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Studies on stereodynamics of the gas-phase elementary reactions of atomic oxygen, O(

 

1

 

D) and O(

 

3

 

P), with simple
molecules are reviewed.  The angular correlations among the relative velocity vectors of reactants (

 

k

 

) and products (

 

k

 

′

 

),
and the product rotational angular momentum vector (

 

j

 

′

 

) have been investigated via Doppler-resolved polarization spec-
troscopy.  In the O(

 

1

 

D) reactions with hydrocarbons and water, OH products are scattered into wide angular range and ro-
tate mainly in the 

 

k

 

–

 

k

 

′

 

 scattering plane.  These angular distributions suggest the formation of an H–O–X (X 

 

=

 

 C or O)
bond in reactive intermediates.  By contrast, the NO products of the O(

 

1

 

D) reaction with N

 

2

 

O have isotropic angular dis-
tribution of 

 

j

 

′

 

, which indicates the participation of the out-of-plane motion in addition to the in-plane motions within the
complex.  These trends of O(

 

1

 

D) reactions are consistent with the feature of product-state distribution of the individual
reactions.  Similar analyses for the reactions of O(

 

3

 

P) atom with hydrocarbons have revealed that these reactions are not
always dominated by the simple rebound abstraction mechanism based on the triatomic picture, which has long been as-
sumed.  As a background of the titled study, this account reviews the progress in the studies on gas-phase chemical reac-
tion dynamics and presents the theory and techniques to investigate the stereodynamics of bimolecular reactions.

 

Studies on gas-phase chemical reaction dynamics aim to de-
velop an understanding of the essential factors governing reac-
tivity and energy disposal in the elementary reactions.

 

1–4

 

  For
this purpose, quantum-state resolved chemical dynamics has
been investigated to elucidate how the reactions proceed on
potential energy surfaces (PESs).  This approach originated
from the Eyring’s pioneering “transition state theory” in the
1930’s, which stated that the rate of chemical reactions can be

 

a priori

 

 evaluated from the knowledge of PESs.

 

5

 

  In the transi-
tion state theory, the reaction rates are calculated by applying
the statistical method.  Apart from the statistical approach, de-
tailed studies of chemical reaction dynamics have successfully
revealed the underlying factors determining the rate and dy-
namics on the PES as briefly reviewed below.  Elucidating how
chemical reactions proceed on PESs is also important to under-
stand the mechanism of the complex reactions relevant to at-
mospheric chemistry

 

6

 

 and combustion chemistry.

 

7

 

  Further-
more, recent development of the laser control of chemical re-
actions deeply relies on the knowledge accumulated in reac-
tion dynamics studies.

 

8

 

The first success to relate the product state distribution with
the dynamics on the PES was achieved by Evans and Polanyi
in 1939.

 

9

 

  They inferred that the vibrationally excited NaCl
molecules produced from Cl 

 

+

 

 Na

 

2

 

 reactions were the sources
of the electronically excited Na atoms which emitted the D-
line in Na-diluted flame.  The vibrational excitation of NaCl
was explained by considering the type of energy release on

PESs; early energy release on the “attractive” surface promot-
ed the vibrational excitation while late energy release on the
“repulsive” surface enhanced the translational excitation.  Af-
ter some decades, the developments of the crossed molecular
beam technique

 

10,11

 

 and of infrared (IR) detection of
chemiluminescence

 

12

 

 made it possible to experimentally ob-
serve the nascent reaction products in the angular- and state-
resolved manners, respectively.  The information derived from
these two methods was different and thus they complemented
each other in studying chemical reaction dynamics of various
reaction systems.  The state-resolved measurements thus un-
dertaken revealed that quite a few reaction systems yielded
characteristic scattering angle distributions and nonstatistical
product-state distributions.  The results showed that chemical
reactions were not always statistical, as assumed in the evalua-
tion of rate constants based on the transition state theory.

 

13

 

Several prototypes of nonstatistical reactions were found, in
contrast to the long-lived complex mechanism, which is con-
sidered to generate the statistical product-state distributions.
They were, for example, harpoon, direct abstractions (re-
bound-type and stripping-type), and direct insertion followed
by prompt bond rupture.  The classification based on such mo-
lecular-collision-level observations added useful concepts for
understanding chemical reaction dynamics.

 

1,2,14–16

 

  The Nobel
Prize was awarded in 1986 to Herschbach, Lee, and Polanyi to
acknowledge the accomplishment of such studies on chemical
reaction dynamics.

 

17,18
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A new frontier beyond the limited product-state resolution
in crossed molecular beam was opened by the advent of laser
techniques,

 

19

 

 although the universal mass spectrometric detec-
tions in crossed molecular beam experiments are still quite
useful.

 

20–22

 

  The laser method has been extensively utilized in
the studies on chemical reaction dynamics since the 1970’s.

 

23

 

The high frequency-resolution of lasers has largely enhanced
the ability of the rovibrational state selection in the detection
of the reaction products.  In addition, the products in the vibra-
tionally ground state, which is invisible in the IR method, can
be detected by laser excitation.  Product-state distributions of
numerous unimolecular and bimolecular reactions have been
investigated and the knowledge of individual reactions contin-
ues to be accumulated.

 

1,4,24–28

 

  Furthermore, high-quality polar-
ization of laser light is also powerful to create and probe the
spatial anisotropy and rotational angular momentum polariza-
tion.

 

29–34

 

  Thereby, lasers have been playing significant roles,
especially in stereodynamics investigation,

 

35–39

 

 which is the
main concern of this account.  In laser experiments, a good
number of new detection methods have been developed and
nowadays laser facilities are combined with various types of
molecular beam machines.  State-of-the-art experiments have
been performed with such modern pieces of apparatus and the
finest results thus obtained for simple triatomic systems are
rigorously compared with the high-precision theoretical calcu-
lations.  Schneider et al. have succeeded in very sharp tuning
of the collision energies for the H 

 

+

 

 D

 

2

 

 →

 

 HD 

 

+

 

 D reaction
by utilizing two parallel molecular beams of HI and D

 

2

 

.

 

40

 

  The
single speed H atoms generated by the photodissociation of HI
collide with the neighboring D

 

2

 

 molecular beam and product D
atoms are detected with the Rydberg-tagging method,

 

41

 

 yield-
ing high-resolution time-of-flight (TOF) spectra which resolve
the rovibrational states of the sibling HD products.  The differ-
ential cross sections (DCSs) thus measured with a rotatable de-
tector have shown almost perfect agreement with the theoreti-
cal calculations of the highest quality to date.

 

40,42–45

 

  Recently,
Yang and coworkers have applied the same technique to O(

 

1

 

D)

 

+

 

 H

 

2

 

 reaction using O

 

2

 

 and H

 

2

 

 beams by utilizing photodisso-
ciation of O

 

2

 

.

 

46,47

 

  The state resolution of sibling OH products
measured by Rydberg H-atom TOF is sufficient to show that
the DCSs are strongly dependent on the OH rovibrational lev-
els.  Liu and coworkers have constructed a variable angle
crossed molecular beam machine capable of fine tuning of col-
lision energies.

 

48

 

  This machine extracts DCS from the H-atom
velocity mapping with its Doppler-resolved TOF detection
method.

 

49

 

  Furthermore, by monitoring the integrated H-atom
signal, they have measured the excitation function of the O(

 

1

 

D)

 

+

 

 H

 

2

 

 reaction and have proved the contribution of the PES of
the electronically excited states whose participation is theoreti-
cally suggested.

 

50–53

 

  Very recently, the reactive resonance
structure

 

54

 

 in the excitation function of F 

 

+

 

 HD reaction is also
observed with this apparatus.

 

55

 

  The observed resonance fea-
ture for the D 

 

+

 

 HF product channel and the non-resonance
feature for the H 

 

+

 

 DF product channel are satisfactorily re-
produced by quantum scattering calculations for this reaction.

Although the knowledge obtained in the study of chemical
reaction dynamics becomes wider and finer, day by day, the
present high-performance investigations do not necessarily
deepens our understanding of chemical reaction dynamics.

First, the currently undergoing rigorous comparisons between
the experimental and theoretical results are limited to very
simple triatomic systems.

 

40,42–45,51,52,55–57

 

  Thus, our knowledge
of chemical reaction dynamics for the reactions involving
more than three atoms still remain ambiguous.  From the fea-
ture of experimentally observed product-state distribution and
DCS, the reactions are interpreted in terms of the prototype re-
action mechanisms such as abstraction, stripping, insertion, or
long-lived complex.  Such phenomenological classification,
however, does not help to obtain comprehensive understanding
of chemical reaction dynamics.  Furthermore, the classification
of reaction mechanism only based on the product-state distri-
bution and DCS does not reveal how the reaction proceeds on
PES, for example, after the insertion.  Second, the relation be-
tween energy randomization and dynamics on PESs needs to
be carefully discussed.  Generally, statistical energy disposal
has been understood as the intramolecular energy redistribu-
tion in a reactive intermediate according to Fermi’s Golden
Rule.  This means that the energy randomization is governed
by the density of states of the vibrational modes of the reactive
intermediate and the couplings among these modes.  To dis-
cuss the statistical nature in the energy disposal, tetra-atomic
systems are the smallest systems to yield two molecular prod-
ucts.  However, reliable information of these factors is not eas-
ily obtained since reasonably accurate full-dimensional PESs
have not been calculated except for triatomic systems.  As a
consequence, the existence of a deep potential well of the reac-
tive intermediate has often been assumed as a practical criteri-
on for discussing the statistical energy randomization in a par-
ticular reaction.  This criterion is associated with the idea that
reactive trajectories spend long time within a deep potential
well to attain statistical energy randomization.  However, the
essential factor is a relative magnitude between the lifetime of
the reactive intermediate and the time required for the energy
randomization.  Therefore, it should be emphasized that the
experimental and theoretical knowledge to date does not reveal
relative importance between the coupling strength and lifetime
in the energy randomization for individual gas-phase chemical
reactions.

In this account, we review our recent experimental studies
on the stereodynamics of O(

 

1

 

D) and O(

 

3

 

P) atom reactions with
simple molecules via polarized Doppler-resolved laser-in-
duced fluorescence (LIF) spectroscopy.  These reactions are
known to play important roles in atmospheric chemistry

 

6

 

 and
combustion chemistry,

 

7

 

 and thus have been extensively studied
in microscopic dynamics as well as in their macroscopic rate
constants.

 

58–60

 

  However, most studies on the reaction dynam-
ics of these reactions have been limited to product-state distri-
bution measurements.  The reaction dynamics speculated only
from such scalar information contains significant ambiguities
and thus has caused controversies in reaction mechanisms.  As
presented in Sec. 

 

Ⅰ

 

, the measurement of vector properties can
solve such problems, since the angular correlations among the
vectorial quantities contain direct and dynamic information
during the course of chemical reactions.  We have therefore
measured the vector properties of these reactions on the rovi-
brational-state selected level, in particular, the correlated angu-
lar distributions among the velocity and rotational angular mo-
mentum vectors in bimolecular reactions.  The analysis includ-
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ing the rotational angular momentum polarization of reaction
products is important since it provides the information of
torque to rotate the observed product species.  Consequently, it
is possible to discuss how the intermediate of the reaction de-
forms its structure to yield the products, and thus the reaction
mechanism is deduced more directly than the previous studies.
Furthermore, such information can be related to the difference
in the degree of energy randomization.  Although the current
crossed molecular beam experiments have realized the high-
resolution detection of scattering angle and product speed with
sharply defined collision energies, the measurement of the ro-
tational angular momentum polarization is difficult.  Thus, the
experiments measuring the correlated angular distribution are
important to elucidate chemical reaction dynamics.  In the
present review, our attention is focused on the dominant and
overall trends of the vector correlations rather than the minute
details of its dependences on collision energies and product
states.  The fine structure of angular distribution and the fine
state-dependence of the vector correlations must be pursued in
the future when the sharp preparation of collision energy and
the high-resolution measurement of the product velocity be-
come possible.

This account is organized as follows.  In Sec. 

 

Ⅰ

 

, we intro-
duce the vector correlations in bimolecular reactions as well as
experimental methods for measuring the vector properties.
The details of the experimental setup and theoretical back-
ground necessary for the analysis are given in Secs. 

 

Ⅱ

 

 and 

 

Ⅲ

 

,
respectively.  The review of the stereodynamics of O(

 

1

 

D) and
O(

 

3

 

P) atom reactions is presented in Sec. 

 

Ⅳ

 

.  Section 

 

Ⅴ

 

 closes
this account with perspectives.

 

Ⅰ

 

. Vector Correlations in Bimolecular Reactions

 

The knowledge of product-state distribution gives an ele-
mentary picture of individual chemical reactions.

 

1–4

 

  However,
product-state distribution only shows the final outcome of the
reaction and does not give direct information of the dynamics
that yields such an outcome.  For example, the origin of rota-
tional motion of product molecules cannot be identified from
the product-state distribution alone.  This type of information
is manifested only in the vectorial quantities of molecular frag-
mentation.  To give a simple example, let us start with the ap-
plication of vector correlations in photodissociation and then
proceed to bimolecular reactions.

The important vectors to describe the stereodynamics in
photodissociation are the transition dipole moment vector (

 

µ

 

)
of the parent molecule, the recoil velocity vector (

 

v

 

), and the
rotational angular momentum vector (

 

j

 

) of the photofragments
[see Fig. 1(a)].  The angular correlations (or angular distribu-
tions) among these three vectors are called “vector correla-
tions.”  As described below, the vector correlations are indis-
pensable to obtain details of stereodynamics of photodissocia-
tion and thus have been extensively investigated.

 

61–64

 

  One of
the key points in measuring the vector correlations lies in the
photoexcitation process.  The spatial orientation of the parent
molecules excited by linearly polarized light is anisotropic in
the space-fixed laboratory (LAB) frame, since the probability
of dipole transition is proportional to the cosine square of the
angle between the electric vector and the transition dipole of
the molecule.  Thus, the spatial distribution of 

 

v

 

 and 

 

j

 

 can be

anisotropic, and their degrees of anisotropy in the LAB frame
represent the stereodynamics in the molecule-fixed frame.  The
angular correlation of 

 

v

 

 and 

 

j

 

 with respect to the linear polar-
ization vector (electric vector) of the photolysis laser light, εεεε

 

p

 

,
are called 

 

µ

 

–

 

v

 

 correlation and 

 

µ

 

–

 

j

 

 correlation, respectively.  In
referring the 

 

µ

 

–

 

v

 

 and 

 

µ

 

–

 

j

 

 correlations, 

 

µ

 

 is not a usual mole-
cule-fixed vector, which rotates with a molecule.  As shown in
Fig. 1(a), 

 

µ

 

 is a space-fixed vector defined as the direction of
the transition dipole moment at the time of photoabsorption,

 

µ

 

(

 

t

 

 

 

=

 

 0), which has the cosine-square spatial distribution rela-
tive to εεεε

 

p

 

.
For one-photon photodissociation with linearly polarized

light, the spatial distribution of the recoil direction of photof-
ragments is expressed as

(1)

where 

 

Θ

 

t

 

 is the recoil direction measured from εεεε

 

p

 

 and 

 

P

 

2

 

(cos

 

θ)
= (3cos2θ − 1)/2 is the second order Legendre polynomial.
The degree of anisotropy in the velocity distribution is charac-
terized by the anisotropy parameter, β (−1 � β � 2).  If the
dissociation occurs before the rotation of the parent molecule,
β directly expresses the angular relation between the recoil ve-
locity vector and the transition dipole moment vector in the
molecule-fixed frame.  By denoting this angle as χ, the β value

Fig. 1.   (a) Vectors in photodissociation.  A triatomic mole-
cule is excited by laser light of energy hν with the linear
polarization εεεεp.  The excited molecule dissociates at t = τ.
The angular correlations among µµµµ, v, and j, describe the
stereodynamics of molecular photodissociation.  In this
case, the transition dipole moment µµµµ lies in the breaking
bond.  However, the excited parent molecule rotates before
the dissociation and thus µµµµ(t = 0) do not coincide with v.
The diagram depicting the relation among εεεεp and µµµµ–v–j is
taken from Ref. 62.  (b) Examples of v–j correlation: the
“frisbee” type (in-plane torque) and the “propeller” type
(out-of-plane torque).

f P( ) ( ) ,Θ Θt tcos= +
1

4
1 2π

β[ ]
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of the prompt dissociation can be written as

β = 2〈P2(cosχ)〉. (2)

Here 〈…〉 represents the average over the angular distribution
of χ.  The rotation of the parent molecule blurs this clear angu-
lar relation [for example, in Fig. 1(a), µ(t = 0) originally lies in
the breaking bond but do not coincide with v due to the rota-
tion before the dissociation].  The absolute value of β decreas-
es down to one fourth of that of Eq. 2 for the infinitely long-
lived case.65  The angular distribution expressed as Eq. 1 can
be detected by utilizing Doppler spectroscopy.  In the Doppler
spectroscopy, velocities are measured as Doppler shifts, which
are proportional to the one-dimensional (1D) projection of v
onto the propagation direction of the probe laser, ka.  Suppose
that all the photofragments have the same speed v W |v|.  If the
angular distribution is isotropic (β = 0), the photofragments
uniformly distribute in a sphere of radius v.  In this case, the
1D-projected speed, v1D, continuously ranges −v � v1D � +v,
and the number density of molecules in an interval of dv1D is
equal.  As a consequence, the Doppler line shape is rectangle.
In contrast, if the angular distribution is anisotropic (β ≠ 0), the
number density of molecules in an interval of dv1D depends on
the angular distribution and the angle between εεεεp and ka, which
is denoted as θa.  The angular distribution is thereby translated
into the Doppler line shape as a function of Doppler shift ν =
(ν0 v1D)/c (c: the speed of light):

(3)

where ν0 is the line center frequency.  The change of the Dop-
pler line shape against θa is schematically shown in Fig. 2(a):
D‖ ∝ 1 + βP2(v1D/v) for εεεεp ‖ ka and D⊥ ∝ 1 − βP2(v1D/v)/2 for
εεεεp ⊥ ka.  If the photofragments are produced in a sharp single
speed, the angular distribution characterized by β can be deter-
mined from a single Doppler profile.  However, in most cases,
photofragments are distributed in various speeds according to
the energy partitioning among the photofragments.  Since this
distribution also affects the Doppler line shape, the measure-
ment of Doppler profiles at two different geometries, such as
D‖ and D⊥, is required to determine both the speed and angular
distributions.  One of the techniques to separately determine
speed distribution and anisotropy is constructing “composite
Doppler profiles” shown in Fig. 2(b).  In addition to the Dop-
pler spectroscopy measuring velocity in the frequency domain,
the 1D projection of recoil velocity can be measured in the
time domain as TOF spectra by ionizing the photofrag-
ments.66,67  Furthermore, the distribution can be measured as
two-dimensional (2D) projection with position-sensitive detec-
tion such as imaging method (see Fig. 2).68,69

As for rotational angular momentum, its spatial distribution
is probed via the dependences of the rotational line intensities
on the polarization of probe laser, εεεεa.31  The dependences are
determined from the relation between the direction of the tran-
sition moments in electronic transitions and the plane of rota-
tion (POR) of diatomic molecules; the transition moment, µ′,
lies in the POR for P or R branch (µ′ ⊥ j), while the transition
moment is perpendicular to the POR for Q branch (µ′ ‖ j).
Thus, the orientation of POR in the LAB frame can be detected

by measuring the line intensities with changing the angle be-
tween εεεεp and εεεεa or with changing the rotational branch.  In the
semiclassical expression,70 the anisotropic distribution of rota-
tional angular momentum is characterized by the rotational
alignment, A0

(2): 31

A0
(2) = 〈P2(cosΘr)〉, (4)

where, Θr is the angle between j and εεεεp.  The angular distribu-

D
v c

P P
v
v

( )
( / )

( ) ,ν
ν

β θ= +
1

2
1

0
2 2cos a

1D











Fig. 2.   (a) Detection of speed distribution and spatial anisot-
ropy.  The sphere represents the anisotropic spatial distri-
bution of the photofragments.  The electric vector of the
photolysis light, εεεεp, lies in the Z axis and the photofrag-
ments are assumed to be preferentially populated along
this direction, corresponding to β > 0.  In other words, the
photofragments have a large vZ component and small vX

and vY components.  The Doppler profile, D⊥, is obtained
when the photofragments are detected with the probe laser
propagating along the X (or Y) axis.  The profile of D⊥ is
determined by the vX (or vY) distribution and thus the small
Doppler shifts are dominant.  In contrast, D‖ measures the
vZ distribution, where the large Doppler shifts are domi-
nant.  If the photofragments are ionized and all the ionized
photofragments are detected, the time-domain profiles of
TOF spectra are similar to the frequency-domain profiles
of Doppler spectra.  The spatial distribution can be ob-
served as the 2D projection by utilizing the imaging meth-
od.  (b) The examples of the “composite profiles.”  The
anisotropic component is canceled in the sum of the Dop-
pler profiles, (D‖ + D⊥ + D⊥)/3, which expresses the iso-
tropic component, i.e., “speed distribution.”  By contrast,
the difference of the Doppler profiles, D‖ − D⊥, only con-
tains the anisotropic component.
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tion of j also affects the profiles of Doppler, TOF, and imaging
spectra.  Accordingly, the expression of the Doppler profiles
contains more terms than those appearing in Eq. 3.  As a conse-
quence, the Doppler profiles of LIF signal depend on the direc-
tion of polarization vector and that of propagation vector of the
pump, probe and emitted photons.  Dixon derived the formula-
tion to analyze such complicated Doppler profiles with bipolar
expansion of the correlated angular distribution among µ–v–
j.32  By utilizing Dixon’s formulation, Docker showed that six
Doppler profiles (three different geometries each for P or R
branch and Q branch) are necessary to determine the speed dis-
tribution and the correlated angular distributions.71  In this
analysis, one needs to generate more sophisticated composite
Doppler profiles than those shown in Fig. 2(b).  The same tech-
nique is applied for the analysis of bimolecular reactions and
the outline of such analyses is presented in Sec. Ⅲ.

As described above, the µ–v and µ–j correlations represent
the angular distributions relative to the space-fixed vector µ(t
= 0).  Consequently, the µ–v and µ–j correlations are blurred
by the rotation of the parent molecule following the photoexci-
tation.  Thus, the µ–v and µ–j correlations contain the informa-
tion of the lifetime of the parent molecule in the excited states.
The absolute values of these correlations also depend on the
angular relation between the molecule-fixed transition dipole
moment and v or j [see Eq. 2 for µ–v correlation].  Since such
angular relations in the molecule-fixed frame are not signifi-
cantly complicated in most cases, the µ–v and µ–j correlations
have been used to determine the type of transition and the sym-
metry of the excited states.  Different from µ–v and µ–j corre-
lations, the v–j correlation represent the angular correlation
purely defined in the molecule-fixed frame [see the diagram in
Fig. 1(a)].  This correlation provides the information of the
force generating the rotation of photofragments in the exit
channel.  In other words, how the parent molecule deforms its
structure during the course of bond breaking.  Figure 1(b)
shows the two extreme cases in the v–j correlation; the “fris-
bee” type (v ⊥ j) and the “propeller” type (v ‖ j).  The frisbee
case is caused by in-plane torque to rotate the photofragments,
while the propeller type is the consequence of out-of-plane
torque.  Such information directly reflects the dynamics pro-
ceeding on the PESs.

For bimolecular reactions [see Fig. 3(a)], in place of the
three-vector µ–v–j angular correlation for molecular photodis-
sociation, the fundamental angular correlations are those
among the relative velocity vectors of reactants (k) and prod-
ucts (k′), and the product rotational angular momentum vector
(j′).72–76  Figure 3(a) depicts the vectors in photoinitiated bimo-
lecular reaction, where one of the reactants is generated from
molecular photodissociation.  In the center-of-mass (CM)
frame of bimolecular reactions, k plays a similar role as µ(t =
0) does in molecular photodissociation.  The k–k′ correlation
simply corresponds to the familiar quantity of DCS.  As dis-
cussed in crossed molecular beam studies,1,2 this correlation
reflects the distribution of scattering angle, which is closely re-
lated to the reaction mechanism, opacity function, and lifetime
of the collision complex.  The k–j′ correlation represents the
extent of the memory of the initial direction of the relative ve-
locity vector.  The k′–j′ correlation reflects the torque on the
product molecules, just like the v–j correlation in photodisso-

ciation.  The angular distribution of j′ vector relative to the k–
k′ collision plane describes how strongly the molecular plane
of the reactive intermediate remains coincident to the collision
plane during the reaction and how the reactive intermediate
changes its molecular structure relative to that plane.

The angular correlations among the k–k′–j′ vectors can be
extracted from the Doppler analysis as performed in photodis-
sociation studies.  The key point to measure the CM k–k′–j′
angular correlation with the Doppler spectroscopy is the obser-
vation of the LAB velocity.  The basic principle is schematical-
ly shown in Fig. 4, for A + BCD → AB + CD reaction, where
the product AB is scattered with the recoil velocity wAB in the
CM frame.  If the product AB is scattered into the same direc-
tion as k = wA − wBCD (θt < 90°: forward scattering), its LAB
speed, vAB W |vAB|, is larger than wA W |wA|.  In contrast, vAB is
smaller than wA for backward scattering (θt > 90°).  Thereby,

Fig. 3.   (a) Vectors in photoinitiated bimolecular reactions.  A
precursor molecule is excited by laser light of energy hν
with the linear polarization εεεεp.  The excited molecule dis-
sociates and one of the fragments reacts with another reac-
tant molecule.  The angular correlations among k, k′, and
j′, describe the stereodynamics of bimolecular reactions.
Note that the k vector acts as the similar role of µµµµ in molec-
ular photodissociation shown in Fig. 1(a).  Although these
figure and diagram indicate that the k–k′–j′ correlation can
be directly related to εεεεp and µµµµ, in fact, the product velocity
is not measured as k′ in the CM frame but as v′ in the LAB
frame.  Thus, the appropriate coordinate transformation is
required in the analysis.  (b) Two extreme examples of k–
k′–j′ correlation: the “frisbee” type (in-plane torque) and
the “propeller” type (out-of-plane torque).
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the scattering angle in the CM frame can be measured as the
LAB speed vAB.  In general, AB products are scattered with
various wAB W |wAB| according to the internal energy distribu-
tion of the sister fragments CD and the spread of collision en-
ergies.  Accordingly, in addition to vAB, the angle between wA

and vAB is necessary to specify θt and wAB.  The information of
this angle can be obtained if the LAB frame distribution of vA

is anisotropic.  In the photoinitiated reaction experiments
shown in Fig. 3(a), a linearly polarized photolysis (pump) laser
light generates the anisotropic distribution of the reactive spe-
cies A, which is characterized by β [see Eq. 1].  Thus, without
using crossed molecular beam apparatus, the photoinitiated re-
action determines the CM distribution of θt and wAB from the
LAB speed distribution and anisotropy of the products, based
on the law of cosines as called the “photoloc” method.77,78  The
products are probed with a polarized laser light, and then the
angular distribution of j′ in the CM frame is analyzed, as in the
photodissociation studies.  In fact, the relation between the CM
velocities and the LAB velocities is not so simple as shown in
Fig. 4.  The relation between v–v′–j′ and k–k′–j′ vectors are
shown in Fig. 5.  Here, v W v1 is the LAB frame velocity vector
of the reactant which carries the anisotropy produced in the
photolysis by the pump laser.  The detail of the connection be-
tween these vectors is presented in Sec. Ⅲ.

In the pump-probe experiments, the rotational angular mo-
mentum polarization of bimolecular reaction products was first
reported by Kleinermanns et al. for H + O2 reaction in
1985.79,80  They measured A0

(2) and observed a strong rotational
angular momentum polarization of OH products perpendicular
to the incident velocity vector of the H atom in the LAB frame.
Almost a decade later, Hall and coworkers analyzed the Dop-
pler profiles of the OH products of this reaction with taking ac-
count of the correlated angular distribution of k–k′–j′.81  They
first demonstrated the power of the analysis using basis func-
tions to fit Doppler profiles.  Although their analysis fixed the
angular distributions of j′ relative to k′ at simple limiting cas-
es, sophisticated general analyses of the three-vector k–k′–j′
correlation in bimolecular reactions were developed in the
middle 1990’s.78,82–84  Based on these methods for the data
analysis, experimental studies have been undertaken by Simo-
ns–Brouard’s group85–95 and Hancock’s group,86,96,97 both in
Oxford, Hall’s group in Brookhaven,81,98 Zare’s group in Stan-
ford,99,100 and the authors in Kyoto.101–105  In Oxford,
Brookhaven, and Kyoto, the polarized Doppler LIF method is
utilized, while the Stanford group have adopted the core-ex-

traction method106 in resonance-enhanced multiphoton ioniza-
tion (REMPI) detection.107

There are three limiting prototypes for the polarization of j′
relative to k and k′: the “frisbee” type for j′ ⊥ k and j′ ⊥ k′
(consequently j′ ⊥ k–k′ plane), the “cartwheel” type for j′ ⊥
k′ and j′ in k–k′ plane, and the “propeller” type for j′ ‖ k′
(consequently j′ in k–k′ plane).  The frisbee case is observed
when the intermediate (not always meaning long-lived) rotates
in the k–k′ scattering plane and in-plane bending motions exert
a torque on the product rotation [see Fig. 3(b)].  On the other
hand, the propeller case originates from the out-of-plane tor-
sional force and products recoil along the axis of this force [see
Fig. 3(b)].  The cartwheel case is rather complex and, for ex-
ample, bending (not torsional) motions out of the scattering
plane act as a torque on the product rotation.  In this way, the
dynamics on the PESs is directly elucidated from the vector in-
formation.

The correlated angular distributions of k–k′–j′ have been
studied for simple gas phase elementary reactions and have
provided the direct information of reaction dynamics as re-
viewed below.  Some of the reactions showed different angular
correlations between the two Λ-doublet components108 of the
2Π states of the products, Π(A′) and Π(A�).109  The origin of
such differences is not clearly solved yet and thus only the re-
sults are mentioned here.  In the H + O2 reaction, Hall and co-
workers found that the OH products in the Π(A′) Λ-doublet
levels were polarized (j′ ⊥ k′) whereas the Π(A�) Λ-doublet
levels were isotopic.81,98  Brouard et al. showed polarized
Π(A′) of cartwheel type and isotropic Π(A�) for OH products
in O(1D) + CH4 reaction90 and, conversely, OH products were
polarized for Π(A�) and much less polarized for Π(A′) in H +
CO2 reaction.92  They found frisbee-type Π(A′) and cartwheel-

Fig. 4.   The basic principle to determine the CM scattering
angle by measuring the LAB velocity.  The reaction of A +
BCD → AB + CD is assumed.

Fig. 5.   The relation between the k–k′–j′ vectors in the CM
frame and the v–v′–j′ vectors in the v1 frame.  Here, v W v1

is the velocity vector of the reagents produced by the pho-
todissociation and v2 is that of another reactant molecule.
The vectors w′1 and v′1 represent the velocity of the prod-
uct which contains the reagent species associated with v1,
in the CM frame and the LAB frame, respectively.  Note
that w′1 is not necessarily lies in the v1–v2 plane.
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type Π(A�) for O(1D) + H2 reaction.93  In contrast to these re-
actions, the Λ-doublet dependence of the rotational polariza-
tion of the OH products was not observed for O(3P) + H2S re-
action studied by Hancock and coworkers.97  The observed
frisbee-type OH rotational angular momentum polarization in-
dicated the planer transition state of OHSH.  In the recent Dop-
pler studies for the OH products of H + N2O (Ref. 94) and H
+ CO2 (Ref. 95) reactions, Brouard et al. have shown that j′
lies in the k–k′ scattering plane, i.e., j′ ‖ k′.  This propeller-
type correlation reflects the dominance of the out-of-plane tor-
sional motion in HONN and HOCO intermediates.  The possi-
bility of torsional excitation in their exit channels is speculated
from the orbital symmetry and the analogy with the dynamics
observed in the first electronically excited state of isoelectronic
system of HN3.94,95  Zare and coworkers measured the rotation-
al angular momentum polarization of the HCl products in Cl +
CH4 and Cl + C2H6 reactions.99,100  The magnitude and the
trend of the rotational polarization strongly depend on the re-
actant species, rovibrational levels of products, and isotopic
variants (H or D).  In the Cl + CH4 reaction,99 only the HCl(v′
= 1, j′ = 1) products show a large rotational alignment j′ ‖ k′.
Since the forward scattered component is dominant for this
channel, the H-atom abstraction mechanism is proposed.  In
this mechanism, the line-of-centers force is considered to act
as the torque to rotate the HCl(v′ = 1, j′ = 1) products in the
transfer of the H atom from C to Cl at the closest approach.
Similar rotational polarization is observed for DCl(v′ = 0, j′ =
1) products in Cl + C2D6 reaction while DCl(v′ = 0, j′ = 1)
products in Cl + CD4 reaction show strong j′ ⊥ k′ correla-
tion.100  This difference is interpreted in terms of the location
of the D-atom transfer along the reaction coordinate: the early
transfer near the closest approach for the Cl + C2D6 reaction
and the late transfer for the Cl + CD4 reaction.

The brief review presented above is focused on the studies
measuring rotational angular momentum polarization in
bimolecular reactions.  In addition to these studies, similar
measurements probing molecular products have been per-
formed for various bimolecular reactions, although the rota-
tional polarization analyses have not been undertaken.  The
reactions studied so far with the Doppler-resolved LIF method,
mostly by the Oxford, Brookhaven, and Kyoto groups,105 are
O(1D) + N2O,85–87,103 O(1D) + hydrocarbons,88–90,93,101,104,110

O(1D) + HCl,91 O(1D) + H2,93,111,112 O(1D) + H2O,102,113 H +
O2,79–81,98 H + CO2,92,95,114 H + H2O,115,116 H + N2O,94,117,118

H + H2S,119 O(3P) + CS,86,96 O(3P) + H2S,97 and O(3P) +
hydrocarbons120 reactions.  The Stanford group has studied Cl
atom reactions with H2 (Ref. 57) and hydrocarbons99,100,121–126

and H + H2 reaction127–130 via REMPI detection, mostly with
the core-extraction method.

Before closing this section, we discuss about the merits and
demerits among the experimental techniques for investigating
stereodynamics.  Such comparison clarifies the reason why we
adopted the Doppler LIF method as well as the limitation of
this method.  As for the limitation, its drawback to the present
studies and what is desired in the next stage are presented in
Sec. Ⅴ.  As reviewed in the beginning of this account, for the
detailed measurement of DCS, the current trend is to utilize the
high-resolution velocity mapping of reaction products.  The
velocity mapping is made possible with detection techniques

such as ion imaging,131 core extraction,106 Rydberg tagging,41

or Doppler-selected TOF.49  All these ionization methods can
select the velocity components of the ionized or tagged prod-
ucts in the space, time, or frequency domain; thereby the prod-
uct velocities are measured with 2D or three-dimensional (3D)
resolution.  In most of these methods, detection of the high-
speed H-atom products is the key point to resolve the rovibra-
tional states of sibling molecular products.  Their applicability
is therefore limited to the reactions yielding the H-atom prod-
uct.  Another essential point to achieve the high resolution in
product velocity is well-defined collision energies realized by
a crossed molecular beam apparatus or the jet-coexpansion
method.121  In contrast, the LIF method is difficult to observe
the products in the space-resolved manner by using the crossed
molecular beam apparatus or imaging devices.  This is due to
the low sensitivity of the fluorescence detection, although a
challenging attempt of LIF imaging of molecular products has
been applied to the B + O2 reaction by Chen and cowork-
ers.132  Thus, the LIF method measures the 3D-velocity distri-
bution of the products via the Doppler shift, which is the 1D
projection on the propagation direction of the probe laser light
[see Fig. 2(a)].  In fact, Doppler line shapes are measured as
the convolution of the product speed distribution f(v) and the
1D-projected Doppler profile for each v.  As described above,
the 1D-projected speed v1D of the molecules of speed v ranges
−v � v1D � +v.  Thus, all the products with speed v � |v1D|
contribute to the LIF signal at the Doppler shift ν = (ν0 v1D)/c.
Accordingly, the velocity resolution of the 1D method is not so
high as the 2D and 3D techniques, where the congestion of the
signals with different v is not significant.  As a consequence, it
is difficult for 1D method to discuss about the dynamics sharp-
ly dependent on the rovibrational levels of sister products.  As
for this demerit, if the absorption of the products is strong
enough, high-resolution transient frequency modulated absorp-
tion spectroscopy133 can provide the differential form of the
1D-Doppler spectrum and thus the resolution can be improved.
Another disadvantage in the Doppler experiment performed
under a bulb condition is the difficulty in generating sharply
defined collision energies since the translational energy of the
one of the reactive species produced by photodissociation pro-
cess cannot be arbitrarily controlled.  In addition, if the kine-
matic condition is unfavorable, the thermal motions of re-
agents causes a substantial spread in collision energy distribu-
tion.134  We will discuss whether this effect is serious or not for
our studies, in Secs. Ⅳ and Ⅴ.

In spite of the demerits noted above, the versatility of the
fluorescence technique to detect fluorescent products is invalu-
able to study the important gas-phase elementary reactions.
The OH radical is one of the typical products in such reactions,
but is extremely difficult to be ionized by REMPI method.135

Since we are most interested in the elementary reactions of ox-
ygen atoms which play the important roles in the various fields
of chemistry,3,6,7 we select the LIF method to study the detailed
stereodynamics of oxygen-containing reactions of fundamen-
tal importance.  The most important thing is that the determi-
nation of the rotational angular momentum polarization is only
possible via the detection of molecular products.  Here, the de-
termination of the rotational angular momentum polarization
of product molecules does not mean the subtle “quantitative”
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measurement of a detailed distribution of magnetic sublevel of
j′.  This information is used for a “qualitative” understanding
of the bimolecular reactions, especially, via the forces acting in
reactive intermediates.  The H-atom detection in the high-reso-
lution technique can never probe the rotational polarization of
the sibling molecular products.  The detection of molecular
products with rovibrational-state selection reduces the signal
intensity, since hundreds or thousands of molecular quantum
states are generated in a reaction.  This reduction makes the
current high-resolution crossed molecular beam techniques
unfavorable to universally apply for bimolecular reactions.  In
contrast, low-pressure flow condition of the Doppler LIF ex-
periment provides a rather high molecular density, which al-
lows the fine analysis including the rotational angular momen-
tum polarization.  As described here, to probe the rotational an-
gular momentum polarization with the Doppler LIF method,
lowering of the velocity resolution and averaging of the colli-
sion energies are inevitable.  Thus, the results obtained in this
method and those obtain in the crossed molecular beam exper-
iments need to complement each other.

Ⅱ. Experiment

Experimental setup is briefly described here, since the de-
tails were given elsewhere.102  A typical apparatus is schemati-
cally depicted in Fig. 6(a).  A mixture of precursor species for
oxygen atom production [N2O for O(1D) and NO2 for O(3P)]
and reagent species (hydrocarbons, N2O, or H2O vapor) was
introduced into the reaction chamber and continuously
pumped with a rotary pump.  In most experiments, the partial
pressures of precursor and reactant species were set equal,
about 100 mTorr, except for H2O which was kept at 50 mTorr.
The electronically excited oxygen atom, O(1D), was produced
by the photodissociation of N2O with 193 nm light.  The atom-
ic oxygen, O(3P), was prepared by the photodissociation of
NO2 at 308 nm and 351 nm to alter the collision energies.  At a
time delay of 100 ns after the photolysis laser radiation, tun-
able UV light was introduced into the reaction chamber to
probe the nascent product OH(v′ = 0, 1, and 2) or NO(v′ = 0)
by utilizing LIF via their A2Σ+ − X2Π excitation.  Measure-
ments of the Doppler profiles were performed with a dye laser
equipped with an intracavity etalon.  The line shape of the UV
laser light was confirmed as Gaussian by measuring the Dop-
pler profiles of thermally relaxed OH or NO products at the de-
lay time longer than 10 µs.  The deduced bandwidth of the
probe UV light in the full width at half maximum (FWHM)
was 0.04 cm−1 for the fundamental wave and 0.12–0.14 cm−1

for the second harmonic wave.  The bandwidth of the probe la-
ser is sufficient to analyze the trends of the vector correlations
since the full widths of the observed Doppler profiles are typi-
cally 0.6–0.8 cm−1, which correspond to the LAB speeds of
the products � 3000 m/s.  However, the Doppler profiles of the
OH products of the O(3P) reactions are narrow to analyze the
polarization of rotational angular momentum.  Total pressure
and the pump-probe delay time were carefully chosen to mini-
mize the effect of collisions, which change the magnitude and
direction of both v′ and j′.  We confirmed that the decrease of
total pressure and pump-probe delay time from the conditions
described above did not yield any appreciable changes in the
Doppler line shapes within experimental errors.  Moreover, we

ensured that the probe laser power was weak enough to avoid
the saturation effect136 in the excitation process of the LIF de-
tection.

The fluorescence from OH(A) or NO(A) was viewed from
the direction perpendicular to both the photolysis and probe la-
ser beam axes.  Appropriate filters were placed in front of the
photomultiplier tube to eliminate the strong scattered light and
emission arising from the photolysis and probe lasers.  The
repetition rate of the experiments was 10 Hz and each laser
power was monitored by a photodiode for normalizing the LIF
signal to correct for the fluctuations of the laser power.

As described in Sec. Ⅲ, the shape of a Doppler profile con-
tains the combined information of the correlated angular distri-
butions among k, k′, and j′.  The contribution of each correla-

Fig. 6.   (a) Schematic diagram of the experimental apparatus
used for the measurement of Doppler profiles.  M: mirror;
P: polarizer; PEM: photoelastic modulator; Li: synthetic
silica Lens; IF: interference filter; and PMT: photomultipli-
er tube.  The probe laser beam was introduced into the vac-
uum chamber either collinearly or orthogonally to the pho-
tolysis laser beam.  (b) The LIF excitation-detection geom-
etries employed in the measurement of Doppler profiles.
The vectors k and εεεε represent the propagation vectors and
electric vectors, respectively, for the laser light or fluores-
cence.  The subscripts p, a, and d denote the photolysis, ab-
sorbed, and detected photons, respectively.  Note that the
geometries Ia and Ib are equivalent.  As shown here, only
the geometries with εεεεa ‖ kd are used in the analysis and the
fluorescence is detected without polarizer to generate use-
ful composite Doppler profiles.71
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tion to the Doppler profile depends on the direction of the po-
larization vector and that of propagation vector of the pump la-
ser, probe laser, and emitted photon.  Doppler-resolved spec-
tral line profiles were measured in the three different LIF exci-
tation-detection geometries: Ⅰ, Ⅱ, and Ⅲ, depicted in Fig. 6(b).
These geometries of εεεεa ‖ kd are convenient to extract the vector
properties of the Doppler-probed species, as shown by Dock-
er.71  To prepare these excitation-detection geometries, incom-
plete linear polarization of the UV probe light was converted to
a high vertical polarization (degree of polarization > 0.99)
with a Glan laser prism and a half-wave plate.  The originally
unpolarized ArF laser light was passed through a pile of plates
consisting of twelve Brewster's angle quartz plates to obtain
vertically polarized light (degree of polarization > 0.95).
Shot-by-shot alternation of the polarization vector by utilizing
a photoelastic modulator allows us to observe the two polariza-
tion-dependent spectral line profiles in the LIF geometries of Ⅰb

and Ⅲ in a single scan.  In order to improve the signal-to-noise
ratio, 50–100 laser shots were averaged at each step of a fre-
quency scan and the spectra obtained from 9–25 scans were
summed up.  For the O(3P) production, the unpolarized XeCl
or XeF laser light was passed through a Glan laser prism to
yield a vertically polarized light (degree of polarization >
0.99) instead of the pile of plates for the ArF laser light.

Ⅲ. Analysis

As noted in Sec. I, the velocity measured in the Doppler
spectroscopy is the LAB velocity (v′) and is not the CM veloc-
ity (k′).  To extract the information of the scattering dynamics
in the CM frame from the Doppler profiles in the LAB frame,
Aoiz et al. developed a theoretical basis for the analysis.82,83

This method connects the Dixon’s formulation treating the
vector correlations in molecular photodissociation32 and a
spherical harmonic expansion of the CM angular momentum
distribution in bimolecular reactions, which was proposed by
Shafer-Ray et al.78  The great ability of this method to analyze
DCS and rotational angular momentum polarization in bimo-
lecular reactions has been successfully demonstrated and thus
we adopted their formulation in the present study.  In line with
Ref. 83 but with slight modification in the notation, this section
presents the outline of the Doppler analysis.

A. The k–k′–j′ Angular Distribution and the Bipolar Ex-
pansion.    The CM coordinate system is shown in Fig. 7.  The
z axis of the CM frame lies in k, and the polar angles of k–k′
and k–j′ are ω t W (θt, φt) and ωr W (θr, φr), respectively.  The
goal of the analysis is to obtain the correlated angular distribu-
tion function in the CM frame, P(ω t, ωr).  The angular distribu-
tion of k–k′ and k–j′ are independently described by using the
spherical harmonics, Yk1q1(θt, φt) and Yk2q2(θr, φr), respectively.
Thus, the correlated angular distribution can be represented by
utilizing the expansion with the product of these spherical har-
monics, i.e., bipolar harmonics, BQ

K(k1, k2; ω t, ωr).137  In fact,
the bipolar harmonics are constructed from the product of the
modified spherical harmonics, Ckq(θ, φ) W [(2k + 1)/(4π)]1/2

Ykq(θ, φ), as137

(5)

where (: : :) is a 3–j symbol.  The bipolar harmonics form an
orthonormal complete set in the (ω t, ωr) space and thus the co-
efficients in the bipolar expansion are the expectation value of
P(ωt, ωr) for BQ

K(k1, k2; ωt, ωr).  The expectation values are
called the bipolar moments, BQ

K(k1k2),138 and these moments
characterize the correlated angular distribution.  Dixon formu-
lated the relation between Doppler profiles and the bipolar mo-
ments obtained for the LAB velocity.32  Thus, the bipolar mo-
ments in the v1 frame [Fig. 5(b)] rather than in the CM frame
[Fig. 5(a)] are convenient to analyze the Doppler profiles.  The
CM angular distribution P(ω t, ωr) can be obtained form the bi-
polar moments in the v1 frame with the appropriate coordinate
transformation.

B. Doppler-Resolved Line Profiles.    In case of the linear-
ly polarized pump-probe experiment, the 1 + 1 LIF Doppler
profile, D(ν), is symmetric with respect to the line center fre-
quency ν0 as shown in Fig. 2(a).  The profile can be written by
the Legendre polynomial expansion of Pn(vp/v′) of even order
up to n = 6 since three photons are involved in the pump-
probe-emission process.  Here, vp = |(ν/ν0)c| represents the
minimum product LAB velocity giving the displaced frequen-
cy ν as the Doppler shift.  The integration over the product
speed with the distribution function f(v′) yields the Doppler
spectrum D(ν):83

(6)
Here, the small contribution of P4(vp/v′) and P6(vp/v′) terms are
neglected.  The observed profiles are convolution of Eq. 6 and
the band profile of a probe laser.  Based on the semiclassical
treatment70 formulated by Dixon,32 the coefficients g0(v′) and
g2(v′) in Eq. 6 are expressed as83

(7)
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where β is the translational anisotropy parameter of the atomic
reagent produced from the photodissociation of a molecular
precursor.  The ’s in Eqs. 7 and 8 are the v1 frame
bipolar moments, which represent the vector correlations in the
v1 frame as a function of product LAB speed v′.  The bar of

 denotes the average of the bipolar moment in
the v1 frame, BQ

K(k1, k2; v′, v1, v2), obtained by integrating all the
possible velocities of the reagents, v1 and v2, in their magni-
tude and relative orientation.  In Eqs. 7 and 8, if the factor β/2
is included in the bipolar moments, the moments are equiva-
lent to those in the LAB frame.  The multipliers bi of bipolar
moments in g0 and g2 depend on the LIF excitation geometries
shown in Fig. 6(b) and the rotational branch in the probed tran-
sitions.

As described below, the indices K, Q, k1, and k2 represent
the angular dependence of the correlated distribution, and thus
the physical meaning of each moment is clear if one recogniz-
es the meaning of the indices.  The bipolar moments in the v1

frame are the expectation value of the bipolar harmonics in the
v1 frame BQ

K(k1, k2; Ωv, Ωj), where, Ωv W (Θv, Φv) and Ωj W (Θj,
Φj) are the angles of v′ and j′ with respect to v1 [see Fig. 5(b)].
The bipolar harmonics BQ

K(k1, k2; Ωv, Ωj) are constructed from
Ck1q1(Θv, Φv)Ck2q2(Θj, Φj) in the v1 frame as those in the CM
frame shown in Eq. 5.  Here, k1 and q1 represent the angular
dependence of v′, while k2 and q2 represent that of j′.  The indi-
ces K and Q express the angular dependence of the correlated
angular distribution specified both by the k1 and k2.  As shown
in Eq. 5, the K and Q arise in summing up q1 and q2 with a 3–j
symbol and thus they are determined as the same way in the
addition of angular momentum vectors |k1 q1〉 and |k2 q2〉, i.e.,
|k1 − k2| � K � k1 + k2 and Q = q1 + q2.  For the linear polar-
ization photolysis experiment, only K = 0 and K = 2 appear in
the bipolar expansion and Q is restricted to zero (Q = 0 is the
consequence of cylindrical symmetry).  In addition, if the pho-
toinitiated reaction process is non-chiral, k1 and k2 are limited
to even values only.  Since g0 and g2 are associated with k1 = 0
and 2, respectively, the bipolar moments shown in Eqs. 7 and 8
are all the moments to be determined.  As recognized from the
angular dependence of spherical harmonics, K = 0 or ki = 0
(i = 1, 2) corresponds to an isotropic component while K = 2
or ki = 2 corresponds to an anisotropic component.  Thus, the
angular correlation corresponding to the v1 frame bipolar mo-

ments βQ
K(k1, k2; v′) can be summarized as follows (here, the ar-

guments v1 and v2 are omitted for simplicity): β0
0(0, 0; v′) = 1

(population), β0
2(2, 0; v′) = P2(cos Θv), β0

2(0, 2; v′) = P2(cos
Θj), and β0

0(2, 2; v′) = P2(cos Θvj), where Θvj is the angle be-
tween v′ and j′ [see Fig. 5(b)].  The β0

2(2, 2; v′) moment repre-
sents the P2(cos Θvj) dependent both on the P2(cos Θv) and
P2(cos Θj).  The β0

2(2, 2; v′) moment takes a positive value
when two of the v, v′ and j′ are parallel, while it takes a nega-
tive value when v, v′ and j′ are parallel all together or orthogo-
nal each other.  The bipolar moments with k1 = 0 appear in g0

and those with k1 = 2 appear in g2.  The moments with K = Q
= 0 are isotropic in the space and thereby they do not accom-
pany β in Eqs. 7 and 8.

C. Composite Doppler Profiles.    As shown by Docker,71

appropriate combinations of the Doppler profiles are com-
posed to facilitate the analysis.  The profiles measured in two
or three LIF excitation-detection geometries for two different
types of rotational transitions (P or R vs Q) give the composite
Doppler profile, D0

K(k1, k2; ν), which depends on a single bipo-
lar moment .  A simple example for j′ = 0 is
shown in Fig. 2(b).  In this case, the polarization of rotational
angular momentum is absent and thus the two profiles are
enough to obtain the composite profiles D0

0(0, 0; ν) and D0
2(2,

0; ν).  Prior to taking linear combinations of the observed Dop-
pler profiles, each profile is normalized according to the value
of the rotational alignment A0

(2) (Ref. 31) of the probed rotation-
al level:

(9)

where 〈...〉 represents the average over the product speed v′.
Since the integral of P2(x) over x = −1 to 1 equals zero, as rec-
ognized from Eqs. 6 and 7, the integrated area of the line pro-
file is proportional to b0 + 5b1A0

(2)/4.  Thus, A0
(2) is obtained

from the two integrated line intensities measured at different
polarization of the photolysis laser [geometries Ⅰa and Ⅱ in Fig.
6(b)].  Once A0

(2) is determined, the absolute intensity of each
Doppler profile is not necessary for the Doppler shape analy-
sis.

The details of the combinations to yield the adequate com-
posite Doppler profiles are listed in Table 1.  For example, the
composite Doppler profile of (Ⅰ + Ⅱ + Ⅲ)/3 for single rota-

βQ
K k k v( , ; )1 2 ′

βQ
K k k v( , ; )1 2 ′

β0 1 2
K k k v( , ; )′

A v0
2

0
22

5
0 2( ) ( , ; ) ,= ′β β

Table 1.   Combination and Weights of the Observed Doppler Profiles to Construct Composite Doppler Profiles

Geometry*
Intermediate composite Doppler 

profile

Weight factor**
Final composite 

Doppler profile***Q branch
P or R 
branch

(Ⅰ + Ⅱ + Ⅲ) q0D0
0(0, 0; ν) − q2D0

0(2, 2; ν)
−q2

PR q2
Q fD0

0(0, 0; ν)
−q0

PR q0
Q fD0

0(2, 2; ν)

Ⅲ − I 3q0D0
2(2, 0; ν) − q2D0

2(0, 2; ν)
−q2

PR q2
Q 3fD0

2(2, 0; ν)
−q0

PR q0
Q 6fD0

2(0, 2; ν)/5

Ⅲ − Ⅱ 3q0D0
2(2, 0; ν) + q2D0

2(2, 2; ν)
−q2

PR q2
Q 3fD0

2(2, 0; ν)
−q0

PR q0
Q −12fD0

2(2, 2; ν)/7

*Geometries Ⅰ, Ⅱ, and Ⅲ are those depicted in Fig. 6(b).  **The intermediate composite Doppler profile of
Q branch is multiplied by qPR, which appears in that of P or R branch, and vice versa.  The high-j limit val-
ues of q’s in 1 + 1 LIF of Σ–Π transition are q0

PR = 21/20, q0
Q = 9/10, q2

PR = −33/56, and q2
Q = 45/56.71

***The coefficient, f = q2
Q q0

PR − q2
PR q0

Q (f � 1.4 for high-j limit of Σ–Π transition).

1
3

6
5
12
7
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tional line is proportional to q0D0
0(0, 0; ν)−q2D0

0(2, 2; ν),
where the coefficients q0 and q2 are related to k2 = 0 and k2 =
2, respectively.  The important thing is that the q0 and q2 are
different between P (or R) branch and Q branch.  Thus, as
shown in Table 1, with the appropriate weight factors q0 and
q2, the addition of the two (Ⅰ + Ⅱ + Ⅲ)/3 profiles measured in
P (or R) branch and Q branch cancels D0

0(0, 0; ν) or D0
0(2, 2; ν).

Since the composite Doppler profile D0
K(k1, k2; ν) depends on a

single bipolar moment , thus obtained composite
profile is expressed as83

(10)

where aK = 1 for K = 0 while aK = β/2 for K = 2.  The physi-
cal meaning of D0

K(k1, k2; ν) is the same as that of
.  Thus, the composite Doppler profiles D0

0(0, 0;
ν) and D0

2(2, 0; ν) corresponding to the leading terms in g0 and
g2 are related to the LAB speed distribution (population) and
µ–v′ correlation (anisotropy), respectively.  Here, µ is the tran-
sition dipole vector in the first photolysis process at t = 0.  The
other three composite Doppler profiles reflect the polarization
of the product rotational angular momentum vector, j′: D0

2(0, 2;
ν) for µ–j′, D0

0(2, 2; ν) for v′–j′, and D0
2(2, 2; ν) for µ–v′–j′ cor-

relations.
D. Polarization-Dependent Differential Cross Sections

and the Angular Distribution in the CM Frame.    The cor-
related angular distribution function in the CM frame, P(ω t,
ωr), is expressed as the expansion in the modified spherical
harmonics Ckq(θr, φr):

(11)

The coefficient in Eq. 11, (1/σ) dσkq/dω t, is polarization-de-
pendent differential cross section (PDDCS),78,83 where σ is the
integral cross section of the state-to-state reaction and normal-
izes the PDDCSs.  The PDDCS is the angular momentum po-
larization expressed by the spherical tensor of rank k and com-
ponent q differentiated by scattering angle ω t.  For example,
dσ00/dω t represents the ordinal differential cross section (k–k′
correlation) and dσ2q/dω t represents the anisotropic compo-
nent of j′ with respect to ω t.

Aoiz et al. have shown the relationship between the bipolar
moments  in the v1 frame and the PDDCSs in the
CM frame.83  As easily recognized, dσ00/dω t appears in

 while dσ2q/dω t’s appear in all the polarization-de-
pendent moments, , , and .
As described in the next subsection, based on this relationship,
dσkq/dω t’s are determined by fitting all the D0

K(k1, k; ν) profiles
simultaneously.

The angular distribution function P(ω t, ωr) contains the
complete information of the correlated angular distribution.
However, the resolution of the present Doppler experiments is
not so high as to discuss the angular distribution of j′ depen-
dent on the scattering angle.  Thus, in the present review, the
average angular distribution function P(θr, φr), which is ob-
tained by integrating P(ω t, ωr) over the scattering angle ω t, is
used to discuss the stereodynamics of bimolecular reactions:

(12)

where

(13)

As shown in Fig. 7, the azimuthal angle φr represents the angle
between j′ and the k–k′ plane since the k–k′ plane coincides
with the xz plane by putting φt = 0.83  Thus, the P(θr, φr) ex-
presses the scattering angle average of j′ distribution with ref-
erence to the k vector and the k–k′ plane.  Furthermore, the in-
tegration of the P(θr, φr) over the appropriate azimuthal angle
yields the angular distribution function P(cos θr) and P(cos θtr)
representing the k–j′ and k′–j′ correlation, respectively, where
θtr is the angle between k′ and j′.  These angular distribution
functions are also utilized to discuss the reaction dynamics.

E. The Fitting Procedure.    The set of PDDCSs is deter-
mined from the least-squares fitting.  The experimental com-
posite Doppler profiles D0

K(k1, k; ν) are fit with the linear com-
bination of the basis functions B0

K(k1, k; ν; fT, cos θt; q):

(14)
The basis functions B0

K(k1, k; ν; fT, cos θt; q) represent the con-
tribution of the rank k and component q of the PDDCSs, (1/σ)
dσkq/dω t, to D0

K(k1, k; ν).  The basis functions are resolved into
a specific CM scattering angle θt and the fraction of the avail-
able energy (excluding the internal energy of the observed
product) released into the product CM translational energy, fT.
For the PDDCSs independent of the rotational angular mo-
mentum polarization (k = 0), fT distribution and scattering an-
gle distribution dσ00/dω t are determined by simultaneously fit-
ting D0

0(0, 0; ν) and D0
2(2, 0; ν).  For those dependent on the ro-

tational angular momentum polarization (k = 2), dσ2q/dωt’s
are determined by simultaneously fitting D0

2(0, 2; ν), D0
0(2, 2;

ν), and D0
2(2, 2; ν).

Figure 8 demonstrates an example of the basis functions for
k = 0, B0

0(0, 0; ν) and B0
2(2, 0; ν), corresponding to the speed

distribution and spatial anisotropy, respectively.  The examples
are calculated for the OH(2Π3/2, v′ = 2, j′ = 5.5) products of
O(1D) + H2O reaction, which is presented in Sec. Ⅳ. B.  The
OH products are scattered into the sphere whose radius is wOH

W |wOH| and the sphere is divided into the rings with the equal
interval in d(cos θt).  These basis functions are obtained after
the integration over the magnitude and orientation of vO, vRH,
and wOH, i.e., the angle between the velocity vectors of O(1D)
and H2O, the speed distributions of O(1D) photofragment and
thermal H2O, the azimuthal angle of CM recoil vector of OH
around the relative velocity vector k, and the CM recoil energy
depending on the collision energy and fT.  In calculating vO, the
effect of thermal motion of precursor N2O is taken into ac-
count.  The basis functions in Fig. 8 are those for fT = 0.9 and
similar basis functions are prepared for other fT’s.  As can be
recognized from Fig. 8, the shapes of the basis functions
change with the scattering angle.  It is therefore possible to de-
termine the product speed distribution and scattering angle dis-
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tribution, even with the considerable averaging in this bulb ex-
periment.  As for the basis functions for the speed distribution,
B0

0(0, 0; ν), the forward scattered products (cos θt > 0) are fast-
er and detected as a fat Doppler profiles, while the backward
scattered products are slower and detected as a thin profiles.
The anisotropy components, B0

2(2, 0; ν), of forward scattered
products are positive for large Doppler shifts and negative for
small Doppler shifts.  This type of shape is obtained when the
Doppler profiles measured at geometry Ⅲ (εεεεp ‖ ka) is wider
than that measured at geometries Ⅰ and Ⅱ (εεεεp ⊥ ka) [see Fig.
6(b) and Table 1].  The B0

2(2, 0; ν) of the most forward scatter-
ing is close to that of O(1D) atoms since forward scattered
products fly along the initial O(1D) atom velocity, vO, in the
LAB frame.  The anisotropies of sideways scattered products
(cos θt � 0) are nearly zero since such directions make the
magic angle of P2(cos ΘO-OH), where ΘO-OH is the angle be-
tween vO and vOH.  This means the difference in geometries Ⅰ,
Ⅱ, and Ⅲ is small.  By contrast, the backward scattered prod-
ucts (cos θt < 0) fly perpendicular to vO and thus their
anisotropies have opposite sign against that of forward compo-
nents.  In this case, Doppler profiles are wider in geometries Ⅰ
and Ⅱ than in geometry Ⅲ.  The set of coefficients ckq(fT, cos θt)
determined by the fitting procedure represents the set of fT-re-
solved scattering angle dependences of PDDCSs.  In this
study, the fT-integrated PDDCSs are mostly used to discuss the
reaction dynamics.  The integration of fT-resolved DCS over
cos θt gives a fT distribution, which correlates with the internal
energy distribution of the sibling products.  The fT region rang-

ing from 0.0 to 1.0 was divided into several bins, while the re-
gion of cos θt ranging from −1.0 to 1.0 was divided into 10
bins.  Several tens of basis functions were thereby used for the
least-squares fitting.  We carefully confirmed that, within sta-
tistical uncertainties, the fT-integrated DCSs did not depend on
the number of the basis functions used for the analysis.

For the preparation of the basis functions, the knowledge of
the recoil velocity distribution and translational anisotropy of
O(1D) and O(3P) is required.  For O(1D) produced from the 193
nm photodissociation of N2O,139,140 the recoil velocity distribu-
tion of O(1D) reported by Felder et al.139 was used.  The recoil
energy of O(1D) is centered at 68 kJ/mol with FWHM of 25 kJ/
mol and the average translational anisotropy is 0.48.139  As de-
scribed in elsewhere,102 the recoil speed dependence of β141–143

was taken into account.  For O(3P) produced from the NO2

photodissociation, the speed distributions of O(3P) were de-
rived from the internal state distributions of the NO products
reported by Zacharias et al.,144 by considering the energy con-
servation.  The translational anisotropy parameter β of O(3P)
was evaluated by measuring the Doppler profiles of the sister
fragment NO(v′ = 0–2) for several rovibrational levels.  The
rovibrational-level dependent β values were 0.64–0.86 for 308
nm and 0.30–0.52 for 351 nm photolysis.120  We used the aver-
age value of the β in the analysis of O(3P) reactions and this
approximation is supported by the study of NO2 photodissocia-
tion.145  We carefully confirmed that the variation of average β
within the observed range did not produce any qualitative dif-
ference in the DCS.  The orbital alignment of O(1D2) observed
in the recent studies141–143,146 were not taken into account since
the orbital alignment in the LAB frame is expected to be
blurred due to the substantial averaging in the CM frame under
the bulb experiment condition in this study.

The fitting procedure with non-orthogonal basis functions as
attempted in this study has one of the notorious problems giv-
ing an unphysical solution in numerical analysis.  To avoid this
problem, we used the singular value decomposition method,147

which generates a set of orthogonal basis functions from a set
of original non-orthogonal functions.  Furthermore, a maxi-
mum-entropy method147 was utilized for eliminating physical-
ly meaningless solutions such as negative values of c00(fT, cos
θt) representing the product fT-resolved DCS.  Most analyses
were carried out with the assumption that the reaction proba-
bility and the set of PDDCSs did not depend significantly on
the initial translational energy (i.e., the collision energy) of the
reactants.  The only exception was the O(3P) and hydrocarbon
reaction, where the excitation function reported in Ref. 148
was taken into account.

Ⅳ. Stereodynamics of O(1D) and O(3P) Reactions

A. O(1D) + Hydrocarbons.    Reactions of an excited oxy-
gen atom, O(1D), with hydrocarbons (RH) yielding OH radi-
cals play important roles in combustion and atmospheric
chemistry:

O(1D) + RH → OH(2Π) + R. (15)

For saturated hydrocarbons, the exothermicity of this product
channel is �200 kJ/mol and the alcohol intermediate locates
�500 kJ/mol below the reagents.60  The reactions with

Fig. 8.   The example of the basis functions to determine fT

distribution and scattering angle distribution.  These distri-
butions are obtained by simultaneously fitting D0

0(0, 0; ν)
and D0

2(2, 0; ν) with the basis functions B 0
0(0, 0; ν) and

B0
2(2, 0; ν), respectively.  The former corresponds to the

speed distribution and the latter corresponds to the anisot-
ropy of the products.  The basis functions are calculated for
the finite area of scattering sphere divided into the 3D rings
with the equal interval in d(cos θt).  The figures numbered
for the basis functions correspond to that numbered for the
rings.  The shaded area represents the ring of No. 4.  The
examples are calculated for the OH(2Π3/2, v′ = 2, j′ = 5.5)
products of O(1D) + H2O reaction with fT = 0.9.  These
basis functions are obtained after the integration over the
magnitude and orientation of vO, vRH, and wOH.  Note that
the shapes of the basis functions change with the scattering
angle even with such integration.
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saturated hydrocarbons have been well characterized by the
studies on product identification,149–151 product-state distri-
butions,152–157 and scattering angular distribution.88–90,110,158,159

These studies suggest that the insertion of the O(1D) atom into
a C-H bond forming an alcohol intermediate is dominant.  The
OH products are rovibrationally more excited than the statisti-
cal expectation.  However, rotationally cold OH products espe-
cially in v′ = 0 populate more significantly in the larger hydro-
carbon reactions.  In the rotational surprisal analysis (see e.g.,
Refs. 1–3), this trend shows a bimodal feature where the low-j′
levels are colder than the statistical distribution while the high-
j′ levels are hotter than the statistical one.152,154  This bimodali-
ty has been considered to suggest the possibility of the partici-
pation of two different mechanisms, each yielding either low-j′
or high-j′ component.  Luntz proposed that these two compo-
nents correspond to the abstraction (low j′) and insertion (high
j′).152  By contrast, Park et al. proposed the non-direct insertion
(low j′) and direct insertion (high j′) mechanisms.154  Thus, the
origin of two components has been an intriguing point of these
reactions.

We have measured the Doppler profiles of the low-j′ ( j ′ =
6.5) and high-j ′ ( j ′ = 13.5) levels of the OH(2Π1/2, v′ = 0)
products to compare the DCS.101,105  The j′ = 6.5 and j′ = 13.5
levels correspond to the major levels in the population of the
low-j′ and high-j′ components, respectively, in the surprisal
analysis.154  If the mechanisms between the two components
are so different, the difference is possible to manifest in the
DCS.  The observed composite Doppler profiles, D0

0(0, 0; ν)
and D0

2(2, 0; ν) of the j′ = 13.5 level of C2H6 reaction101

O(1D) + C2H6 → OH(2Π) + C2H5

∆H°(0) = −195 kJ/mol (16)

is shown in Fig. 9.  In this reaction, the population of j′ = 6.5
level is slightly higher than that of j′ = 13.5 level.  The smooth
solid lines in Fig. 9 represent the best fits and Fig. 10 shows
thus determined fT-integrated DCSs.  Here, θt is the angle be-
tween k and k′, i.e., the CM scattering angle (see Fig. 7).
Figure 10 indicates that the DCSs for the OH( j ′ = 6.5) and OH
( j ′ = 13.5) are very close and have substantial intensities over
the whole angular range, with slight preferences for backward
scattering (cos θt < 0).  As briefly reviewed above, the bimodal
features in the rotational surprisal analysis for the saturated hy-
drocarbon reactions are more evident for the large hydrocarbon
reactants.152,154  For C3H8 reaction,

O(1D) + C3H8 → OH(2Π) + C3H7

∆H°(0) = −193 kJ/mol, (17)

the surprisal analysis shows that about 80% of j′ = 6.5 prod-
ucts are regarded as the cool low-j′ component.152,154  In this re-
action, the population of j′ = 6.5 level is almost twice that of
j ′ = 13.5 level.  The observed DCSs of the OH(2Π1/2, v′ = 0)
products in j′ = 6.5 and j′ = 13.5 levels of C3H8 reaction105 are
also similar and nearly isotropic as observed in the C2H6 reac-
tion.  Based on the traditional interpretation on a nearly isotro-
pic DCS as observed here, the lifetimes of the intermediate
complexes are comparable to or longer than at least a half rota-
tional period; the estimated rotational period ranges from a few

hundred femtoseconds to a few picoseconds, depending on the
impact parameters.  The observed DCSs suggest that both the
cool low-j′ and hot high-j′ components originate in the inser-
tion mechanism.  Thus, the participation of the rebound ab-
straction mechanism giving backward scattered products in the

Fig. 9.   The composite Doppler profiles for the product
OH(2Π1/2, v′ = 0, j′ = 13.5) generated from the reactions
of O(1D) with C2H6: (a) D0

0(0, 0; ν) (�) and (b) D0
2(2, 0; ν).

Smooth solid lines are the best fits used for extraction of
the product DCS and fT distribution.

Fig. 10.   The DCSs averaged over the recoil energy of the
OH(2Π1/2, v′ = 0, j′) products for the reactions of O(1D)
with C2H6: j′ = 6.5 (�) and j′ = 13.5 (�).  Error bars cor-
respond to ±1σ.
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low-j′ component proposed by Luntz152 is not likely.  On the
other hand, if the direct and non-direct insertion mechanism
proposed by Park et al.154 is true and the direct insertion is
prompt enough, an anisotropic DCS could be expected for
high j′.  However, the observation shows that the two types of
the insertion mechanisms, even if operative, do not differ in
DCS.  This suggests that the difference in the mechanism be-
tween low-j′ and high-j′ components is not as simple as Park et
al. proposed.  Park et al. considered the non-direct insertion
mechanism of low-j′ component as statistical since this cool
low-j′ component decreases with OH(v′) and its dependence on
v′ agreed with the vibrational distribution of OH obtained from
a simple RRKM estimation.154  However, the rotational distri-
bution of low-j′ component is too cool as compared with the
statistical distribution.  Thus, the mechanism of this insertion
reaction has not been established yet.

As for the rotational angular momentum polarization, Fig.
11 shows the set of observed composite Doppler profiles, D0

2(0,
2; ν), D0

0(2, 2; ν), and D0
2(2, 2; ν) of the product OH(j′ = 13.5)

in the C2H6 reactions.  The smooth solid lines in Fig. 11 repre-
sent the best fits in the analysis of the rotational angular mo-
mentum polarization.  Figure 12(a) shows thus obtained angu-
lar distribution functions P(θr, φr) representing the angular cor-

relation among k, k′ and j′ derived by using Eq. 12.  Here, θr is
the polar angle between k and j′, and φr is the dihedral angle
between the k–k′ plane and k–j′ plane (see Fig. 7).  In Fig.
12(a), P(θr, φr) shows two distinct peaks near (θr, φr) = (90°,
90°) and (90°, 270°).  These peaks correspond to the angular
correlation where j′ is simultaneously perpendicular to the k
vector and the k–k′ plane.  The OH(2Π1/2, v′ = 0, j′ = 13.5)
products of the CH4 and C3H8 reactions similarly have peaks
perpendicular to k–k′ plane.  The correlation of j′ ⊥ k–k′
plane means that the POR of the OH products coincides with
the k–k′ scattering plane.  Since the incoming orbital angular
momentum (� 50ħ) is large compared with the rotational an-
gular momentum of the hydrocarbons (� 10ħ), this orbital mo-
tion determines the POR of a collision complex.  Thus, the j′
⊥ k–k′ correlation is produced when the C–O–H plane lies in
this plane and the in-plane C–O–H bending motion generates
the OH rotation.  In this case, the k–k′ scattering plane coin-
cides with the POR of the collision complex and that of OH.  It
is highly probable that the H atom in the C–O–H moiety lies in
this rotational plane since the deep potential well attracts the
O(1D) atom to the center of the C-H bond.  Thus, it can be con-
sidered that the prominent peaks at (θr, φr) = (90°, 90°) and
(90°, 270°) support the insertion mechanism suggested by the
isotropic DCS and the previous studies.152,154–157  It should be

Fig. 11.   The composite Doppler profiles for the product
OH(2Π1/2, v′ = 0, j′ = 13.5) generated from the reaction of
O(1D) with C2H6: (a) D0

2(0, 2; ν), (b) D0
0(2, 2; ν), and (c)

D0
2(2, 2; ν).  Smooth solid lines are the best fits in the anal-

ysis of the rotational angular momentum polarization.

Fig. 12.   Angular distribution functions representing polar-
ization of the rotational angular momentum vector j′ for
the product OH(2Π1/2, v′ = 0, j′ = 13.5) generated from the
reactions of O(1D) with C2H6 and C2H4: (a) the polar plots
of P(θr, φr) representing the angular correlation between j′
and the collision plane for the reactions of O(1D) with
C2H6, (b) the polar plots of P(θr, φr) for the reaction of
C2H4.
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noted that the insertion mechanism does not mean the com-
plete randomization within a complex.  As observed here, the
origin of OH rotation is strongly correlated to C–O–H bending
motions.  In contrast to the j′ = 13.5 products, the rotational
angular momentum polarization of j′ = 6.5 products is not
strong and depends on the Λ doublets.  It suggests that the in-
plane torque participates to generate low j′ products and the
nonadiabatic exit channel interaction depending on the Λ-dou-
blet levels is operative.  However, the high j′ levels are domi-
nant in these reactions152,154 and thus the contribution of the C–
O–H bending motion is considered to be significant for these
reactions.

In the above discussion, one should be careful whether the
high and broad collision energies (〈Ecol〉 � 50 kJ/mol and
FWHM � 35 kJ/mol) of our experimental condition affect the
reaction mechanism severely or not.  We have confirmed that
the bimodal features in the rotational distributions are ob-
served in our high collision energy conditions.  The detailed
analysis of the PDDCSs shows that the fT distribution and rota-
tional angular momentum polarization are very similar in the
backward and forward scattering components.  Thus, it is not
highly plausible that the observed isotropic angular distribu-
tion is comprised of backward-scattered abstraction and for-
ward-scattered stripping both in the peripheral region, since
these two mechanisms do not necessarily behave in the same
way.  Another problem associated with the high collision ener-
gies are the participation of the excited state surfaces.  It has
been turned out that the contribution of the excited state sur-
face becomes significant for the collision energies larger than
10 kJ/mol in O(1D) + H2 reaction.50–52  The excited state sur-
faces originate in the five-fold degeneracy of O(1D2) atom and
thus the contribution of the excited states will be general for
O(1D) atom reactions.  The O(1D) + H2 reaction have some
similarities to the O(1D) + RH reactions for the feature of the
ground state PES and the product OH state distribution.  In the
O(1D) + H2 reaction, the excited states yield the vibrationally
highly excited and rotationally very cold OH products since
the excited surfaces have collinear saddle point and the main
pathway is the abstraction of H atom with strong backward
scattering.  If the dynamics of the excited states are also simi-
lar between the O(1D) + H2 and O(1D) + RH reactions, the ef-
fects mostly manifest in the products in the high v′ and low j′
levels.  Thus, the observed correlation of j′ ⊥ k–k′ for the
OH(v′ = 0, j′ = 13.5) can be considered to represent the dy-
namics on the ground state PES.

A recent quasi-classical trajectory (QCT) study on the
O(1D) + CH4 reaction with an ab initio PES showed that the
reaction takes place almost exclusively through the insertion
pathways.160,162  In this QCT study, the lifetimes of the colli-
sion complexes are estimated from the time evolution of the
trajectories though the calculation was performed under the O–
H–(CH3) triatomic approximation, where the calculated life-
time cannot be considered strictly accurate.  The lifetimes
range from 0.04 to 2.00 ps and the average value is 0.20 ps.
The average rotational period of the intermediate complex of
this reaction is estimated to be a few hundred fs from the aver-
age collision condition used in this study.  Compared with this
average rotational period, some of the trajectories in the QCT
calculation spend a very short time as the intermediate com-

plexes.  It should be noted that these short-lived trajectories do
not correspond to direct stripping or abstraction in the periph-
eral region, since these trajectories also exhibit the formation
of the C–O–H bond.160,161  Therefore, these short-lived inser-
tion trajectories also contribute to the observed nearly isotropic
DCSs.  A plausible explanation is as follows.  The short-lived
collisions with large impact parameters are scattered forward
and those with small impact parameters are scattered backward
as in the hard-sphere elastic collision.  Irrespective of the im-
pact parameters, these reactive collisions pass once through the
C–O–H configuration of alcohol-type potential well.  Even
though the lifetime is short, the transient C–O–H configuration
generates the in-plane bending torque and thus the rotational
angular momentum polarization of j′ ⊥ k–k′ plane is com-
monly observed, irrespective of the scattering angle.  In this
picture, the lifetimes of such short-lived insertion of forward-
scattering trajectories correspond to the time required to pass
the C–O–H region.  By contrast, the backward-scattering tra-
jectories of short-lived insertion will exhibit the prompt flip
from the collinear O(1D)–H–CH3 geometry to the HO–CH3 ge-
ometry.  As a support of this picture, an ab initio calculation of
O(1D)–CH4 surface suggested the strong possibility of off-axis
O atom migration to form the stable CH3OH structure after
passing a very low potential barrier in the collinear O(1D)–H–
CH3 approach.163

Compared with saturated hydrocarbon reactions, less atten-
tion has been paid to the reactions with unsaturated hydrocar-
bons.  The insertion pathway was suggested as the dominant
mechanism from a product analysis observing stabilized keto-
type species in O(1D) reaction with C3H6 (Ref. 164) and a rov-
ibrational state measurement for O(1D) and C2H4 reaction.165

The reaction of O(1D) with the smallest unsaturated hydrocar-
bon, C2H4,

O(1D) + C2H4 → OH(2Π) + C2H3

∆H°(0) = −166 kJ/mol (18)

has been exploited by the measurement of OH internal state
distributions.165  The rovibrational state distributions and a
preferential population of the Π(A′) Λ-doublet component are
also quite similar to that observed in the reaction of
C2H6.152,154,156,157  This similarity between the C2H4 and C2H6

reaction suggests that a similar mechanism is dominant in both
reactions.  We have performed the Doppler analysis for the
O(1D) + C2H4 reaction for OH(2Π1/2, v′ = 0, j′ = 6.5, 13.5)
products.  The DCSs of the OH(j′ = 6.5) and OH(j′ = 13.5) in
the C2H4 reaction are very similar to those in the C2H6 reaction
shown in Fig. 10.  More interesting is the angular distribution
of j′, P(θr, φr), plotted in Fig. 12(b).  For C2H4 reaction, al-
though the global feature of the P(θr, φr) is similar to that of the
C2H6 reaction, the peaks at (θr, φr) = (90°, 90°) and (90°, 270°)
are weaker than those in C2H6 reaction.  To clarify the origin
for this difference, the k′–j′ angular distributions, namely,
P(cos θtr), are plotted for both the reactions in Fig. 13.  The k′–
j′ correlations of both reactions are quite similar and clearly
peaked at cos θtr = 0, i.e., j′ ⊥ k′.  Since the k′–j′ angular cor-
relation is determined only in the exit channel, the C–O–H
bending motion in the alcohol-type intermediate complex is
considered to dominate the product rotation also in the C2H4
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reaction.  The common origin of the product rotation in both
reactions is consistent with the similarity of the rotational dis-
tributions between these two reactions reported in the previous
studies.152,154,156,157,165  For the C2H4 reaction, the weak angular
correlation between j′ and k–k′ plane together with the strong
k′–j′ correlation implies the weak k–j′ correlation.  The weak
k–j′ correlation in C2H4 reaction suggests the weak spatial re-
lation between the incident velocity vector of the oxygen atom
(k) and the C–O–H plane, which determines the plane of OH
rotation.  In the C2H4 reaction, the aspect of dynamics after the
insertion different from the C2H6 reaction is the presence of the
tautomerization process, where the direct 1,3-H atom shift
from the O atom to the β-C atom in the vinyl alcohol complex
yields acetaldehyde.  In this process, a relatively large change
of the C–C–O angle to let the migrating H atom come close to
the β-C atom is necessary and such motions cause some move-
ment of the C–O–H plane relative to the incident direction of
the oxygen atom.  Therefore, the weak k–j′ correlation ob-
served for the C2H4 reaction indicates that the OH formation
occurs during the tautomerization from vinyl alcohol to acetal-
dehyde.  As another pathway in ethylene reaction, the ethylene
oxide produced by O(1D) insertion into CwC bond may be a
possible intermediate.  The ethylene oxide was suggested to lo-
cate �800 kJ/mol below the reactants.166  In spite of such large
stability, this type of adduct was not observed in the high-pres-
sure product analysis for O(1D) reaction with C3H6.164  The
possibility of the formation of this adduct can not be ruled out
if the OH products were finally produced from the alcohol in-
termediate.  However, the adduct formation is not expected to
be highly plausible for H atom abstraction from this adduct
since the dynamical constraint of this pathway is considered to
be weak to yield the k′–j′ correlation as strong as the O(1D) +
C2H6 reactions.

B. O(1D) + H2O.    The reaction of O(1D) with H2O has a
large rate constant (2.2 × 10−10 cm3 molecule−1 s−1)60 and
produces two OH radicals:

O(1D) + H2O → OH(2Π) + OH(2Π)
∆H°(0) = −120 kJ/mol (19)

This reaction is the major source of OH radicals in the strato-

sphere.  The possible intermediate of this reaction is HOOH,
which locates 328 kJ/mol below the reactant species.  The two
OH product molecules produced from this reaction are chemi-
cally identical, but their origins are distinctly different, i.e.,
“new” OH formed in the reaction and “old” OH present in the
H2O reagent from the beginning.  This reaction has been stud-
ied with isotopically labeled H2

18O reagents to distinguish the
two types of OH products.113,167–176  From the product-state
distribution measurements, it has been found that the newly
formed 16OH is vibrationally and rotationally much more ex-
cited than the old 18OH.  However, as seen in the hydrocarbon
reactions, it is also intriguing to determine whether this reac-
tion proceeds via the direct abstraction, stripping or insertion
pathway.  The asymmetric energy partitioning between the
chemically identical product species has invoked an idea of the
direct mechanism113,167–170,172–176 such as abstraction or strip-
ping.  This idea is based on the traditional concept; the inser-
tion mechanism causes the energy randomization within the
stable complex and does not yield the asymmetric energy par-
titioning.  As opposed to such speculation, Cleveland et al. pro-
posed a short-lived insertion mechanism.171

In addition to the product-state distribution measurements,
King et al. attempted a Doppler study.113  However, they only
measured the linewidths of the Doppler profiles and did not an-
alyze the Doppler line shapes.  The full analysis of the Doppler
profiles is therefore needed and we have reexamined this reac-
tion for OH(2Π3/2, v′ = 2, j′ = 5.5) products to selectively ob-
serve the newly formed OH.102  This selection is possible for
isotopically unlabeled normal H2O reagents used in this study
since the previous works reported that the amount of the old
OH in v′ = 2 was negligible.171,172

Figure 14 shows the composite Doppler profiles D0
0(0, 0; ν)

and D0
2(2, 0; ν).  The total DCS averaged over the whole fT re-

gion is displayed in Fig. 15.  The DCS has substantial intensi-
ties over a wide angular range, with slight preference for back-
ward scattering.  This result cannot be predicted either from
the direct abstraction mechanism yielding backward-peaking
DCS or from the direct stripping mechanism yielding forward-
peaking DCS.  Figure 16 shows the CM angular distribution
function of j′, P(θr, φr).  The overall pattern of the P(θr, φr) for
O(1D) + H2O reaction is very similar to that observed for
O(1D)–hydrocarbon reactions [see Fig. 12(a)].  The two peaks
near (θr, φr) = (90°, 90°) and (90°, 270°) again imply that j′ is
predominantly perpendicular to the k–k′ plane.  This prefer-
ence is explained from the HOOH collisional complex forma-
tion and a primary contribution of the bending motion of the
H–O–O moiety to the product rotation.  A detailed analysis of
PDDCSs shows that the product OH scattered both in the for-
ward and backward hemispheres exhibit almost the same P(θr,
φr).  This suggests that, irrespective of the scattering angle, the
reaction is dominated by the same mechanism.  Therefore, as
discussed in the O(1D)–hydrocarbon reactions, the nearly iso-
tropic DCS most probably indicates that the reaction proceeds
via an insertion pathway involving the formation of an inter-
mediate HOOH complex which survives for a time comparable
to its rotational period.  As noticed for O(1D)–hydrocarbon re-
actions, to discuss the reaction mechanism, one should be care-
ful whether the high collision energy of the current condition
affect the stereodynamics or not, since the OH(v′ = 2, j′ = 5.5)

Fig. 13.   The angular correlation between j′ and the relative
velocity vector of the products, k′ of the O(1D) with C2H4

and C2H6 reactions.
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product is in the highest vibrational channel and in a relatively
low rotational level, where the contribution of exited surfaces
is expected to be large.  However, the contribution of excited
state surfaces for this product channel is considered to be very
little since the observed DCS and P(θr, φr) differ those of re-
bound abstraction.  Furthermore, the similar trend of the peak
at j′ ⊥ k–k′ plane is observed for OH(v′ = 0, j′ = 19.5) prod-

ucts.  In this level, the new OH populates three times as the old
one.  Thus, the dominance of the bending motion as the origin
of the OH rotation is not specific for OH(v′ = 2, j′ = 5.5) prod-
ucts and it can be observed for both OH products.  Sayós et al.
have recently performed QCT calculation under the H–O–
(OH) triatomic approximation and presented good agreement
with our conclusion.  The calculation shows that nearly all the
reactive trajectories take place through the insertion mecha-
nism and the k–j′ and k′–j′ correlations peak at 90°.177  They
have also calculated the minimum energy path (MEP) of this
reaction.178  In their ab initio MEP, the H2O2 intermediate is
formed through a symmetric H2O–O(1D) minimum and breaks
into OH products.  Large H–O–O bending torque throughout
this MEP is clearly consistent with our conclusion.

C. O(1D) + N2O.    The reaction of O(1D) with N2O has a
large rate constant �10−10 cm3 molecule−1 s−1 (Ref. 60) and
yields two NO product molecules:

O(1D) + N2O → NO(2Π) + NO(2Π)
∆H°(0) = −343 kJ/mol (20)

This channel is one of the key reactions in atmospheric
chemistry especially for the NOx cycle of the ozone depletion.
The branching ratio between this channel and the N2 + O2

channel was reported to be almost unity, with a slight domi-
nance of the NO + NO channel.60  The dynamics of this highly
exothermic reaction has attracted much interest and has been
extensively studied by measuring the product internal state
distributions179–185 and vector properties.85–87  Although there
were some discrepancies between the reported rovibrational
distribution, substantial rovibrational excitation of the NO
products has been observed.  As seen in the O(1D) + H2O reac-
tion, the two NO products of this reaction are generated from
distinctly different origins: the “new” NO and “old” NO.  Aka-
gi et al. have recently determined the full vibrational distribu-
tions of NO(v′ = 0–17) and the relative ratio between the new
and old NO products by using isotopically labeled re-
agents.183,184  The results show that the old NO peaking at v′ =
0 monotonically decreases with v′ and the new NO peaking
around v′ = 1 is broadly distributed in the v′ < 10 region.  In
high vibrational levels v′ > 10, the new NO products populate
more than the old ones.  The difference in the vibrational dis-

Fig. 14.   The composite Doppler profiles for the product
OH(2Π3/2, v′ = 2, j′ = 5.5) generated from O(1D) + H2O
reaction: (a) D0

0(0, 0; ν) (�) and (b) D0
2(2, 0; ν) (�).  The

smooth solid lines are the best fits in the Doppler analysis.

Fig. 15.   The DCS averaged over the whole fT region for the
product OH(2Π3/2, v′ = 2, j′ = 5.5) generated from O(1D)
+ H2O reaction.  The error bars correspond to ±1σ.

Fig. 16.   Polar plots of P(θr, φr) representing the angular dis-
tributions of the rotational angular momentum vector of
the product OH(2Π3/2, v′ = 2, j′ = 5.5) generated from
O(1D) + H2O reaction.
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tribution of the new NO and old NO is evident.  However, the
difference is not significant and the population of the new NO
in the v′ > 10 level is almost the same as that of the old NO in
the v′ − 1 level up to the energetic limit of the exothermicity.
The rotational energy distribution of the NO(v′ = 0) is de-
scribed with a Boltzmann distribution of Trot � 10000 K.  A
comparison with a prior distribution shows that the rotational
distribution of the nascent NO(v′ = 0) is close to the statistical
distribution.103,186  Furthermore, the rotational distributions of
the two types of NO products were very similar.187  All these
results suggest that energy randomization between the two
types of NO occurs to a considerable extent.  For this reaction,
spectroscopically observed cis-planer NO dimer188,189 of near
rectangular shape is a possible intermediate species and this
ONNO minimum was shown to be on the MEP obtained by ab
initio calculation.190,191  However, the depth of the potential
well of the NO dimer, 8.5 kJ/mol,192 is considered too small to
induce the observed energy randomization.  Thus, the O(1D) +
N2O reaction gives an outcome which is quite puzzling from
the traditional considerations.

We have measured the state-resolved DCS and the rotational
angular momentum polarization of the product NO(v′ = 0).103

In the present study, although the two NO products are not iso-
topically distinguished, the observed NO(v′ = 0) products are
considered mainly as the “old” NO since the population of the
old NO in v′ = 0 was found to be three times larger than that of
the new NO.184  Figure 17 shows the observed composite Dop-
pler profiles D0

0(0, 0; ν) and D0
2(2, 0; ν) for the NO(2Π1/2, v′ =

0, j′ = 34.5).  Figure 18 presents the product CM translational
energy distribution obtained from the DCS analysis for Fig.
17.  The translational energy distribution is described as a
Boltzmann distribution with Ttrans � 13000 K and, though
slightly colder, roughly close to a statistical prediction as ob-
served for the rotational energy distribution.  The wide spread
of the translational energy distribution suggests that the sister
products of the observed NO(v′ = 0) distribute over various
rovibrational states.

The total DCS averaged over the recoil energy of the prod-
uct NO(2Π1/2, v′ = 0, j′ = 34.5) is shown in Fig. 19.  The DCS
shows substantial intensities over the whole angular range with
a slight preference for backward scattering.  A nearly isotropic
product DCS is ordinarily attributed to the long lifetime of a
collision complex comparable to or longer than its rotational
period.  If the intermediate of the reaction has a long lifetime,
the observed nearly statistical energy distributions of the prod-
ucts can be consistently understood.  However, since the O(1D)
+ N2O reaction is known to have no deep potential well, the
lifetime of the complex is not expected to be quite long.  For
the present reaction, a QCT calculation on a London–Eyring–
Polanyi–Sato (LEPS) surface was carried out and the result
suggested that the lifetime of the collision complex was at
most 1 ps, although the triatomic approximation was adopted
for the calculations.193  We estimated the rotational period of
the possible intermediate of the cis-planer ONNO complex190

to be about 1.8 ps by using the rotational constants of cis-NO
dimer194 and the average initial orbital angular momentum (�
50ħ) of the reactants.  The lifetime of the collisional ONNO
complex corresponds to about half of its rotational period and
cannot fully explain the nearly isotropic DCS obtained here.

The spread of scattering angle for the reaction which does not
involve a long-lived complex is usually related to the spread of
the impact parameters.  Since the total cross section of this re-
action is very large, collisions with wide range of impact pa-
rameters can contribute to the reaction.  Such wide spread of
opacity function generally gives rise to the scattering of the

Fig. 17.   Observed composite Doppler profiles for the prod-
uct NO(2Π1/2, v′ = 0, j′ = 34.5): (a) D0

0(0, 0; ν) (�) and (b)
D0

2(2, 0; ν).  Smooth solid lines in the two panels are best
fits in the Doppler analysis extracting the product DCS and
CM recoil energy distribution.

Fig. 18.   The CM translational energy distribution given to
the NO(2Π1/2, v′ = 0, j′ = 34.5) and its sister fragment (�).
Solid and dotted lines represent Boltzmann fit (Ttrans �
13000 K) and a prior distribution, respectively.  Error bars
correspond to ±1σ.  The distribution is, though slightly
colder, roughly close to a statistical prediction.
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products over a wide angular range, as also suggested in the
QCT calculation for the reaction O(3P) + CS → CO + S.96

We therefore attribute the nearly isotropic DCS to both the
wide range of impact parameters and the lifetime of the colli-
sion complex, comparable to half of its rotational period.

Figure 20 shows the observed composite Doppler profiles
D0

2(0, 2; ν), D0
0(2, 2; ν), and D0

2(2, 2; ν), reflecting the polariza-
tion of rotational angular momentum vector j′ of the NO(v′ =
0, j′ = 34.5).  The angular distribution function P(θr, φr) de-
rived from these composite Doppler profiles is shown in Fig.
21(a).  Distinctly different from the reaction of O(1D) with hy-
drocarbons or water, the P(θr, φr) plot is almost flat.  The iso-
tropic P(θr, φr) shows that there is no noticeable spatial angular
correlation between j′ and the k–k′ scattering plane.  In order
to examine this weak spatial correlation between j′ and the col-
lision plane in more detail, the distribution functions P(θr) and
P(θtr) representing the angular correlations of k–j′ and k′–j′,
respectively, are shown in Figs. 21(b) and (c).  These nearly
flat distribution functions imply that j′ is almost isotropic with
respect to both k and k′.  If the in-plane bending motion of the
N–N–O moiety contributes primarily to the product rotation, j′
should have a preference for the angular correlation perpendic-
ular to k′.  Therefore, the isotropic feature of k′–j′ correlation
indicates that both the in-plane and out-of-plane motions con-
tribute to the product rotation to almost the same degree.

As described above, we have found the nearly statistical ro-
tational and translational distributions and participation of both
the in-plane and out-of-plane motions of collision complex.
Furthermore, the vibrational energy distributions of two types
of NO products have been found to be closer to statistical pre-
diction than that generally expected from a direct reaction
process182,184 and the rotational distributions of two types of
NO products were suggested to be very similar.187  These re-
sults can be consistently interpreted if there was a quite effi-
cient energy redistribution in the complex within a very short
period.

As discussed in the previous subsections, O(1D) reactions
with hydrocarbons or H2O have shown nonstatistical behavior
in the product-state distribution.  The trend is consistent with
the dominance of the in-plane bending motion in the torque

generating the product rotation.  Although these reactions have
the deep potential well corresponding to the stable intermedi-
ate of alcohol or HOOH, the product-state distributions of
these reactions are not necessarily statistical.  In addition to
these reactions, H(2S) + CO2 → OH + CO, is also well known
to have the stable HOCO intermediate195 and exhibits rotation-
ally cold nonstatistical energy partitioning.196  The recent Dop-
pler study for this reaction performed by Brouard et al. have
shown the dominant contribution of out-of-plane torque to the
OH rotation.95  This result is also consistent with the specific
energy partitioning in this reaction.  As opposed to these non-
statistical reactions with stable intermediates, the O(1D) +
N2O reaction is rather statistical even without a deep potential
well.  Thus, different from the expectation traditionally written
in the textbooks of chemical reaction dynamics,1–4 the deep po-
tential well does not seem essential for efficient energy redis-
tribution.  Although the ordinary argument connects the effi-
ciency of energy randomization with the lifetime of the reac-
tive intermediate, the most essential condition for the energy
randomization is the strength of couplings among the internal
modes of the intermediate.

To consider the efficient energy flow in the O(1D) + N2O,
the difference between normal mode and local mode charac-
ters gives an invaluable hint.  For the molecules containing two
equivalent bonds with a common vibrational frequency, the en-

Fig. 19.   The DCS for the NO(2Π1/2, v′ = 0, j′ = 34.5) aver-
aged over the recoil energy.  Error bars correspond to ±1σ.
The DCS shows substantial intensities over the whole an-
gular range with a slight preference for backward scatter-
ing.

Fig. 20.   Observed composite Doppler profiles for the prod-
uct NO(2Π1/2, v′ = 0, j′ = 34.5): (a) D0

2(0, 2; ν), (b) D0
0(2,

2; ν), and (c) D0
2(2, 2; ν).  The smooth solid lines are the

best fits in the analysis extracting the product angular mo-
mentum polarization.
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ergy deposited in one bond flows into the other bond in a way
depending on the coupling between the two bonds.197  If the
equivalent bonds consist of a heavy central atom and a light
terminal atom (hydrogen) such as H2O and H2S, the molecular
vibration has a local mode character, where the two equivalent
vibrations are localized because of relatively weak inter-bond
coupling and the strong anhamonicity.197  On the other hand,
the molecules with heavy terminal atoms such as SO2 have the
large momentum coupling and exhibit a normal mode charac-
ter.  Since the ONNO system has the normal mode character
due to its mass combination, the efficient energy redistribution
in this system can be reasonably expected to occur.  The salient
features of the O(1D) + N2O reaction as compared with other
reactions mentioned above are the absence of light hydrogen
atoms.  As analyzed by Akagi et al., the presence of light atoms
considerably reduces the momentum coupling among the vi-

brational modes and significantly retards the energy redistribu-
tion.198  In contrast, the collision complex composed of only
heavy atoms possesses low-frequency vibrations to enhance
the density of states and large momentum couplings to facili-
tate the energy randomization.  Therefore, in the O(1D) + N2O
reaction, the initial energy deposited between the approaching
O(1D) atom and the terminal N atom of the reactant N2O can
flow efficiently into the other vibrational modes.  Although we
have discussed the energy randomization in terms of the nor-
mal mode picture and the inter-mode coupling, our suggestion
does not mean that the highly excited vibrational states of
ONNO system behave with the regular normal mode character.
What we intend to emphasize here is the feasibility of the ener-
gy flow in terms of the strength of the vibrational coupling.  In
the highly excited region near or above the bond-breaking
threshold, the normal mode picture does not hold and the level
structure becomes irregular.  However, it is very plausible that
the vibrational motions involving hydrogen atom in X–O–H
moiety will tend to be isolated from other modes, compared
with the heavy-atom system.

A recent high-level ab initio calculation has shown that a
sharp and deep potential well exists near collinear ONNO ge-
ometries and that the height of the exit barrier becomes smaller
as the O(1D)–N–N angle bends from linear.199,200  Since the
significance of the out-of-plane motion is suggested by the
present Doppler study, it is not obvious whether the near statis-
tical behavior is induced by the potential well found in the col-
linear region obtained by the calculation fixing NNO in the lin-
ear shape.199  A very recently demonstrated ab initio MEP cal-
culated by González et al. presents participation of trans and
cis ONNO pathways.191  This result is consistent with our ob-
servation of isotropic rotational angular momentum polariza-
tion of NO products.  The future development of the multi-di-
mensional surface and dynamics calculations will uncover the
ambiguities in this reaction.

D. O(3P) + Hydrocarbons.    The reactions of the electron-
ically ground-state oxygen atom, O(3P), with hydrocarbons
have been attracting great interest in combustion and atmo-
spheric chemistry.  Among these, the reactions with alkanes
(RH)

O(3P) + RH → OH(2Π) + R, (21)

have been intensively investigated by measuring the rate
constants58,201–203 and product internal state distribu-
tions148,204,205 as well as by QCT calculations.206,207  It is well
recognized that these reactions have activation barriers and no
stable intermediates.  From such features of PESs, the O(3P) +
RH reaction is expected to proceed via a direct pathway.

The OH products are rotationally very cold148,204 in contrast
to the O(1D) reaction with hydrocarbons.152,154  Andresen et al.
showed very good agreement between the observed OH rovi-
brational distributions148 and those obtained by QCT calcula-
tions on LEPS surfaces constructed for a simple C–H–O tri-
atomic model.206  The LEPS surfaces giving such agreement
favored tight collinear C–H–O configurations.  The QCT cal-
culation on this surface naturally predicted the backward scat-
tering of OH products with respect to the incident O(3P) atom.
This simple rebound mechanism has long been accepted to ac-

Fig. 21.   (a) Angular distribution function P(θr, φr) represent-
ing the polarization of the rotational angular momentum
vector, j′ for the NO(2Π1/2, v′ = 0, j′ = 34.5).  (b) Angular
distribution P(θr) representing the k–j′ correlation.  (c) An-
gular distribution P(θtr) representing the k′–j′ correlation.
The nearly flat angular distribution of j′ with respect to the
collision plane shown in (a) arises from the isotropic angu-
lar distribution of j′ with respect to both k and k′ shown in
(b) and (c), respectively.
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count for the cold OH rotational distribution.  The calculations,
however, approximated the reaction as a triatomic system and
neglected the structural features of the reactant hydrocarbons
as well as their internal degrees of freedom.  Such calculations
cannot describe the details of reaction dynamics properly al-
though the simple triatomic picture is still adopted in a recent
theoretical work.207

The type of C–H bonds in the RH is one of the important
factors governing the O(3P) + RH reaction dynamics, since the
exothermicity and activation barrier of these reactions depend
on the strength of the C–H bond.  The tertiary hydrogen reac-
tions are most exothermic and the primary ones are least exo-
thermic.  The activation barriers were estimated to be about 24,
18, and 14 kJ/mol for the abstraction of the primary, secondary,
and tertiary hydrogen atoms, respectively.201,202  The details of
the dynamics are therefore dependent on the C–H bond in-
volved.

In the present study, we have measured the DCSs of the OH
products in the reactions of O(3P) with saturated hydrocarbons
to directly examine the validity of the rebound mechanism,
which has been generally believed.120  The reaction dynamics
of the abstraction of a secondary hydrogen atom has been ex-
amined for the reaction of c-C6H12, whose hydrogen atoms are
all secondary ones,

O(3P) + c-C6H12 → OH(2Π) + c-C6H11

∆H°(0) = −35 kJ/mol. (22)

The DCSs for this reaction were measured at two different
conditions of collision energy distribution to investigate the
collision energy dependence.  To compare the dynamics of the
tertiary hydrogen reaction with that of the secondary hydrogen
reaction, we have examined the reaction of O(3P) with i-C4H10

O(3P) + i-C4H10 → OH(2Π) + t-C4H9

∆H°(0) = −42 kJ/mol (23a)

→ OH(2Π) + i-C4H9

∆H°(0) = −19 kJ/mol. (23b)

The contribution of the primary hydrogen reaction given in Eq.
23b is negligibly small especially in OH(v′ = 1) formation
since this channel possesses a high activation barrier and yields
very cold OH vibrational distribution.148  Thus, the detection of
OH(v′ = 1) in the i-C4H10 reaction extracts the features only
for the tertiary hydrogen-atom reaction given in Eq. 23a.  In
addition, by using the common O(3P) source, the i-C4H10 reac-
tion can be compared with the c-C6H12 reaction at almost the
same collision energy since the kinematic conditions of these
two reactions are very similar.

We utilized the photolysis of NO2 at 351 or 308 nm to pro-
duce O(3P) in different translational energies.  Figure 22 shows
the collision energy distributions employed in our experiment
for the reactions of O(3P) with c-C6H12 and i-C4H10.  These
collision energy distributions are calculated by integrating over
all the possible orientation and magnitude of vO and vRH of the
collisional encounter, including the effect of thermal motion of
precursor NO2.  The details are the same as described in Sec Ⅲ
for generating basis functions.  For the c-C6H12 reaction, the

photodissociation of NO2 at 351 and 308 nm provides different
collision energy distributions which have a mean collision en-
ergy of 〈Ecoll〉 = 12 kJ/mol with a spread of ∆Ecoll = 17 kJ/mol
in FWHM, and 〈Ecoll〉 = 33 kJ/mol with ∆Ecoll = 35 kJ/mol,
respectively.  For the i-C4H10 reaction, the photodissociation of
NO2 at 308 nm provides a collision energy distribution with
〈Ecoll〉 = 31 kJ/mol with ∆Ecoll = 35 kJ/mol.  Although the
whole analysis is performed with the convoluted collision en-
ergy distributions, we express the collision energy of each re-
action only by 〈Ecoll〉 for simplicity hereafter.

The observed composite Doppler profiles, D0
0(0, 0; ν) and

D0
2(2, 0; ν), for the OH(2Π3/2, v′ = 1, j′ = 3.5, A′) formed in

the c-C6H12 and i-C4H10 reactions are shown in Figs. 23 and
24, respectively.  The fT-averaged DCSs obtained for the c-
C6H12 reaction at 〈Ecoll〉 = 12 kJ/mol and 33 kJ/mol are shown
in Fig. 25.  The DCS measured for low 〈Ecoll〉 shows predomi-
nant intensities in the backward hemisphere with respect to the
incident O(3P) atom.  The backward scattering suggests the
dominance of the rebound mechanism proposed by the previ-
ous studies.148,204–206  By contrast, at high 〈Ecoll〉, the amount of
the OH products scattered in the forward hemisphere is close
to that in the backward hemisphere.  These results show that
the increase in the collision energy of the c-C6H12 reaction in-
creases the amount of the forward component.  A similar trend
is observed in the recent QCT calculation on an ab initio tri-
atomic C–H–O surface which models O(3P) + CH4 reac-
tion.207  Furthermore, a simple line-of-centers model suggests
that for the reaction with an activation barrier, the increase in
the collision energy allows the collisions with large impact pa-
rameters to contribute to the reactive scattering.208  It should be
noted that the fT distributions of the forward and backward
components for the OH products of the c-C6H12 reaction at
high 〈Ecoll〉 are different from each other.  This is the signifi-
cant contrast to the O(1D) reaction with hydrocarbons and
H2O, where we interpret the forward-backward symmetric an-

Fig. 22.   Collision energy (Ecoll) distributions in the reactions
of O(3P) with c-C6H12 and i-C4H10 initiated by the photo-
dissociation of NO2 at λ = 351 and 308 nm.  The distribu-
tions are calculated by integrating the magnitude and ori-
entation of vO and vRH as generating the basis functions for
Doppler analysis.  In these calculations, thermal motions
of precursor NO2 and reagent RH are taken into account.
The Solid line, c-C6H12, λ = 351 nm; the dotted line, c-
C6H12, λ = 308 nm; and the dashed line, i-C4H10, λ = 308
nm.
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gular distribution in terms of an insertion mechanism.  Based
on the QCT calculations by Luntz et al.,206 the quite cold rota-
tional distributions of the OH products for the reactions of
O(3P) with saturated hydrocarbons have been attributed to the
dominance of the rebound mechanism.148,204–206  However, the
collision energy dependence of the DCS obtained here demon-
strates that the rotationally cold OH products arise not only
from the “rebound” pathway but also from the “stripping”
pathway.  The result shows that the relative contribution of
these two pathways to the reactive scattering changes with the
collision energy although the cold rotational distribution re-
mains the same.  Therefore, the reaction dynamics cannot be
characterized only from the rotational distributions of the OH
products.

The rate constant measurements for O(3P) reactions with i-
C4H10 and c-C6H12

201–203 established that the activation barrier
of the i-C4H10 reaction is lower than that of the c-C6H12 reac-
tion, suggesting the higher reactivity of the tertiary hydrogen
atom than that of the secondary one.  In general, the lower the
activation barrier, the higher is the contribution of large impact
parameters, at high collision energies.  Thus, the forward com-
ponent arising from large impact parameters is expected to be
larger for the i-C4H10 reaction than for the c-C6H12 reaction.
Figure 26 compares the DCS of the OH(2Π3/2, v′ = 1, j′ = 3.5)

product in the i-C4H10 reaction with that in the c-C6H12 reac-
tion at almost the same 〈Ecoll〉 � 30 kJ/mol.  The DCS for the i-
C4H10 reaction shows a broad distribution with a slight prefer-
ence for sideways scattering.  The forward scattering in this re-
action is smaller than or similar to that in the c-C6H12 reaction.
This trend mainly originates from the difference in the anisot-

Fig. 23.   Observed composite Doppler profiles D0
0(0, 0; ν) for

the product OH(2Π3/2, v′ = 1, j′ = 3.5) generated from the
reactions of O(3P) with c-C6H12 and i-C4H10.  Smooth solid
lines are the best fits in the Doppler analysis.

Fig. 24.   Observed composite Doppler profiles D0
2(2, 0; ν) for

the product OH(2Π3/2, v′ = 1, j′ = 3.5) generated from the
reactions of O(3P) with c-C6H12 and i-C4H10.  Smooth solid
lines are the best fits in the Doppler analysis.

Fig. 25.   The DCSs of the product OH(2Π3/2, v′ = 1, j′ = 3.5)
averaged over the whole fT region in the O(3P) + c-C6H12

reaction at 〈Ecoll〉 = 12 kJ/mol (�) and 33 kJ/mol (�).  Er-
ror bars correspond to ±1σ.
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ropy shown in Figs. 24(b) and (c).  The absence of the increase
in the forward scattering in going from c-C6H12 to i-C4H10

shows that the contribution of large impact parameters is sig-
nificantly limited in the i-C4H10 reaction in spite of its low acti-
vation barrier.  This trend, opposing to the expectation from the
height of activation barrier, can be explained by the structural
feature of the hydrocarbon, especially the environment of the
reaction site.  The i-C4H10 contains the three bulky methyl
groups around the tertiary C–H bond and therefore the steric
hindrance around the reaction site in i-C4H10 molecule is larger
than around that in c-C6H12.  The large steric hindrance for the
i-C4H10 reaction diminishes the advantage of the i-C4H10 reac-
tion to the c-C6H12 reaction as the collision energy increases.

Steric hindrance corresponds to the pre-exponential factor
of a rate constant, which expresses a steric factor.  Thus the ob-
served trend of the steric hindrance can be considered as the
difference in the temperature dependence of the pre-exponen-
tial factors.  It is found a qualitative agreement between the re-
sults obtained in this study and the temperature dependence of
the pre-exponential factor of the hydrogen abstraction reaction
by O(3P) with secondary and tertiary hydrogen atom.203  This
agreement also implies that the large steric hindrance of i-
C4H10 molecule inhibits enlargement of the effective cone-of-
acceptance in spite of the increase in the collision energy.

As described in the beginning of this subsection, the tri-
atomic picture has long been accepted for the O(3P) + alkane
reactions due to the success of the QCT calculation with this
approximation.206  However, the calculation was only focused
on the rovibrational distributions of the product OH.  The va-
lidity of this approximation should also be evaluated by ob-
serving the internal energy (Eint) of the co-product alkyl radi-
cal.  The Eint distributions of the cyclohexyl radical produced
from the c-C6H12 reactions at 〈Ecoll〉 = 12 and 33 kJ/mol are
derived from the fT distributions of OH(2Π3/2, v′ = 1, j′ = 3.5)
by integrating their (1 − fT) distributions over the collision en-
ergy distributions.  The mean value of Eint of the cyclohexyl
radical, 〈Eint〉, amounts to more than 60% of that of the avail-
able energy for OH(2Π3/2, v′ = 1, j′ = 3.5) channel.  Further-
more, 〈Eint〉 is almost proportional to the increase in 〈Eavl〉.
The significant excitation of cyclohexyl radical and the propor-
tionality between 〈Eint〉 and 〈Eavl〉 indicate that the alkyl radical

does not behave as a spectator as assumed in the triatomic ap-
proximation.  This means that the internal degrees of freedom
of the hydrocarbon need to be taken into account.  The struc-
tural change caused by the transformation of alkanes to alkyl
radicals should be one of the important factors to determine the
extent of the internal excitation of the alkyl radical products.
Therefore, these abstraction reactions are not always dominat-
ed by the simple rebound mechanism.  The large fraction of
〈Eint〉 is also observed in the very recent crossed molecular
beam experiment.209

Ⅴ. Concluding Remarks

We have reviewed our recent studies on gas-phase oxygen-
atom reaction dynamics.  Experimentally, we have measured
the vectorial properties, such as product-state resolved scatter-
ing angle distribution and rotational angular momentum polar-
ization by utilizing Doppler-resolved polarization spectrosco-
py.  The reaction mechanisms are discussed on the basis of the
direct information of such vector properties combined with the
scalar information like product-state distributions.  For the
O(1D) reactions with hydrocarbon and water both forming OH
products, there have been some conflicts in the arguments
about the reaction mechanisms although the product-state dis-
tribution and the presence of the stable intermediate have been
well characterized.  Our Doppler studies show that the inser-
tion pathway is dominant and the X–O–H (X = C or O) bend-
ing motion dominates the torque to rotate OH products.  In
contrast, the NO products of the O(1D) + N2O reaction have
isotropic rotational angular momentum distribution, indicating
the participation of in-plane and out-of-plane motions.  The
different trends of rotational angular momentum polarization
in these reactions are consistent with the opposite trends of the
energy partitioning in these reactions, especially, the difference
in the degree of energy randomization.  The reactions of O(3P)
with hydrocarbons are turned out that the simple triatomic pic-
ture is not adequate from the DCS at high collision energies
and substantial energy flow into alkyl radicals.  These findings
are never obtained from the product-state measurement alone.

Although the success of our approach is evident, the de-
tailed dynamics of chemical reactions on PESs is not com-
pletely uncovered yet.  A weakness in our approach is the con-
siderable averaging of collision energy.  The oxygen atoms
produced via the photodissociation of polyatomic molecules
have a spread of translational energy according to the internal
energy distribution of the sister fragment and this spread is
transferred to that of collision energy in bimolecular encoun-
ters under the bulb condition.  Due to the spread of the colli-
sion energy, we cannot precisely specify the internal energy of
the sister products from the translational energy of the ob-
served products.  Thus, we have not discussed about the slight
difference in the vector correlations among the fT components.
Ideally, the measurement of vector properties has to be per-
formed with the complete state selection of both the observed
and sister products under the well-defined collision energies.
The correlation measured under such conditions will uncover
the reaction dynamics more clearly than the present studies.
Preparing sharp collision energies is also important to elimi-
nate the possible mixing of different reaction mechanisms
whose contributions depend on the collision energy.  In our

Fig. 26.   The DCSs of the product OH (2Π3/2, v′ = 1, j′ = 3.5)
averaged over the whole fT region in the reactions of O(3P)
with i-C4H10 (�) and c-C6H12 (�) at 〈Ecoll〉 � 30 kJ/mol.
Error bars represent ±1σ.
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system, the collision energies of the O(1D) reactions are almost
50 kJ/mol and thus the contributions of the excited states are
highly plausible.  As discussed in Sec. Ⅳ, the observed prod-
uct OH rovibrational levels of O(1D) reactions with hydrocar-
bon and water can be considered to reflect the dynamics on the
ground state PES.  For O(1D) + N2O reaction, Akagi et al.
showed that the ab initio surfaces other than the lowest one
have repulsive characters199 and thus the contribution is not ex-
pected to be significant.  However, by utilizing monoenergetic
H atom production from the photodissociation of HI, Brouard
et al. have analyzed the θt-resolved P(θr, φr) for H + N2O (Ref.
94) and H + CO2 (Ref. 95) reactions with the Doppler LIF
method.  Thus, to perform the experiments with sharp collision
energies is strongly desired.

The requirements of the ideal experiment will be mostly ful-
filled if the state-of-the-art experimental techniques reviewed
in the beginning of this account are performed by detecting
molecular products with polarization analysis.  Crossed molec-
ular beam experiment is a promising approach for this purpose
although a considerable decrease in signal is the inevitable dif-
ficulty.  However, this type of recent experiments for inelastic
collisions of NO(2ΠΩ, v, j) + X → NO(2ΠΩ′, v′, j′) + X (X =
He, Ar, D2)210–213 and HCl + Ar (Ref. 214) exhibit its potential
power to elucidate the detailed dynamics of chemical reac-
tions.  In fact, Cline and coworkers have measured the polar-
ization of the rotational angular momentum of the inelastically
scattered NO molecules.211,212  In particular, by utilizing circu-
larly polarized probe laser, they have clearly observed the
sense of rotation, which satisfactorily agrees to quantum me-
chanical scattering caluculation.211  As has been described
here, the crossed molecular beam method is essential to eluci-
date reaction dynamics but this method has limitation to pro-
duce high collision energy.  Thus, to discuss the effect of large
collision energies, the Doppler experiments under the bulb
condition will complement the crossed molecular beam exper-
iments.

Does the progress in the experimental measurement alone
answer the question of how chemical reactions proceed on
PESs?  The answer is “No” since experimental observables are
physical quantities measured for the separated products after
the reaction.  Although some sorts of time-resolved measure-
ment can extract the real time dynamics on the PESs,215 the
time-resolved signals represent only a partial aspect of the dy-
namics which can be optically probed.  Furthermore, the inter-
pretation of the observed results in terms of a multi-dimension-
al potential surface is not straightforward.  Therefore, to com-
plement the information obtained by the experiments, the col-
laboration between experiments and theoretical calculations
becomes more important than ever.

The reaction of triatomic system inevitably yields one atom-
ic product and this simple condition enables detailed investiga-
tion for this type of reaction both by experiments and theories.
However, the triatomic system is too simple to understand how
the energetic intermediate breaks up while distributing the
stored energy to the various degrees of freedom of molecular
products.  Thus, to fully uncover the dynamics of tetra-atomic
system is desired as the first step in this new century.  At
present, for the tetra-atomic system of six-dimensional (6D)
space, it is still tremendously time consuming to construct the

reliable PES and to perform scattering calculations for reason-
ably high total angular momentum.  However, the accurate
PES of very simple tetra-atomic system containing hydrogen
atoms, such as H + H2O → H2 + OH, is obtained216 by fitting
to the high-level extensive ab initio data points and the 6D
QCT calculation on this surface has been successful in repro-
ducing the observed rotational angular momentum polariza-
tion.217  The essential understanding of chemical reactions, in-
cluding much heavier systems as studied here, will be attained
in the near future, based on high-quality experimental observa-
tions and theoretical calculations.  In that stage, it is definitely
sure that the important thing is the extraction of the necessary
information from the vast amount of calculation results for the
multi-dimensional dynamics and not only obtaining the agree-
ment between the experiments and calculations.
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