18 Recently, the OH distributions
in the reaction of O(1D) with CH4 was studied using O3‚CH4

van der Waals (vdW) complex by van Zee et al.20a It was found
that the populations were essentially identical to those reported
by Naaman and co-workers except for slight difference in the
rotational distribution forV′′ ) 0. They also tried to reveal the
reaction mechanism by measuring the rise rate of OH products
with the subpicosecond pump-probe technique and observed
only one component with 3 ps rise time.20b Therefore, two
mechanisms could not be well distinguished.
In this study, reactions of O(1D) atom with simple saturated

hydrocarbons, CH4, C2H6, and C3H8, are studied under bulk
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condition and in vdW complex to obtain further understanding
of the reaction dynamics. The reactions were investigated by
monitoring the product OH with the laser-induced fluorescence
(LIF) method. O(1D) atom was generated by the 193 nm
photodissociation of N2O,

and reacted with hydrocarbons in the bulk reaction

and in the half-reaction

The purpose of this paper is to verify the mechanism forming
OH product and investigate its characteristics. The average
translational energy of O(1D) atom produced here is higher than
those in the photolysis of O3 studied before. Due to the large
reaction exothermicity, the available energy is not significantly
varied by changing the experimental conditions: for example,
in the O(1D) + CH4 reactions photoinitiated by the 193 nm
photolysis of N2O and 248 nm of O3, the average collision
energies are 38.9 and 26.7 kJ mol-1, while the available energies
are 222 and 210 kJ mol-1, respectively. It is expected that the
collision energy is reflected in the internal energy distribution
of the reaction products. It is, therefore, possible to understand
how collision energy influences the reaction dynamics in such
a reaction system with large reaction exothermicity.

2. Experimental Section
Experiments were carried out by using the laser photolysis/

LIF pump-probe technique in a flow cell and a supersonic jet.
The reaction between O(1D) and saturated hydrocarbons was
initiated by irradiation of photolysis laser to mixtures or vdW
complex of N2O and saturated hydrocarbons, and the population
of the specific quantum states of the reaction product, OH(X
2Π V′′, N′′, Ω′′, Λ′′) was measured with the LIF method.
Bulk Experiments. Samples (N2O and saturated hydrocar-

bon) which were premixed in a stainless steel cylinder were
flowed into a stainless steel cell and pumped away by a rotary
pump (Alcatel M2021C, 275 L/min) equipped with a mechanical
booster pump (Ulvac PMB-001B, 1500 L/min). Total pressure
was controlled by a needle valve and monitored by a capacitance
manometer (MKS Baratron, 227HS-1). Partial pressures were
maintained at 19 mTorr for N2O and 61 mTorr for hydrocarbon.
An ArF excimer laser (Lambda Physik COMPex 102) was
focused with a 500 mm focal length lens into the cell and
photolyzed N2O to generate O(1D) atom. Output of a dye laser
(Lambda Physik FL 2002, sulforhodamine B and rhodamine
101 dyes) pumped by a XeCl excimer laser (Lambda Physik
COMPex 102) was frequency-doubled with a KDP crystal and
irradiated to detect the 0-0 and 1-1 sequence bands of the
OH A 2Σ+ - X 2Π transition. The two laser beams were
counter-propagated collinearly. The lasers were operated at 10
Hz, where samples were enough to be refreshed shot by shot.
The delay time between the photolysis and probe lasers was
kept as short as possible to minimize collisional quenching and
at 100 ns in the experiments.
The fluorescence signals were collected with a lens system

located at a right angle to the laser beams and focused onto a
photomultiplier tube (Hamamatsu R212UH) through cutoff
(Toshiba 9-54) and band-path (Hoya U340) filters. The output

signals amplified by a preamplifier (Stanford SR-240) were
integrated with a gated integrator (Stanford SR-250), digitized
with an A/D converter (Stanford SR-245), and transferred to a
personal computer. Laser intensities were monitored with
photodiodes (Hamamatsu S1336-5BQ) for the photolysis and
probe lasers and integrated simultaneously.
The measured population is disturbed by rotational relaxation

in the A 2Σ+ state by collisions. It was estimated that the
population was affected at most 14% under our experimental
condition, which was within experimental error and no correc-
tion was made.
Jet Experiments. Premixed gas was expanded through a

pulsed solenoid nozzle (General Valve, P/N 9-279-900), which
was equipped with a conical chip (Φ ) 300µm) at the nozzle
exit to form vdW complexes efficiently. The ratio of samples
was typically 2% N2O, 4% hydrocarbon, and 94% Ar. As large
clusters, such as (N2O)n‚(RH)m, would be formed at high
stagnation pressure, typical sample gas pressure was kept at 2
atm to form N2O‚RH. A chamber was evacuated with a 6 in.
oil diffusion pump (Ulvac ULK-06, 1400 L/s) with a water
baffle and a mechanical rotary pump (Ulvac D-950, 960 L/min).
The pressure in the chamber was kept at several degree of 10-5

Torr during the nozzle operation to prevent bulk reaction within
the jet.
N2O‚RH vdW complex was photolyzed by the ArF laser at

X/D ) 40-60 to prepare O(1D)-RH reactant pairs. The probe
laser was counter-propagated collinearly, and the laser beams,
molecular beam, and detection system were mutually orthogonal.
The fluorescence signals were collected by the same manner
mentioned above.
Under the jet condition, a strong emission was observed just

after the irradiation of the ArF excimer laser. To avoid the
influence of the emission, the probe laser was fired at 200 ns
after the photolysis laser, and if necessary an interference band-
path filter (Corion G10-307) was also used. Spectra of OH
were corrected for the transmission profile of the interference
filter due to its narrow half-width (10 nm fwhm centered at
308.8 nm).
Hydrocarbons used in this experiment do not absorb 193 nm

light.24 However, there is the possibility that H atom is
generated by the 193 nm multiphoton absorption of hydrocarbon
and reacts with N2O producing OH. Actually chemilumines-
cence due to the 193 nm multiphoton absorption of hydrocarbon
appeared by the irradiation of ArF excimer laser. To examine
the influence of H atom, the OH LIF signal intensity was
measured by changing the 193 nm laser power. The results
give linear relations for three hydrocarbons. This confirms that
the OH radical is produced by the reaction of O(1D) with
hydrocarbons following the absorption of a single 193 nm
photon and that the H atom does not affect the LIF signal
intensity of OH.
Nascent Population. The saturation of the OH LIF intensity

would occur due to the large probability of the A2Σ+ - X 2Π
transition. The signal intensity was confirmed to be linear
against the probe laser power up to 6µJ/pulse. The output of
the probe laser was therefore attenuated through an appropriate
neutral density filter and kept at∼3 µJ/pulse to prevent the
saturation of the OH signals. Figure 1 shows the LIF excitation
spectra for (a) the bulk and (b) half-reactions of O(1D) with
CH4. The spectra were calibrated for the intensities of pho-
tolysis and probe lasers. Rotational band assignments were
carried out after the table of Dieke and Crosswhite.25 The
nascent population of each rovibrational state was determined
from the measured LIF signal intensity by using the reported

N2O+ hν(193 nm)f O(1D) + N2(X
1 Σg

+) (1)

O(1D) + RHf OH(X 2Π) + R‚ (2)

N2O‚RH+ hν(193 nm)f OH(X 2Π) + R‚ + N2 (3)

R‚ ) CH3, C2H5, C3H7

3482 J. Phys. Chem. A, Vol. 102, No. 20, 1998 Wada and Obi



EinsteinB coefficient26 and the fluorescence lifetime27 of the
rovibrational levels in the A2Σ+ state. TheP, Q, andRmain
branches are usually used to analyze the LIF signal intensity.
However, the satellite lines are also used when main and satellite
lines overlap (in the low-N region) or main line does not exist
(P2(1)). Since bothV′ ) 0 and 1, OH(A2Σ+) predissociate in
higher rotational levels, the fluorescence quantum yield of the
rovibrational levels was taken into accounts to determine the
nascent rotational distribution forN′ g 25 and 16 forV′ ) 0
and 1, respectively.
Inspection of Reactant Precursor in the Jet.When N2O

was photolyzed at 193 nm, O(1D) is produced with large
translational energy compared with the case of O3. As the
average translational energy of O(1D) is 114 kJ mol-1 in the
photodissociation of N2O,28 the average relative velocity of
O(1D) in the N2O/RH complex is estimated to be∼3.0 km s-1

in the center of mass system. Since O atom travels several 10
µm in the ns order detection time scale at this velocity, we
should examine the possibility of bulk reaction as well as the
collisional relaxation of product OH in the jet.
Figure 2 shows the LIF signal intensities as a function of the

delay time between the photolysis and probe lasers under (a)
the jet and (b) bulk conditions. LIF signal was measured by
using theQ1(1) line in the OH A2Σ+ - X2Π transition. The
intensity under the bulk condition increases monotonically with
increase in the delay time. This rise is mainly due to increase
of collision number between O(1D) and hydrocarbon, which
results in increase of OH production as time passes. On the
other hand, the signal intensity under the jet condition is almost
constant from the very short delay time. If the bulk reaction

would occur and produce OH radical in the jet, LIF signal
intensity ought to increase with time. Actually, such a slow
rise was observed even in the jet when He gas was used as a
carrier gas instead of Ar or X/D was small. Therefore, the half-
reaction was carried out with Ar carrier gas and at sufficient
large value of X/D. The constant intensity of LIF signals on
delay time seen in Figure 2a is a reliable evidence that the
reaction occurs in a vdW complex. Decrease of the LIF signal
in the later time region after 1µs is mainly due to the escape of
product OH from the detection region in the jet.
The rotational relaxation would also result in the slow rise

of LIF signal, if it occurs. The effect of rotational relaxation
is, however, ignored from the result shown in Figure 2a. This
is also confirmed from the same measurements done by using
theR1(20) line for the higher rotational level, which showed
no dependence of LIF intensity on delay time.
Naaman and co-workers reported drastic cooling of OH

rotation in the crossed molecular beam reaction of O(1D) with
the CH4 cluster.18 Preliminary experiments were, thus, done
to examine the formation of OH from large clusters, (N2O)n‚
(RH)m. The LIF signal intensities were measured by changing
concentration of N2O or hydrocarbon of premixed gas. Con-
centrations were changed up to 10%. The results showed almost
linear dependence for both gases. It is concluded that OH was
produced in the reaction of 1:1 vdW complex, N2O‚RH.
Chemicals. Chemicals, N2O (Shouwa Denko, 99%), CH4

(Takachiho 99%), C2H6 (Takachiho 99.7%), C3H8 (Takachiho
99.9%), and Ar (Takachiho 99.9999%) were used without
further purification.

Figure 1. LIF excitation spectra in the 0-0 band regions of nascent
OH produced in the CH4 (a) bulk and (b) half-reactions. Assignments
are indicated in (a). Experimental conditions are described in the text.

Figure 2. LIF signal intensities of product OH as a function of the
delay time between photolysis and probe lasers in the C2H6 reaction
under the jet condition (a) and the CH4 bulk reaction (b). The signals
were measured at theQ1(1) line in the OH A2Σ+ - X2Π transition.
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3. Results

A. Reactions under Bulk Collision Conditions. Rotational
Population. As discussed in Experimental Section, the LIF
excitation spectra of product OH measured under the bulk
conditions reflect nascent populations of OH(X2Π). The
nascent rotational distributions obtained are shown in Figure 3
for V′′ ) 0 (upper) and 1 (lower) of the OH (X2Π) product in
the bulk reaction of O(1D) with (a) CH4, (b) C2H6, and (c) C3H8.
The distributions in Figure 3 are described by logalismic plots
of populations divided by the rotational degeneracy, 2J′′ + 1,
as a function of internal rotational energy like a Boltzmann plot.
Highly rotational excitation was observed in all reactions; up
toN′′ ) 26 forV′′ ) 0 andN′′ ) 18 forV′′ ) 1. The rotational
distribution in O(1D) + C3H8 reaction shows much richer
population in low-N region than that in O(1D) + CH4. Park
and Wiesenfeld reported that the rotational distribution in the
reaction of O(1D) with CH4 initiated by the 248 nm photolysis
of O3 was characterized by an essentially unimodal mode, while
the C3H8 reaction apparently gave a bimodal distribution.17 The
one component has population on only lower rotational levels
(low-N component), and the other has broad population lasting
to higher levels (high-N component). The present results shows
the similar distributions to the reported ones which show
obviously the bimodal distribution inV′′ ) 0 levels for all
reactant hydrocarbons. In the CH4 reaction the rotational
distribution is mainly governed by the high-N component with
slight contribution of the low-N one, while the low-N component
becomes more dominant for the larger hydrocarbons. The
distributions in theV′′ ) 1 level are bimodal and similar in all
reactions.
The first study of OH nascent distribution was done by using

266 nm O3 photolysis as an O(1D) source.13 It was reported
that all distributions were bimodal and that the high-N compo-
nent was predominantly formed for small hydrocarbons (CH4,
C2H6) and the low-N component for large ones (C3H8, C(CH3)4).
The former was attributed to the insertion/elimination reaction,
and the latter was to the direct abstraction. Lately, Park and

Wiesenfeld,17 who photoinitiated the reactions by the 248 nm
photolysis of O3, reported that both bimodal components were
produced through the insertion/elimination mechanism. The
high-N component arose from prompt dissociation of a collision
complex before energy released by the reaction was statistically
distributed among the internal modes and the low-N from
dissociation of a long-lived complex after the randomization
of internal energy instead of the direct abstraction. The present
results obtained in the reactions initiated by the 193 nm
photolysis of N2O show similar distributions to the reported
ones. However, the high-N component is more populated for
all reactants comparing with those reported by Park and
Wiesenfeld. The populations in the low-N components for C2H6

and C3H8 reactions do not show significant difference from those
reported by them, but the population in the low-N component
is clearly seen in the CH4 reaction.
Vibrational Population. The LIF excitation spectra in the

1-1 region of OH A2Σ+ - X 2Π transition were also measured
for all reaction pairs. The recent studies reported a reaction
mechanism that the rotational excitation of OH produced is
accompanied with vibrational excitation; the low-N component
with low vibrational excitation and the high-N component with
vibrational excitation.13,17 This is the case in this study; the
fractions ofV′′ ) 1 and high-N component become smaller in
larger hydrocarbon. The vibrational distribution was obtained
by summing up the population in each rotational level, and the
results are listed in Table 1. The value in the CH4 reaction is
almost the same with the reported vibrational ratio of 1.0 in
the 248 nm photolysis of the O3/CH4 system.17 On the other

Figure 3. Nascent rotational distributions forV′′ ) 0 (upper) and 1 (lower) levels of product OH(X2Π) produced in the bulk reactions of O(1D)
with (a) CH4, (b) C2H6, and (c) C3H8. Symbols: 9, F1Π(A′); 0, F2Π(A′); b, F1Π(A′′); andO, F2Π(A′′).

TABLE 1: Ratio of the Vibrational Population between the
W′′ ) 0 and 1 Levels

PV′′)1/PV′′)0

bulk
CH4 1.1( 0.1
C2H6 0.79( 0.02
C3H8 0.43( 0.04

jet
CH4 1.1( 0.4
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hand, the measured ratios, 0.79 and 0.43, in the C2H6 and C3H8

reactions are larger than those reported in the 248 nm O3/C2H6

and C3H8 systems,∼0.4 and 0.2.
Population of Spin-Orbit States. The spin-orbit coupling

in OH(X 2Π) produces the electronic fine structure, F1 and F2,
which correspond to2Π3/2 and2Π1/2, respectively. The F1 state
was probed by theP1(N), Q1(N), andR1(N) transitions, and the
F2 state by theP2(N), Q2(N), andR2(N). The ratio between
two states, F1/F2, was converted to F1N/F2(N + 1), where the
factor,N/(N + 1), is the statistical weight. If OH is produced
statistically in both states, the population is reflected with the
degeneracy of rotation, 2J+1. The measured ratio is very close
to the statistical expectation for all rotational levels. The
averages of the measured F1N/F2(N+ 1) values are 1.1( 0.23,
1.2( 0.16, and 1.3( 0.24 in theV′′ ) 0 level and 1.0( 0.26,
1.0 ( 0.30, and 1.0( 0.32 in theV′′ ) 1 level for O(1D) +
CH4, C2H6, and C3H8, respectively. It is clear that neither fine
structure state is preferentially produced in both vibrational states
in all reactant systems. This is consistent with that reported in
the photolysis of O3 before.13,17

Population ofΛ Doublet States. In Λ * 0, coupling of
rotational and electronic orbital angular momenta produces two
Λ doublet states, which are labeled withΠ(A′) and Π(A′′)
according to their symmetric properties. In the limit of high
rotation,Π(A′) andΠ(A′′) correspond to the configurations in
which the unpaired electron lobe lies on the plane of rotation
and is perpendicular to the plane of rotation, respectively.
Therefore, preference of the population to either state reflects
the geometrical orientation of reaction intermediate leading to
dissociation products. TheΠ(A′) population was determined
with the P and R transitions and theΠ(A′′) with the Q
transitions. The averaged ratios, [Π(A′)]/[Π(A′′)], for all
measured rotational states are summarized in Table 2. The ratio
in all cases tends to increase as rotational quantum number
increases in the same way reported previously. The preferential
population to theΠ(A′) state is clearly seen for theV′′ ) 0
level, while only slight preference is recognized for theV′′ ) 1
level. This supports the mechanism in which OH is produced
by a prompt dissociation of the intermediate with keeping an
orientated conformation formed by the insertion of O(1D) atom
to the hydrocarbon. All the measured values are 0.3-0.5 larger
than those reported previously.17 This indicates that the more
defined plane conformation is achieved in the N2O/193 nm
system. As discussed later, it is considered that the average
center-of-mass collision (translational) energy in the reaction
system plays an important role in the rotational excitation of
the high-N component.
The obtained ratio forV′′ ) 0 shows slight decrease with the

size of hydrocarbon, which is considered to be due to the destroy
of the oriented conformation during the dissociation resulting

in the nonpreferential population of theΛ doublet and more
production of the low-N component.
B. Reaction under Half-Collision Condition. LIF signals

of reaction product OH were measured in the half-reactions.
The LIF intensities in the O(1D) + C2H6 and C3H8 reactions
were much weaker than that in the CH4 reaction. This is caused
by predominant C-C bond fission yielding products other
than OH in chemically activated alcohols formed in C2H6 and
C3H8 reactions. It was reported that the total OH yields in
the O(1D) + C2H6 and C3H8 reactions were 0.033 and 0.056
relative to that in O(1D) + CH4 in the bulk reaction, respec-
tively.17

Rotational distributions obtained by the same method men-
tioned above are shown in Figure 4a and b forV′′ ) 0 and 1 in
the O(1D) + CH4 half-reactions, and in Figure 4c and d forV′′
) 0 in the O(1D) + C2H6 and C3H8 half-reactions, respectively.
Highly rotational excitation of OH was observed in the CH4

half-reaction, up toN′′ ) 23 for V′′ ) 0 andN′′ ) 17 for V′′ )
1. On the other hand, the O(1D) + C2H6 and C3H8 half-reactions
give large population in low rotational levels comparing with
the O(1D) + CH4 within the measured range up toN′′ ) 13.
The distributions are apparently characterized by the bimodal
(low- and high-N components) like those in the bulk reactions
except for C3H8 which gives poor information due to low S/N
ratio. The low-N components inV′′ ) 0 of the CH4 half-reaction
has large population than that in the corresponding bulk reaction.
The distributions obtained in the jet seem to show similar feature
with those observed under the bulk conditions.
In the O(1D) + C2H6 and C3H8 reactions, the 1-1 band could

not be detected in the jet experiments. Thus, vibrational
population could be discussed only in the case of CH4. The
vibrational distribution was obtained by summing the population
in each rotational level and its ratio between theV′′ ) 0 and 1
levels was estimated to be 1.1, which is same with that in the
bulk reaction.
Obtained spin-orbit ratios are displayed in Figure 5 together

with the expected statistical ratio for the reactions of O(1D) with
CH4, C2H6, and C3H8 under the jet conditions. The results for
V′′ ) 0 indicate nonstatistical behavior in low-N components
for three hydrocarbons, where the low-lying electronic state,
F1, is preferentially populated. On the other hand, population
ratio shows no preference to either state forV′′ ) 1 in the CH4
half-reaction and the average value of F1N/F2(N + 1) is 1.1(
0.20.
The population ratios forΛ doublet states, [Π(A′)]/[Π(A′′)],

averaged for all measured rotational states are summarized in
Table 2 together with those under the bulk conditions. All the
measured values under the jet conditions are very close to those
under the bulk conditions, that is, no specificity was recognized
for Λ doublet states in the jet.

4. Discussion

A. Characterization of Two Components of Rotational
Distribution. The measured rotational distributions in all
reaction systems are evidently bimodal, and characterized with
low- and high-N components. Rotational temperatures,Trot, of
the high-N components are directly derived from the rotational
distributions in high internal energy regions assuming the
Boltzmann distribution. The obtained temperatures forV′′ ) 0
and 1 are listed in Table 3. The rotational temperature of the
high-N component for the O(1D) half-reaction in the O3/CH4

system was reported to be∼5600 K, where O3 was photolyzed
at 266 nm.20 Park and Wiesenfeld measured rotational distribu-
tions in the CH4 and C3H8 bulk reactions but did not report the

TABLE 2: Averaged Population Ratio, [Π(A′)]/[Π(A′′)], of
Two Λ Doublet States

bulk condition jet condition

V′′ ) 0 V′′ ) 1 V′′ ) 0 V′′ ) 1

CH4 1.9( 0.30 1.3( 0.34 1.8( 0.30 1.5( 0.20
C2H6 1.8( 0.44 1.4( 0.30

1.6( 0.27a 1.7( 0.37a -
C3H8 1.7( 0.31 1.4( 0.37

1.5( 0.25b 1.4( 0.30b -
a For the sake of the comparison between the bulk and half-reactions,

the values are obtained by averaging up to the same levels,N′′ ) 14,
which is the highest measured level in the jet.b Averaged up toN′′ )
12.
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rotational temperature, where O(1D) was generated by the 248
nm photolysis of O3.17 We estimated rotational temperatures
of the high-N component to be∼7500 K using their data for
the rotational energy between 4000 and 10 000 cm-1. These
temperatures are much lower than those obtained in this work.
The average collision energy in these experiments is lower than
that in this study. This indicates that the collision energy is
efficiently reflected in the rotational excitation of the high-N
component. It is noted that the change of rotational temperatures
with the collision energy supports the short-lived insertion
mechanism for the generation of the high-N component. The
rotational temperatures obtained are almost same,∼13 000 K,
in the three systems studied. This is another support for the
short-lived insertion mechanism. The effects of collision energy
and the change of substrate substantiate the mechanism that the
excess energy is not randomized and is held in the C-O-H
framework of intermediate ROH.
To obtain further characterization of two components, sur-

prisal analysis is applied. Since the masses of reactants and
products differ by only 1 amu in this light atom transfer, angular
momentum constraints are relatively insignificant. The prior
distribution requires only energy conservation and is calculated
as the densities of energetically allowed rovibronic states of
products at a given total energy using the method defined in
ref 17, where all quantum states of products are assumed to
have an equal probability.17,29-31 Vibrational frequencies of the
product alkyl radicals were estimated from those of references
and parent molecules.32-34

The rotational surprisals,I(fr/fv) ) -ln[P(V′′,J′′)/P0(V′′,J′′)],
are plotted as a function of the rotational fraction of the total
available energy,gR, and shown in Figure 6 for the CH4 (a)
bulk and (b) half-reactions, as typical cases. As seen in the
figure, the enhanced population in the low-N component is
apparently recognized in the half-reaction compared with the
bulk reaction. The rotational surprisal in the O(1D) + C2H6

bulk system is shown in Figure 7a and the surprisals for the
high-N component was fitted by the linear approximation in
the high fraction region. The rotational surprisal parameters,
θR, were obtained from the slope, and are summarized in Table
4. Due to poor data points for the high-N components in the
C2H6 and C3H8 half-reactions as seen in Figure 4, only CH4

reaction was discussed for the half-reaction. The absolute values
of θR are larger than the values reported,13,17which is thought
to result mainly from the increase in collision energy. The large
negative values indicate that product OH is highly excited in
comparison with the expected statistical distribution in the
high-N components. Furthermore,θR of the half-reaction is
almost same as that of bulk reaction in the O(1D) and CH4
system.
As the high-N components were well characterized by linear

rotational surprisals, the low-N components were abstracted by
subtracting the high-N components characterized by linear
surprisals from the measured distributions. The abstracted
low-N component is shown in Figure 7b for the bulk reaction
of C2H6 as an example. The low-N components were well
characterized by Boltzmann plots in all reaction systems, and
their Trot are summarized in Table 3. As the rotational
temperatures for the low-N components in the O3/RH systems
are not reported in refs 17 and 20, we estimated them to be
∼1000 K by using the data in the references. The rotational
temperatures measured in this study agree with the value
estimated above. If reaction generating the low-N component
is direct abstraction, increase of collision energy would rise the
rotational temperature. On the other hand, if the OH formation
follows the insertion of O(1D) into C-H bond yielding a
sufficiently long-lived collision complex enough to randomize
the excess energy to various vibrational modes, the rotational
temperature for low-N component is thought to be not sensitive
to the collision energy. The obtained results support the latter
mechanism.

Figure 4. Nascent rotational distributions of product OH(X2Π) in the half-reactions. (a)V′′ ) 0 level in the CH4 reaction, (b)V′′ ) 1 level in the
CH4 reaction, (c)V′′ ) 0 level in the C2H6 reaction, and (d)V′′ ) 0 level in the C3H8 reaction. Symbols:9, F1Π(A′); 0, F2Π(A′); b, F1Π(A′′); and
O, F2Π(A′′).
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As we can well characterize the low- and high-N components,
the population ratios between them,Plow-N/Phigh-N, were
obtained as listed in Table 4. The ratio in the CH4 half-reaction
is larger than that in the corresponding bulk reaction, which
indicates that the population in the low-N component is more
pronounced in the CH4 half-reaction.
B. Rotational Component of High-N. The energy parti-

tioning in the reactions of O(1D) with hydrocarbons was
discussed on the basis of the rotational distributions for high-N
components inV′′ ) 0 of product OH. As discussed above,
the rotational distributions for high-N components were ef-
ficiently enhanced with increase in the average collision energy,
while those for low-N components show almost no change. The
reactions studied in this paper have large available energy
because of their large exothermicity.

Comes and Gericke studied energy partitioning in the O(1D)
+ H2

18O system.35,36 The center-of-mass translational energy,
ET(O,N2), for the photodissociated O(1D) + N2 is converted to
the laboratory-frame translational energy as

whereRg is the gas constant,mO andmN2O are the masses of O
and N2O, respectively,µO is the reduced mass in the O(1D) +
N2 system, and the second term arises from the thermal motion
of N2O. The center-of-mass collision energy in the reaction
system of O(1D) with saturated hydrocarbon (RH) is

wheremRH is the mass of RH,µR is the reduced mass in the
O(1D) + RH system, and the term 3RgT/2mRH arises from the
thermal motion of RH. The total available energy,Eavail, is
determined byEcol(O,RH), the internal rovibrational energy of
RH, Eint(RH) ) Evib(RH) + Erot(RH), and∆Hr for reaction as

Eint(RH) was estimated at room temperature for bulk reaction.
On the other hand,Eint(RH) and terms arising from the thermal
motions were ignored for the half-reaction due to the cooling
in the jet. The average rotational energy of product OH is
obtained from

whereTrot is the rotational temperature listed in Table 3. Energy
disposal of O(1D) atom in the 193 nm photolysis of N2O was
reported,28 in which O(1D) had the distribution in the transla-
tional energy due to the internal excitation of counter-fragment
N2. Accordingly, the average center-of-mass translational
energy,〈ET(O,N2)〉, was used, which was reported to be 114 kJ
mol-1 in the photolysis of N2O at 193 nm.28 The calculated
average collision energies, total available energies, and rotational
energies are summarized in Table 5. The average center-of-
mass translational energy,〈ET(O,O2)〉,39 in the 248 nm photolysis
of O3 is reported as 72.4 kJ mol-1 and, therefore,〈Eavail〉 ) 210
kJ mol-1 in the O3/CH4 bulk reaction system of the 248 nm
photolysis. From the reported rotational temperature for high-N
component,∼7500 K,17 the average rotational energy is
estimated to be 62.4 kJ mol-1 and the fraction of the average
rotational energy in the average total available energy is 29%.
The corresponding fraction for the high-N component is obtained
to be 47% in the N2O/CH4 bulk reaction system of the 193 nm
photolysis, which is fairly large. Main difference between this
and early experiments is the average collision energy, though
the average total available energy does not significantly vary
due to very large exothermicity of O(1D) reactions with saturated
hydrocarbons. The rotational excitation for the high-N com-
ponent (insertion process followed by the prompt dissociation)
is enhanced with the increase of the collision energy. The
average rotational energy in the N2O/CH4 bulk system of the
193 nm photolysis is 1.68 times of that in the 248 nm O3/CH4

system. This value is in good agreement with the ratio, 1.46,
of the average collision energy in the 193 nm N2O/CH4 system

Figure 5. Population ratios of two spin-orbit states for theV′′ ) 0
(0) and 1 (O) levels of OH produced in the half-reactions of O(1D)
with CH4, C2H6, and C3H8. Solid lines show the statistical expectations.

TABLE 3: Measured Rotational Temperatures,Trot (K)

V′′ ) 0 V′′ ) 1

reactant low-N high-N low-N high-N

bulk
CH4 960 12 600 1100 13 100
C2H6 1100 12 500 860 13 700
C3H8 820 12 900 1000 12 900

jet
CH4 1000 12 500 1100 13 100

ELAB(O))
µO

mO
ET(O,N2) + 3

2

mO

mN2O
RgT (4)

Ecol(O, RH)) µR (ELAB(O)mO
+ 3
2

RgT

mRH
)

) µR [ µo

mO
ET(O,N2) + 3

2 ( 1
mRH

+ 1
mN2O

) RgT] (5)

Eavail ) Ecol(O, RH)+ Eint(RH)- ∆Hr (6)

〈Erot〉 ) RgTrot (7)
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to that in the 248 nm O3/CH4 system. This kind of ratios was
estimated in the C3H8 bulk and CH4 half-reactions as listed in

Table 5, together with the reported values.17,20 The ratios of
the average rotational energies also agree well with those of
the average collision energies. The potential surface for the
reaction of O(1D) with CH4 calculated by Arai et al. has a very
low potential barrier of 8.8 kJ mol-1 in the entrance region of
the reaction.22 Taking account of the barrier, the excess energy
in the N2O/CH4 bulk system of the 193 nm photolysis is
calculated to be 1.68 times of that in the 248 nm O3/CH4 system,
which coincides very well with the ratio of the average rotational
energy for high-N component. The results in other reaction
systems also show good coincidence (Table 5). It can be
considered that the average center-of-mass collision energy
(translational energy) in the reaction system plays an important
role in the rotational excitation for the high-N component, which
is produced by the insertion followed by the prompt dissociation
of the reaction intermediate. In other words, the initial memory
included in the reaction system is well retained beyond the
activation barrier. This means that alkyl groups behave like a
spectator in the reaction and, therefore, the vibrational excitation
of product alkyl radicals is thought to be not so high. This is
consistent with the observation of the noninvertedν2 (umbrella
mode) excitation of the product CH3 formed in the O(1D) +
CH4 reaction.15,16

Arai et al. calculated the potential energy surface in the O(1D)
+ CH4 reaction in restrictedCs symmetry by the ab initio
multireference single and double configuration interaction

Figure 6. Rotational surprisal plots forV′′ ) 0 (upper) and 1 (lower) levels of nascent OH(X2Π) produced in the CH4 reactions. Conditions are:
(a) bulk reactions; and (b) half-reactions. Symbols:9, F1Π(A′); 0, F2Π(A′); b, F1Π(A′′); andO, F2Π(A′′).

Figure 7. Nascent rotational population of OH produced in the C2H6

bulk reaction. (a) Rotational surprisal ofQ1 branch (0) and linear
surprisal plot for high-N component (s). (b) Population of abstracted
low-N component (4) and Boltzmann plot (s).

TABLE 4: Rotational Surprisal Parameter, θR, and the
Ratio, Plow-N/Phigh-N, of Populational Fraction between Low-
and High-N Components

-θR Plow-N/Phigh-N

V′′ ) 0 V′′ ) 1 V′ ′) 0 V′′ ) 1

bulk
CH4 7.0 6.9 0.19 0.05
C2H6 12.3 13.0 0.41 0.06
C3H8 17.1 16.5 2.3 0.06

jet
CH4 6.8 6.9 0.32 0.07
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method.22 The potential indicates that the minimum energy path
for the reaction is the collinear approach of O(1D) atom to the
H end of the C-H bond. They suggested existence of a saddle
point in the entrance region of the reaction surface in the course
of the minimum energy path, during which the CH4 moiety
almost keeps the stable CH4 structure. After the saddle point,
O(1D) moves off from the C-H axis and the structure
approaches to that of the stable CH3OH very rapidly (insertion
process). In this process, the angle of C-H-O skeleton changes
from 180° to about 50° and then OH removes from CH3 keeping
almost the same C-H-O angle. Therefore, in the course of
the reaction, a relatively large amount of energy may be used
to make torque of the OH moiety until the chemically activated
intermediate (methanol) is formed. If the collision energy is
enlarged on such a potential surface, the reaction process
forming the intermediate proceeds rapidly and the rotation of
the OH moiety is enhanced; the increase in the collision energy
is reflected in rotational excitation of OH as seen before.

It is also noted that the averaged population ratios ofΛ
doublet states studied here are a little larger than those in the
O3/RH system reported previously.17 This is a reasonable result
because the plane conformation of C-O-H of the intermediate
is retained during the dissociation, as the torque of the rotation
of the OH moiety on the attractive entrance potential surface is
more enhanced with enlarged collision energy.

C. Half-Collision Reaction. Studies of half-reactions
photoinitiated in a vdW complex frequently bring us peculiar
results in comparison with those obtained in the corresponding
bulk reactions. It is reported that a third body effect is not
negligible in some half-reactions;40,41in the photoinitiated half-
reaction, the counterpart of photolyzed molecule exists near the
reactant and, therefore, affects the reaction. However, van Zee
et al. reported that there was no third body effect in the O3/
CH4 half-reaction and explained that the large exothermicity
of the O(1D) + CH4 reaction overcame third body effect.20 The
half-reactions of O(1D) with saturated hydrocarbons studied here
do not give significantly different results forErot (or Trot), the
vibrational population, or the population ratio ofΛ doublet states
from those obtained in the corresponding bulk reactions, and
no third body effect is recognized. As mentioned before, the
average collision energy is directly reflected in the average

rotational energy in similar way under the bulk and jet
conditions. This is more evidence of the absence of the third
body effect.
However, two obvious differences from the bulk reactions

appeared in low-N component of the half-reactions, that is, the
more pronounced population especially in the CH4 reaction and
the apparent propensities of lower lying spin-orbit (F1) states
for all hydrocarbons studied here. It should be noted that the
low-N component is generated by the dissociation of a long-
lived intermediate produced by the insertion reaction of O(1D)
to a C-H bond. The entrance channel of O(1D) + saturated
hydrocarbon correlates equivalently to two spin-orbit states,
F1 and F2, of the product OH and does not directly bring about
the preference to the low-lying F1 (2Π3/2) state. Figure 8 shows
a schematic correlation diagram for the O+ hydrocarbon
reaction. There is a crossing around the entrance region.42 If
the crossing occurs and the total electronic angular momentum
(J ) 2) of O(1D) is conserved during the crossing, O(1D)
correlates to the O(3P2) + hydrocarbon surface as the crossing
exists in the entrance region. It is known that the mixing
between the singlet and triplet states is very efficient through
the crossing point when a long-lived collision complex is
formed.43,44 The O(3P2) + hydrocarbon surface only correlates
to the F1 state of OH (see Figure 8). The propensity for the F1

state is, therefore, caused by the crossing. This explanation is
consistent with the reaction mechanism described before and
experimental results: the propensity for the F1 state was
observed only in the low-N component, which was generated
via the long-lived intermediate.
The propensities for the F1 state in the O(1D) reactions were

also reported on the CH4 clusters and propane reactions in the
crossed molecular beam by Naaman and co-workers.18 They
answered to the question why the electronic angular momentum
was conserved during the curve crossing from the singlet to
the triplet surface. The total angular momentum in the reactant
system has two components; the orbital angular momentum due
to the impact parameter and the initial angular momentum of
the reactants. In the jet experiment, the angular momentum
associated with the nuclear rotation is small due to the cooling
of reactants. If the collisions of the reactants occur with the
small impact parameter, the electronic angular momentum is
the only angular momentum in the system. If angular momen-

TABLE 5: Summary of the Rotational Energetics (kJ mol-1)

N2O/RH system O3/RH system

bulk (193 nm) jet (193 nm) bulk (248 nm)a jet (266 nm)b

CH4 C2H6 C3H8 CH4 CH4 C3H8 CH4

∆Hr 180 208 200c 182 180 200c 182
〈Ecol(O,RH)〉 38.9 49.5 55.2 36.3 26.7 37.3 18.7d

〈Eavail〉 222 263 263 218 210 246 201
〈Erot〉 V′′ ) 0 low-N 7.9 9.1 6.8 8.4 8.3 8.3 8.3

high-N 105 104 107 104 62.4 62.4 46.6
V′′ ) 1 low-N 8.8 7.1 8.6 8.9

high-N 110 114 107 109
fraction of〈Erot〉e V′′ ) 0 low-N 3.5 3.5 2.6 3.8 3.9 3.4 4.1

high-N 47 40 41 48 29 25 23
ratio of 〈Ecol〉f 1.46 1.48 1.36 1.0 1.0 0.70
ratio of 〈Ecol〉f,g 1.68 1.63 1.54 1.0 1.0 0.56
ratio of 〈Erot〉h V′′ ) 0 high-N 1.68 1.72 1.67 1.0 1.0 0.75

a Taken from ref 17.b Taken from ref 20.c ∆Hr ) -200 kJ mol-1 for the production ofn-C3H7 was used in the C3H8 reaction because it was
demonstrated from a study of O(1D) + CH3CD2CH3 bulk reaction that product OH was dominantly produced from primary position of C3H8 than
secondary position.37 d 〈Ecol(O, RH)〉 was calculated by using reported value of〈ET(O,O2)〉, 56.1 kJ mol-1 in the O3/266 nm system.38 eCalculated
as the fraction of〈Eavail〉 (%). f Calculated as the ratio to〈Ecol(O, RH)〉 in the corresponding RH bulk reaction in the O3/248 nm system.gRatio was
obtained by considering the potential barrier reported in ref 22. The potential barrier in the C3H8 reaction was regarded as the same in the CH4.
hCalculated as the ratio to〈Erot〉 in the corresponding RH bulk reaction in the O3/248 nm system.
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tum caused by the nuclear motion during the cause of reaction
is included in the total angular momentum, the electronic angular
momentum is not conserved and, therefore, no propensity is
observed. The experimental results that the propensities are
observed only in the low-N components of theV′′ ) 0 level
and monotonically decrease as the rotational quantum number
increases are consistent with the conservation of the electronic
angular momentum during the reaction.
Although no propensity of spin-orbit states was recognized

in the CH4 crossed molecular beam18 and the O3/CH4 half-
reactions,20 the propensities were apparently observed even in
the N2O/CH4 half-reaction as well as the C3H8 crossed beam18

and the N2O/ C2H6 and C3H8 half-reactions. A question arises
why the propensity appears in the C3H8 but not in the CH4
reactions in the crossed beam experiments. The lifetime of the
insertion reaction intermediates gives one of the answers for
this question.18 Another possibility is, however, explored in
the impact parameter. The contribution of the reaction with a
small impact parameter would be more emphasized in the C3H8

reaction than in the CH4 reaction due to the larger spatial extent
of hydrogen atoms. In the half-reactions, the N2O/CH4 vdW
complex gives propensity but O3/CH4 does not. The N2O/CH4
vdW complex may be considered to have a favorable conforma-
tion to promote the reaction with a small impact parameter than
O3/CH4 does. The study of the structures of N2O and O3/
hydrocarbon vdW complexes, on which we have no information,
would bring about further understanding about the reaction
mechanism.

5. Summary

The bulk and half-reactions of O(1D) with saturated hydro-
carbons, CH4, C2H6, and C3H8, are studied, where O(1D) is
produced by the ArF excimer laser photolysis of N2O. In the
latter case, the reaction was initiated from the vdW complex of
reactant precursor, N2O‚RH. The nascent population distribu-
tion of reaction product OH(X2Π, V′′ ) 0, 1) was measured
by means of the LIF technique.
The rotational distributions are bimodal, which are denoted

with the low- and high-N components. In comparison with the
reported results obtained in the O3 photolysis system, the
obvious difference in the average rotational energy for the

high-N components is recognized, while the average rotational
energy for the low-N components does not show apparent
difference. The reaction mechanism and dynamics producing
characteristically bimodal components are discussed by compar-
ing the populations of OH obtained under different reaction
conditions.
The rotational energy of the low-N component does not

depend on experimental conditions; average collision energy
and the bulk and half-reactions. The rotational temperature is
low, ca. 1000 K. The low-N component is verified to be
generated by the dissociation of a long-lived intermediate
produced by the insertion reaction, in which the excess energy
is randomized before dissociation.
On the other hand, the rotational energy of the high-N

component is changed with the average collision energy and
the temperature is very high, ca. 13 000 K. The high-N
component is confirmed to be formed from a short-lived
intermediate produced by the insertion reaction. The increase
of the collision energy is reflected in the increase of the
rotational energy. This is due to that the excess energy is
fundamentally distributed among the local framework of
C-O-H of the intermediate, which is also supported by larger
values of the population ratios forΛ doublet states in this study
than those obtained in the O3 photolysis system.
Spin-orbit populations in allV′′ ) 0 levels under the half-

collision conditions indicate pronounced populations for low-
lying F1 state in low-N components, while those under the bulk
conditions are statistical. It is thought that the reaction of all
saturated hydrocarbons studied here occurs via a crossing from
a singlet to a triplet surface keeping the angular momentum
conservation.
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