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We describe how the photon-initiated reaction technique has been used to provide dynamical information
about elementary gas-phase bimolecular reactions at the product quantum state-resolved level. The primary
focus is on the product angular scattering and rotational angular momentum polarization information that can
be obtained from bulb experiments. We illustrate how particular insight into the reaction mechanism is provided
by comparisons with the results of model calculations and with ab initio theoretical predictions obtained by
others in the field. We show how the experimental measurements have helped provide a critical assessment
of the ability of current theory to predict the outcome of simple chemical reactions. The bimolecular systems
discussed include the reaction of O(1D) with H2 and the H atom reactions with H2O and N2O. Measurement
of angular momentum orientation is also illustrated by reference to the photodissociation on NO2. Future
developments of the photon-initiated reaction technique are also discussed.

1. Introduction

Elucidating the dynamics of elementary chemical reactions
from first principles is a goal which lies at the very heart of
physical chemistry;1 yet, the inherent complexity of molecular
collisions necessitates the use of approximations to render them
theoretically tractable. The most familiar simplification is the
Born-Oppenheimer approximation, which allows the dynamical
description of reactions in terms of the motion of nuclei over
isolated potential energy surfaces (PESs). However, for all but
the very simplest processes, one is generally forced to approxi-
mate the dynamics still further by using reduced dimensionality
quantum mechanical (QM) treatments2-4 or quasiclassical
trajectory (QCT) methods.4,5

Whatever the level of approximation, the methods employed
must be validated, and the ultimate test for theory lies in the
comparison with experiment. The main focus of our research
over the past few years has been helping to provide such
experimental data using laser pump-probe techniques.

An important element for us has been the study of reactive
systems at the forefront of what is theoretically possible, for
which the interplay between experiment and theory can be most
informative. Several key areas of theoretical development are
illustrated by the choice of reactions we have highlighted in
this paper. These include reactions proceeding via deep potential
energy wells, such as the insertion reaction O(1D) + H2 f OH
+ H, that have only become amenable to rigorous quantum
mechanical study in the past few years.6 The development of
QM treatments of reactions involving more than three atoms is
another major area of theoretical research, which is typified by
studies of the benchmark H+ H2O reaction.7 Here the
theoretical challenge has been not only to solve the nuclear

dynamics problem quantum mechanically4,8 but, perhaps more
fundamentally, to develop efficient methods for calculating
accurateglobal potential energy surfaces for larger chemical
systems.9 A third area has been understanding the role of excited
electronic states and, in particular, nonadiabatic effects in
chemical reactions,10,11an issue which is again pertinent to the
O(1D) + H2 reaction.12

There are now several beautiful examples in the literature
which demonstrate the high level of agreement between
experiment and theory that can be achieved for relatively simple
chemical processes. The direct three-atom reactions H+ H2/
D2

13 and F + H2
14 provide well-known but nonetheless

impressive examples. However, as the chemical complexity
increases, one is forced to use simpler models to help interpret
experimental data. Although such models might be very
approximate, they can still provide insight about the reaction
mechanism, as we hope to illustrate by reference to the H atom
reactions with H2O and N2O.

The paper is planned as follows. Section 2 describes the types
of experimental measurements which have been made. There
have been several reviews in recent years of the pump-probe
technique that we employ,15-20 so we have strived to keep this
section as brief as possible. In the subsequent sections, we
illustrate measurements of the quantum state populations of the
nascent state-resolved reaction products (section 3), their angular
scattering and kinetic energy release distributions (section 4),
and finally their rotational angular momentum alignment (section
5) and orientation (section 6). Throughout, we compare our data
with the results of high quality dynamical calculations, per-
formed by others in the field. We close with a brief look forward
to some future experiments (section 7).

2. Methodology

We employ a variant of flash photolysis,21 termed the photon-
initiated reaction technique.22-25 The process is depicted
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schematically in Scheme 1 and may be characterized by the
reaction sequence

where we have specialized step 2 to a four-atom reaction.
Translationally excited atoms, A, are produced by pulsed,
polarized laser photolysis of a suitable precursor molecule (AX),
which is held in a low pressure, room-temperature gaseous
mixture along with an equal quantity of target BCD molecules.
After a short time-delay, sufficient to allow some reaction via
step 2 to take place, the AB(V′, j′) products are probed by laser
induced fluorescence (LIF) using the polarized radiation from
a second tunable laser. Experiments of this type have been used
previously to provide information about product quantum state
populations and reaction cross-sections,26 but our particular
emphasis has been obtaining product quantum state-resolved
vectorial information about elementary reactions.

As an example, the laboratory (LAB) frame three-dimensional
velocity distribution of the nascent quantum state resolved
products can be derived from a series of one-dimensional
projections of that distribution. These projections are obtained
by recording a series of Doppler broadened line shapes of
individual rovibronic LIF transitions at high resolution (so-called
Doppler-resolved profiles) in different pump-probe laser
geometries. Fortunately, the LAB frame angular distribution of
the reaction products, AB(V′, j′), has the same functional form
as that of the photofragments, A, generated in step 1,27,28 and
therefore, only two such projections (Doppler profiles) are
required to characterize fully the LAB distribution. As illustrated
below, the measurements allow determination of the dynamically
interesting center-of-mass (CM) angular scattering distribution
of the state-resolved AB(V′, j′) products, which is proportional
to the differential cross-section. This quantity characterizes the
direction of the product relative velocityk′ with respect to that
of the reactantsk. From the same measurements, information
about the kinetic energy release into the channel leading to AB-
(V′, j′) can also be extracted. Therefore, by applying conservation
of energy, it is possible to infer the internal energy disposal in

the CD cofragment that partners the detected state-resolved AB-
(V′, j′) product.

In practice, the raw Doppler profiles are related to the CM
frame velocity distribution through a complicated frame
transformation,22-25 and it is not possible to invert the experi-
mental data directly. Instead, a fitting procedure is employed,
which we illustrate in Figure 1.29,30 The method first involves
generating linear combinations of raw experimental Doppler
profiles recorded in (at least) two laser pump-probe geometries.
These combinations, which are called composite Doppler
profiles, depend separately on the LAB speed and translation
anisotropy terms of the full LAB velocity distribution. The two
composite profiles (shown at the bottom left of Figure 1) are
then fitted with a linear combination of basis functions. The
triple scattering angle-recoil energy differential cross section
can be expressed in terms of a series of Legendre polynomials

whereθt is the CM scattering angle,f ′t ) (2ft - 1), andft is the
fraction of the available energy released into translation. The
basis functions (shown on the upper left of Figure 1) represent
the contribution of each Legendre moment to the overall
composite profile and are calculated by convoluting the different
products of Legendre polynomialsPn(cosθt) × Pm(f ′t) (see the
upper right panels of Figure 1) with the precursor and target
thermal velocity distributions22,23,32-34 and by transforming from
the CM to the LAB system. The relative weight of each
individual basis function is thus given by the coefficientsanm

of the expansion given in eq 3, which are determined by
simultaneously fitting the two composite profiles described
above29,31(see the bottom right panel of Figure 1). The number
of expansion terms employed in the fits, and hence in the
reconstruction of the CM distribution via eq 3, depends on a
number of factors including the kinematics and energetics of
the particular reaction studied, but as a rule of thumb, converged
fits to experimental data are usually obtained withn ∼ m e 5.
The number of Legendre moments employed effectively deter-
mines the angular and energy release resolution of the experi-

SCHEME 1

AX + hν f A + X (1)

A + BCD f AB(V′, j′) + CD (2)
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ments. The CM angular distributionP(cos θt) (equivalent to
the normalized differential cross-section (2π/σ) (dσ/dωt)) is
obtained by integrating eq 3 overft, whereas the distribution
over the fractional kinetic energy releaseP(ft) is obtained by
integration over scattering angle.

The LIF intensity is also sensitive to anisotropy in the angular
distribution of the product rotational angular momentum vector,
j ′.27,34,35-37 The LIF absorption transition probability depends
on the alignment of the electronic transition moment of the
fragment,µAB, with respect to the electric vector of the probe
radiation. In the highj′ limit, the transition moment lies either
parallel (for Qv transitions) or perpendicular (for Pv or Rv
transitions) toj ′. Therefore, if the nascent reaction products are
rotationally polarized in the laboratory (LAB; i.e., ifj ′ lies in a
preferred direction, see section 5), the LIF intensity will depend
on the degree of this polarization.27 Detailed measurements of
LIF intensity and Doppler-resolved line shape as a function of
the pump and probe laser polarizations allow moments of the
rotational angular momentum distribution of the reaction
products and its dependence on CM scattering angle to be
characterized:23,35-37 such studies provide an insight into the
angular distribution ofj ′ with respect to the vectorsk andk′,
which define the reference scattering plane.

In the semiclassical limit, the CM polarization distribution
of interest can be written23,25

where [k] ) 2k + 1, Ckq(‚ ‚ ‚) are the modified spherical
harmonics, and the solid anglesωj′ are measured with respect
to the CM k-k′ scattering plane. A rigorous QM expression
has been provided by Miranda and Clary,38 and the relationship
between the QM and classical polarization parameters in the
correspondence limit has been discussed by Aoiz and Miranda
and co-workers,39 which also presents a detailed study of
polarization effects in the H+ D2 reaction. The CM parameters
(2π/σ) (dσkq/dωt) are known as polarization dependent dif-
ferential cross-sections (PDDCSs)25 and characterize the scat-
tering angle dependence of the rotational polarization. The first
expansion coefficient, withk,q ) 0, is simply the angular
scattering distributionP(cosθt) discussed above, whereas that
for k ) 2 andq ) 0, for example, describes the variation in the
rotational angular momentum alignment with scattering angle
(see further below). Low order moments of the full CM
distribution, typically withk e 2 or 3, can be extracted from
the dependence of the Doppler profiles on laser polarization
and rotational branch using similar procedures to those employed
to determine the differential cross-section40 (see above). If
linearly polarized photolysisandprobe light are used, the index
k is restricted to even values, withk e 4.35 Terms with oddk
indices can only be determined using circularly polarized probe
radiation36 (see further discussion in sections 5 and 6). As will
also be shown in sections 5 and 6, once the PDDCSs are known,
eq 3 can be used to recover (or partially recover) the rotational
angular momentum polarization distribution as a function of
CM scattering angle.

Finally, integration of the PDDCSs over scattering angle
yields the (scattering angle averaged) polarization parameters
aq

k.23,25,39 The term most readily determined is the CM rota-
tional alignment parametera0

2, because it can be obtained
directly from measurements of the variation ofintegratedLIF
intensity with laser polarization and probe transition (see section
5). In the high j′ limit, this CM frame alignment can be
interpreted as the second Legendre momenta0

2 ) 〈P2(k̂‚ĵ ′)〉 of
thek-j ′ distribution.27,34,35,38,39It ranges in value from-0.5 to
+1, with the two limits corresponding toj ′ perpendicular and
parallel tok, respectively.

3. Populations

3.1. The H + H2O f OH + H2 Reaction. The H atom
reaction with H2O is isoelectronic with the H+ HF abstraction
reaction, i.e., the reverse of F+ H2: it is a direct process with
a barrier of∼0.9 eV in the forward direction and an endother-
micity of ∼0.6 eV.4 OH rovibrational populations have been
determined previously for this reaction, principally by the group
of Wolfrum.20,41 The population distributions have been com-
pared with the results of a number of QCT studies42-45 using a
variety of PESs.44,46-48 The fact that the distributions are rather
cold suggests that the OH bond preserved during the reaction
acts as a spectator; this picture is reinforced by the bond selective
experiments of Crim and co-workers,49 who studied the H atom
reactions with vibrationally excited water molecules (see ref
20). They showed that the conserved OH bond in the HOH
target molecule behaves vibrationally adiabatically during
reaction49 (see further discussion in section 4.1.).

At low collision energies, the OH(V′ ) 0) rotational excitation
arising from reaction with ground-state water molecules (to-
gether with more subtle features such as the OHΛ-doublet
population propensities50) can be modeled using a modified
Franck-Condon model51 originally devised for the photodis-
sociation of H2O(Ã).52 Similar Franck-Condon models have
previously been proposed by Clary and co-workers.53,54 The

Figure 1. Upper three rows illustrate the basis functions employed in
the fitting procedure described in section 2. The four columns (from
left to right) are the basis functions for the OH LAB speed and LAB
translational anisotropy composite profiles and the relevant Legendre
polynomial functions of the CM angular scattering and kinetic energy
release distributions employed in their generation. The bottom row
shows the linear combination of basis functions used to fit the
experimental data (left two panels) and the recovered CM angular
scattering and kinetic energy release distributions of interest (right two
panels).
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essential feature of these models is that product rotation is
assumed to arise solely from rotational and bending motions in
the reactant H2O molecule, with no torques being exerted on
the OH moiety during reaction. Experimental population data
for the H atom reaction with H2O at a collision energy of 1.4
eV are compared with the model calculations in Figure 2a.55

The data reveal that the majority of the OH rotation at 1.4 eV
comes from rotational and zero-point bending motion in the
parent water molecule and confirms that OH indeed behaves
as a spectator. (It may come as no surprise that OH rotational
angular momentum alignment at this collision energy is very
small.56 In the spectator limit, the direction ofj ′ would be
isotropic, reflecting the isotropic angular momentum distribution
in the H2O reactant.)

As the collision energy is raised, a small increase in OH
product rotational excitation is observed, consistent with some
momentum transfer from the incoming H atom to the OH moiety
of the target molecule.41,56The rotational distribution determined
at a collision energy of 2.5 eV is shown in Figure 2b,56 in which
the data are compared with QCT dynamical calculations57

performed on the recently developed PES by Ochoa and Clary
(known as the OC PES).47 The calculations tend to overestimate
the OH rotational (and vibrational) excitation (i.e., in the QCT
calculations, OH appears to behave less as a spectator than
observed experimentally). More recent QCT theoretical studies
yield lower levels of OH internal excitation45,57and reveal that,
despite the apparent spectator-type behavior of the unreactive
OH(OD) bond, the predicted OH(OD) rotational distributions
are rather sensitive to the details of the PES employed.

3.2. The O(1D) + H2 f OH + H Reaction.The theoretical
importance of this reaction has already been touched on in
section 1. The electronic degeneracy of the oxygen atom leads
to the possibility of reaction over one or more of five different
PESs.12,58 All of these surfaces are Coriolis coupled in the
entrance channel, but only the lowest three are believed to play
an important role in the reaction dynamics at collision energies
Et ∼ 0.1 eV.58 The deep well on the 11A′ ground-state surface
corresponds to bound H2O; on this surface, reaction proceeds
predominantly via an insertion mechanism, with the transient
H2O intermediate dissociating to give a near-statistical distribu-
tion of energy over accessible product quantum states.6,59 The
situation is very different for reaction over the first excited
(11A′′) surface.12,60 A 0.1 eV barrier is present in the entrance
channel, and reaction occurs via an abstraction mechanism.12,60,61

There is a strong population inversion in the product vibrational
state distribution, with OH formed almost exclusively in theV′
) 3 and′ 4 vibrational levels.12,60The second excited state (21A′)
surface also has a barrier to reaction but correlates with
electronically excited OH products. Reaction over this surface
involves nonadiabatic coupling through a conical intersection
with the ground state and results in a similar broad-ranging
product state distribution to that obtained for reaction solely
over the ground-state surface.58,61,62

For the products of reaction over excited surfaces to be
observable experimentally, they must make up a significant
fraction of the product yield in the particular product quantum
state(s) detected. This requirement makes it unlikely that
experimental evidence will be readily found for reaction over
the 21A′ surface at collision energies around 0.1 eV but is
satisfied for reaction over the 11A′′ surface, because even though
the fraction of reaction proceeding over this surface is small
product flux is concentrated in a small range of quantum states.
Participation of the 11A′′ surface had been suggested previously
on the basis of crossed beam measurements of the collision
energy dependence of the total angular differential cross
section63 and from hydrogen atom LIF measurements of the
excitation function,64 but the interpretation of these experiments
was complicated by the lack of product quantum state resolution.
We have shown that detailed comparison of OH product
rotational population distributions (and rotational alignment
parameters, see section 5) with the results of rigorous QCT and
QM scattering calculations provides strong evidence for in-
volvement of the 11A′′ surface at energies above 0.1 eV.65 The
measurements highlight the benefits of (and necessity for)
product quantum state resolution: the beautiful H-atom Rydberg
tagging time-of-flight experiments of Yang and co-workers,66

which now provide close to product quantum state resolution,
reinforce the interpretation of the LIF measurements65 that the

Figure 2. (a) Product rotational distributions for H+ H2O at a collision
energy of 1.4 eV. Full circles (b), the OH(V′ ) 0, N′) rotational
distribution determined experimentally, averaged over lambda-doublet
and spin-orbit state; open circles (O), results of the Franck-Condon
model described in section 3. (b) Comparison between the experimental
rotational distribution (b) for the H+ H2O reaction at 2.5 eV with the
probabilities derived using QCT methods43 and the OC PES.47 Note
that in this figure we have equated theopen shell N′ values used
experimentally (which represent the total OH angular momentum apart
from electron spin) withj′ + 1, where j′ is the rotational angular
momentum used in theclosed shellcalculations.
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11A′′ surface participates in the reaction at collision energies
above 0.1 eV.

In our work, the experimental rotational population distribu-
tions have been compared with the predictions of scattering
calculations, both with and without the inclusion of contributions
from reaction over the 11A′′ surface.65 The calculations em-
ployed the Dobbyn and Knowles (DK) versions of the ground
and excited-state PESs.61 At first glance, both QCT and QM
scattering calculations reproduce the measured rotational dis-
tributions reasonably well, but on closer examination, several
differences become apparent. These are illustrated for theV′ )
4 rotational distribution (Figure 3). Reaction over the ground-
state surface produces a hotter rotational distribution than
reaction over the excited surface, so that inclusion of the excited-
state surface in the calculations has the effect of shifting the
overall distribution to lower rotational quantum number. For
both the QCT and the QM scattering calculations, this improves
agreement with experiment (the separate contributions to the
populations from reaction over each PES are also shown in
Figure 3). Although the QCT results reproduce the measured
V′ ) 4 rotational distribution reasonably closely, they are shifted
to higher rotational quantum number and span a wider range
of rotational quantum states than found experimentally (see
Figure 3a). In contrast, the QM scattering results are in near-
perfect agreement with experiment65 once contributions from

reactive scattering over the excited 11A′′ state are included (see
Figure 3b). Further evidence for the involvement of the excited-
state surface will be presented in section 5.

4. CM Angular Distributions

4.1. The H + H2O f OH + H2 Reaction. The angular
scattering distribution,P(cosθt), for theA′ Λ-doublet level of
OH(2Π1/2, V′ ) 0, N′ ) 1) produced from the title reaction at a
collision energy of 1.4 eV is shown in Figure 4a,31,55 where it
is compared with the results of Castillo and co-workers42 using
the OC PESs.47 The latter calculations are just one of a number

Figure 3. (a) Comparison between the experimental rotational popula-
tions for the OH(V′ ) 4) products of the O(1D) + H2 reaction (solid
circles with error bars) with those derived from QCT calculations67

including reaction on both the 11A′ and 11A′′ DK PESs. (b) The same
as that for part a except the comparison is with the populations derived
from QM calculations including reaction on both the 11A′ and 11A′′
DK PESs. In both figures, the continuous solid lines represent the
contribution from the A′ PES, whereas those from the A′′ PES are
shown as dashed lines. Adapted from ref 65.

Figure 4. (a) Comparison between the experimental angular scattering
distribution (smooth line with error bars) for the H+ H2O reaction
born in OH(2Π1/2, V′ ) 0, N′ ) 1), and that derived from the QCT
calculations of Aoiz and Castillo and co-workers43 using the OC PES.47

(b) Comparison between the experimental kinetic energy release
distribution (smooth line with error bars) for the H+ H2O reaction
generating OH(V′ ) 0, N′ ) 1) products at a mean collision energy of
1.4 eV, and those simulated using H2 rovibrational populations
determined from QCT calculations43 on the OC PES.47 The simulations
are shown with (dotted) and without (dashed) inclusion of the
contributions from H2(V′′ ) 1). In both parts a and b, the QCT data
are specific to channels yielding OH(V′ ) 0, j′ e 2). Adapted from ref
55.
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of recent QCT studies which have been performed44,45,48using
different PESs. Experimentally, the angular scattering distribu-
tions are found to be rather insensitive to OH rotational state
(consistent with the OH spectator type behavior discussed in
section 3.1.) and to OHΛ-doublet level.55 The fact that the
angular distribution is very broad is at first-sight surprising,
given that strong rebound dynamics are observed for the reverse
reaction at low collision energies.68,69 However, the broad
angular scattering is qualitatively in agreement with QCT
predictions using the most recent PESs42,44,45,48(see for example
the data shown in Figure 4a). The results suggest that the H-atom
reaction possesses a wide “cone of acceptance” at the elevated
collision energies employed in the hot-atom experiments.31 A
much more dramatic opening in the cone of acceptance occurs
upon vibrational excitation of the water target molecule49,70(see
section 3.1.). Guided by the experiments of Crim and co-
workers,49 Smith and co-workers71 have recently quantified the
enhancements in reaction rate which occur when water is excited
into a series of vibrational overtone states. The enhancements
observed when OH stretching modes are excited are many orders
of magnitude greater than those obtained when similar amounts
of energy are placed into translation (as in the present experi-
ments), a result which is consistent with the reaction having a
late barrier.71

The reaction of H atoms with D2O at a collision energy of
1.4 eV generates predominantly backward scattered products.
As the collision energy is raised, the scattering moves toward
the forward hemisphere.55,56 The behavior is qualitatively
reproduced by QCT theoretical predictions using the recent OC57

and the WSLFH45 PESs. The deuterated reaction appears to
show a stronger propensity for backward scattering than its
protonated cousin; this is perhaps not unexpected because the
reaction cross-section for H+ D2O is significantly smaller than
that for H + H2O.7,26,45 Although tunneling (in the lighter
system) may play a role, the fact that the general trends appear
to be reasonably well accounted for using QCT methods
suggests that the main difference between the two isotopic
reactions is the difference in reactant zero-point energy, which
in the deuterated case this leads to a higher effective barrier to
reaction (and trajectories which more closely follow the
minimum energy pathway). Kinematic factors, analogous to
those which determine the relative cross-sections of the H+
D2 and D + H2 abstraction reactions,72 may also play an
important role.57

As discussed in section 2, the Doppler resolved LIF profiles
also contain information about the OH state-resolved kinetic
energy releases. Figure 4b shows the distribution of the fractional
kinetic energy releaseP(ft), again for the OH(2Π1/2, V′ ) 0, N′
) 1, A′) products of the H+ H2O reaction at 1.4 eV. At this
collision energy, the OH+ H2 products are born with high
kinetic energy, and hence, from energy conservation, the H2

coproducts must be produced rovibrationally cold. The data are
compared once more with the QCT results of Castillo et al.43

using the OC PES:47 the agreement between experiment and
theory is qualitative only, with the calculations overestimating
the H2 internal excitation. Similar calculations by Schatz and
co-workers45 using the recent WSLFH PES48 seem to yield even
greater HD excitation at 1.4 eV compared with the OC PES
results, even though the WSLFH PES provides better agreement
with experiment than the OC PES for the OH energy disposal
(see above). The experimental data should also be compared
with the high collision energy HD REMPI study of the H+
D2O reaction by Zare and co-workers,70 which showed signifi-
cantly higher HD(V′′, j′′) rovibrational excitation than we have

observed indirectly at 1.4 eV.55 However, our own work on the
H + D2O reaction at 2.5 eV, an energy which approaches those
sampled in the experiments of Zare and co-workers,70 indicates
very similar HD excitation to that observed more directly in
the REMPI study,70 suggesting that there is a real (and
significant) change in HD energy disposal with increasing
collision energy. Although QCT44,45,48,57and QM (J ) 0)73

calculations indicate an increase in H2/HD internal excitation
with increasing collision energy, a quantitative explanation must
await more detailed calculations. In particular, converged QM
calculations are required to establish whether discrepancies
between theory and experiment are due to inaccuracies in the
PESs employed and/or arise from inadequacies in the QCT
method, particularly the treatment of zero-point energy con-
straints.

4.2. The H+ N2O f OH + N2 Reaction.As we have seen,
the H atom reaction with H2O behaves (perhaps reassuringly)
like a three-atom reaction: the dynamics appears localized to
the H-H-O moiety, with the preserved OH bond behaving
like a spectator. The H+ N2O reaction provides a salutary
reminder that reactions often do not conform to this simple
picture. The angular scattering distributions are found to be
exquisitely sensitive to the OH(V′, j′) quantum state:29,40,74,75

here the chemistry is not localized to a subset of atoms but
intimately involves all four. Example angular scattering data
are shown in Figure 5. OH fragments born with low rotational
excitation are scattered predominantly in the forward and
backward directions, whereas those born in high rotational levels
are scattered preferentially in the sideways direction. The
distributions show approximate forward-backward symmetry,

Figure 5. CM angular distributions for H+ N2O reaction generating
OH(2Π3/2; A′′) products inV′ ) 0, N′ ) 5 (a) and′ 14 (b). The error
bars represent 2σ uncertainties. The data are taken from refs 29 and
74.
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consistent with the reaction proceeding via a complex.76 Ab
initio and QCT calculations by Schatz and Walch and co-
workers76,77 suggest that a complex, HNNO, may be formed
after H atom attack at the terminal N atom of NNO, but the
detailed dependence of the angular distributions on OH quantum
state is poorly understood. The scattering data are similar to
those obtained for the isoelectronic reaction H+ CO2,78,79

although the angular distributions in that case are more
asymmetric, consistent with a rather shorter lifetime for HOCO,
relative to the rotational period, compared with HNNO (for a
further discussion of the HOCO system see ref 20).

The kinetic energy release distributionsP(ft), which can be
determined with relatively high resolution because of the large
exothermicity of the reaction, are even more intreguing (see,
for example, Figure 6).29,74,75They possess a dominant feature
at aroundft ∼ 0.5, which is again attributed to the reaction
proceeding via the HNNO complex; the same conclusion had
previously been drawn by Wittig and co-workers based on their
early Doppler-resolved measurements.80 In general, the kinetic
energy release distributions are less sensitive to the OH quantum
state than the angular scattering distributions shown in Figure
5.29,74,75However, a small high energy component in the kinetic
energy release distribution, just visible in the OH(V′ ) 0, N′ )
5) data shown in Figure 6, grows in magnitude with OH
rovibrational excitation and has been assigned to a competing,
minor process involving direct H atom attack at the terminal
O-atom end of the molecule.74 QCT calculations by Schatz and
co-workers76,77 suggested (not unreasonably) that the products
of the direct channel are born translationally excited but also
predicted that the direct mechanism dominates at a collision
energy of 1.5 eV, contrary to experimental observation.74 The
study highlights the extreme difficulties in generating reliable
global PESs for systems with more than three atoms.

In agreement with the previous work of Wittig and co-
workers,80 the experiments reveal that N2 is born with remark-
ably high internal excitation. N2 products of the reaction have
to date not been observed directly, and in an attempt to account
for the high N2 excitation, we have drawn on an analogy
between the hot H-atom reaction and the photodissociation
dynamics of the “electron poor” species N2O81 and HN3,82

excited via their first absorption bands. The proposal is that the
exit channel (i.e., the NN-X stretching coordinate) for the H
atom reaction is similar to those for the photodissociation
processes, because similar orbitals are occupied (or partially
occupied) in the two systems.75 As a consequence, the response
of the target molecule to the attacking hot H atom should mirror
the response of the target (or isoelectronic) molecule to photon
excitation to its first excited electronic state. Similar Franck-
Condon type arguments have already been introduced in the
context of H+ H2O above but have their origins in early studies
of the three-atom reactions H+ X2 (X ) halogen) by
Herschbach and co-workers (see ref 83). In Figure 6 we compare
the kinetic energy release distribution observed in the bi-
molecular reaction with that derived from resonantly enhanced
multiphoton ionization (REMPI) measurements of N2 generated
after the 205 nm photodissociation of N2O by Hanisco and
Kummel.81 These workers demonstrated that N2 is produced
highly rotationally excited, because of the linear-to-bent char-
acter of the parent molecular transition. The agreement between
the kinetic energy release distributions generated by photo-
dissociation and by bimolecular reaction is remarkable and
strongly supports the view that N2 products generated from the
H + N2O bimolecular reaction are rotationally excited. Note
that the N2 products from the photolysis of HN3 via the first
absorption band are also generated with high levels of rotational
excitation:82,84 as with N2O, the photolytically generated N2

fragments have been observed directly by REMPI.84 In both
cases, about 50% of the energy is channeled into N2 excitation,
very similar to that observed in the bimolecular reaction. In a
very real sense, the N2O and HN3 photodissociation systems
can be thought of as “half collisions”, in this case the second
half of the H+ N2O bimolecular reaction.

There are also strong similarities between the angular
scattering distributions generated by the H atom reaction with
N2O (see Figure 5) and those produced by photodissociation of
HN3(Ã), which have been the subject of a detailed study by
Gericke and co-workers.82 In Figure 7, we compare the second
moments〈P2(k̂‚k̂′)〉 of the angular distributions determined in
the reactive and photodissociation cases.75 The change in sign
of the moments with OH/NH rotational quantum number reflects
the change from forward-backward to sideways peaking
angular distributions shown in Figure 5 (as mirrored in the
photodissociation data82). Again, the similarity in the trends for
the photodissociation and reactive scattering systems are striking.

5. Angular Momentum Alignment

The rotational angular momentum polarization of reaction
products provides information about exit channel bending and
torsional torques that are responsible for generating product
rotation. Depending on angular momentum conservation con-
straints and the nature of the angular momentum disposal, the
polarization of j ′ may also provide information about the
distributions of reactant and product orbital angular momenta
that are generally unobserved in reactive scattering experi-
ments.85 Two classes of polarization need to be distinguished,
orientation (an oddk moment of the angular momentum
distribution, eq 4) and alignment (an evenk moment of the

Figure 6. Comparison between the OH(2Π3/2, V′ ) 0, N′ ) 5) state-
resolved kinetic energy release distributionP(ft) for the reaction of H
+ N2O (the two dashed lines, which refer to results for the OHA′ and
A′′ λ -doublet levels)29 with that obtained in the photodissociation of
N2O via its first absorption band around 205 nm (solid line). The latter
distribution has been calculated from the N2 rotational distribution
measured by Kummel et al.81 The combs at the top of the figure mark
the approximate positions of the internal rotational (j′) states of the N2
coproduct of the bimolecular reaction at the mean collision energy of
the present experiments. The maximum N2 vibrational level accessible
under these conditions would beV′N2

e 15.
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distribution). As illustrated in Figure 8 (see further discussion
in section 6), alignment measurements reveal whether the
product molecule has a preferred axis of rotation, whereas
orientation measurements expose the sense or handedness of
the rotation. We will deal with these aspects of rotational
polarization separately.

5.1. The O(1D) + H2 f OH + H Reaction.Further evidence
for the participation of the excited 11A′′ in the title reaction
(see section 3.2.) has been provided by the determination of
the CM frame rotational alignment parametera0

2 (see section
2). For reaction over the ground-state PES, proceeding via an
energized HOH insertion complex, one would expect any
rotational alignment to be very small, and this is borne out by
both QCT and QM scattering calculations.65 The two sets of
calculations are in excellent agreement, both predicting values
for a0

2 of around-0.1 for rotational levels of OH inV′ ) 4 at
a collision energy of 0.1 eV.65 The picture is somewhat different
for reaction over the first excited 11A′′ surface. In the abstraction
reaction, the orbital angular momentum of the approaching
O(1D) atom about the H2 generates a significant torque as the
new bond forms. Because this torque is exerted in the scattering
plane, the resulting product rotational angular momentum vector
j ′ points out of the plane, perpendicular tok. QCT and QM
scattering calculations carried out for reaction over the 11A′′
PES predict alignment parameters of around-0.4, close to the
maximum allowed value of-0.5.65

Rotational alignments have been measured for OH(V′ ) 4;
N′ ) 3, 8, 12) and are found to be around-0.2. This is
significantly more negative than predicted by calculations carried
out purely over the ground-state surface and is consistent with
some fraction of reaction proceeding over the 11A′′ surface.
When the effects of reaction over the excited state surface are
included in the calculations, the experimental results are
reproduced almost exactly. Figure 9 shows the comparison
between the results of QCT calculations, properly averaged over
the collision energy distribution of our experiments, and the
experimentally measured values ofa0

2.65

5.2. The H+ N2O f OH + N2 Reaction.For this reaction,
we have been able to resolve the scattering angle dependence
of rotational alignment40 (similar experiments have also been
reported for the isoelectronic system H+ CO2

87). Interestingly,
significant alignment effects are only observed in theA′′
Λ-doublet level, with theA′ level being unpolarized. For the
A′′ levels, the Doppler profiles for transitions that originate from
the same initial state, but differ only in∆j′, possess different
line shapes, an effect which is purely due to OH rotational
alignment.27,40 A full analysis reveals thatj ′ preferentially lies
parallel to the direction of recoil,w, in the CM frame: the results

Figure 7. Comparison between the second moments of angular
scattering distributions arising from the H+ N2O bimolecular reaction
(O andb, which refer to OH(2Π3/2) and OH(2Π1/2), respectively)75 with
those generated by the photodissociation of HN3

82 (4). The data in
both cases are plotted as a function ofR, the nuclear rotation quantum
number of the OH and NH species. The raw photodissociation data
have been transformed as described in ref 75.

Figure 8. Comparison of the polar plots of the distributionsP(ωj′) for
OH born inV′ ) 4, j′ ) 2, as predicted for the O(1D) + H2 reaction by
QCT calculations on the K(A′) ground-state PES (upper panel) and
K(A ′′) excited-state PES (lower panel).86 The collision energy in both
cases is 0.1 eV. The figure illustrates that in the case of rotational
alignment the rotational motion is preferentially about a particular axis
(i.e., about thezaxis in the upper panel). In the lower panel, the angular
momentum vectors preferentially point along the-y axis; that is, they
are oriented. The rotational motion is confined in this case to thezx
plane but also has a well-defined “handedness”; in this example, when
viewed from the+y direction, the molecule is rotating in the clockwise
direction.
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are shown in Figure 10.40 Here we have used eq 4 to reconstruct
the rotational polarization distribution (in this case using only
even moments withk ) 0 and 2), which we have then
represented in the form of a polar plot. The length of a vector
drawn from the origin to the surface of the “lobe” represents
the probability thatj ′ lies in that direction. The red vector
identifies the direction of OH recoil in the CM framew, whereas
the volume of the lobe is proportional to the differential cross-
section weighted by a sinθt volume element (the CMzxplane
is the scattering plane). For the channel shown, OH(V′ ) 0, N′
) 5), the scattering is principally in the forward and backward
direction (see Figure 5). Note that becausej ′ is aligned
preferentially parallel tow, the motion of the OH is like that of
a propeller. Such motion suggests that out-of-plane torsional
forces play an important role as the HNNO complex rearranges
and dissociates to OH+ N2 products.

Given our previous discussion of the similarities between the
H + N2O reaction and the photodissociation of HN3(Ã), it should

come as no surprise that in the latter system the NH(1∆)
photofragments are formed highly rotationally aligned with
j ′|v,82 consistent with the operation of strong torsional torques
in the exit channel.82,88 Interestingly, the strongest torsional-
type alignment is observed in the HN(1∆) A′ Λ-doublet level,82

as opposed to the OHA′′ level in the case of the H+ N2O
reaction:40 the different behavior probably reflects the different
electronic symmetries of HN3(Ã1A′′) and HNNO(X̃2A′).

6. Angular Momentum Orientation

Determining rotational angular momentum orientation, both
in bimolecular reactions and in molecular photodissociation, is
in its infancy compared with alignment measurements.36,92,93

The observation of rotationally oriented NO produced from the
355 nm photolysis of NO2 using linearly polarized light94 is
one of the few examples in whichmolecularrotational orienta-
tion has been detected94-96 (see section 6.1.). However, it is
only by determining orientation moments that a more complete
reconstruction of the rotational polarization distribution (eq 4)
can be made.

Product rotational orientation has been predicted for a number
of bimolecular reactions.23,39,86,89-91 We illustrate such effects
by reference to QCT calculations on the O(1D) + H2 reac-

Figure 9. Comparison of the experimental alignment parameters for
the OH(V′ ) 4) products of the O(1D) + H2 reaction (solid circles with
error bars) with those derived from QCT calculations on the 11A′ DK
PES alone (a) and with those including contributions from both the
11A′ and 11A′′ DK PES (b). The QCT data have been fully averaged
over the experimental collision energy and reagent H2 rotational
distributions. Adapted from ref 65.

Figure 10. “Animations” of the polar plots representing the scattering
angle dependence of the angular momentum polarization (see eq 4).
The scattering angle is represented as the angle between the solid line
and thez axis and defines thezxscattering plane.23 Data are shown at
representative scattering angles for the OH(Π(A′′)) levels of OH(2Π3/2,
V′ ) 0, N′ ) 5). The behavior is typical of that found for the other
OH(Π(A′′)) levels probed and indicates the operation of torsional
torques as the HNNO complex dissociates.40
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tion,86,90 the rotational alignment for which has already been
discussed. As noted in section 5, reaction on the ground state
PES generates only modest angular momentum polarization.86

In contrast to this behavior, reaction over the first excited1A′′
PES shows strong alignment (see section 5)and orientation.
QCT calculated polar plots of the OH(V′ ) 4, j′ ) 2) angular
momentum polarization generated on the two PESs have been
shown already in Figure 8.86 In the case of reaction over the
excited-state surface, note the strong orientation ofj ′ along the
-y direction. For reasons of symmetry, orientation can only be
observed perpendicular to thezxscattering plane: the polariza-
tion is an example of planar, or false, chirality, discussed
recently by Cline and co-workers in the context of molecular
photodissociation.97 The mechanism responsible for the orienta-
tion generated on the1A′′ PES of the O(1D) + H2 reaction is
believed to be the same as that observed in QCT calculations
for the F + H2 reaction and has been termed a repulsive
abstraction mechanism.89 Lower OH (and HF) vibrational states
show the reverse orientation (i.e., the orientation is preferentially
along the+y axis), reflecting a qualitatively different reaction
mechanism, termed repulsive insertion.86,89

6.1. NO2 + hν f NO + O(3P). We have used circularly
polarized probe light to construct a pump-probe geometry
which is sensitive to the odd moments of the angular momentum
distribution.36,96Doppler-resolved LIF profiles recorded in such
a geometry are shown in Figure 11, where the red and green
profiles in each panel correspond to profiles recorded using right
and left circularly polarized probe light, respectively, and the
black profiles are the difference signals. The data were obtained
for the NO(V′ ) 0, N′ ) 29) photofragments generated following
linearly polarized photolysis of NO2 at 308 nm. To demonstrate

that the difference signal is a genuine orientation effect, we
determined how the orientation signal varies on rotation of the
electric field vector of the photolysis light,ε, by increments of
45°. The difference signals shown in the first and third panels
of Figure 11 are sensitive to orientation, but with opposite signs,
whereas those in the second and fourth panels are known not
to be sensitive to orientation and hence display a zero orientation
signal.36,96

Doppler profiles were also recorded in a further eight
geometries sensitive only to alignment and two geometries
sensitive to both alignment and higher order orientation mo-
ments. The analysis of the full data set yielded the moments of
the angular momentum distribution up to and including rankk
) 3. Polar plots representing the polarization distribution as a
function of NO recoil direction are shown in Figure 12. These
plots are similar to those shown in Figure 10, but in this case,
the z axis coincides with the transition dipole moment for the
electronic transition involved in the photolysis step (2B2 r 2A1),
which lies along the axis joining the two terminal oxygen atoms.
As in Figure 10, the red vector represents the recoil velocity
vector of the NO photofragment,v′, and the distance from the
origin to the surface of the lobe represents the probability ofj ′
pointing in that direction. Note that, unlike the data shown in
Figure 10, the polar plots shown in Figure 12, which now
contain both even and oddk moments, are not symmetric about
the zx plane.

The sense of rotation implied by the data shown in Figure
12 agrees with that predicted by a simple impulsive model in
which a torque is applied to the nitrogen end of the departing
NO moiety because of the energy released from the breaking
bond (the orientation is also in the same sense as that determined

Figure 11. Raw experimental Doppler profiles for the NO (V′ ) 0, N′ ) 29) products of the 308 nm photodissociation of NO2. The red and green
data are the signals obtained with left and right circularly polarized probe light, whereas the black lines are the difference signals which depend
solely on angular momentum orientation. The four panels show the signals obtained by varying the angle between the electric vector of the photolysis
radiation and probe laser propagation vector: in the first and third panels from the left, the angle is(45°, whereas in the second and forth panels,
the angle is 0° and 90°. Note that in the latter two geometries the orientation signal must be zero.96
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previously by Cline and co-workers at 355 nm94). Hence, the
NO fragments recoiling in the positivez direction have theirj ′
vectors pointing along the positivey direction, whereas those
recoiling in the negativez direction have an opposite sense of
rotation. However, more recent experiments in our group,98 in
which we have measured the angular distributions of the NO-
(V′ ) 1) N′ ) 9, 16, and 21 fragments, reveal that a simple
trend of increasing orientation withN′ is not adhered to. Unlike
the rotational alignment, whichdoesincrease monotonically with
N′, the lowest order orientation moment only takes a significant
nonzero value for theN′ ) 16 fragments, suggesting that more
subtle dynamical processes influence the magnitude of the
orientation than simple impulsive forces alone. In particular,
the balance between bond angle opening and closing (bending)
motions of the dissociating NO2 species as it passes through
the conical intersection between the B˜ and X̃states is likely to
play an important role in determining the NO rotational
orientation.99 Studies are currently in progress to exploit the
same pump-probe methods to determine orientational effects
in bimolecular reactions (see, for example, refs 23 and 100).

7. Conclusions and Forward Look

We hope to have shown how bulb measurements using the
photon-initiated technique can be valuable in helping to elucidate
the state-resolved dynamics of elementary bimolecular reactions,
especially when supported by the results from high quality ab
initio theory. However, there is always a need for the higher
angular and energy resolution potentially achievable using
skimmed molecular beams. One approach, which employs a
similar strategy to that described here,25 is to couple photon-
initiation with REMPI, core extraction detection.16 This tech-
nique has been exploited to great effect in recent years by Zare
and co-workers.16

An alternative scheme is to couple photon-initiation with
REMPI velocity map101 ion imaging detection.102,103 The
viability of this approach has recently been demonstrated by
Kitsopoulos and co-workers in a study of the Cl+ C2H6

reaction.104 We illustrate the potential of the technique by
reference to the O(1D) + CH4 f OH + CH3 reaction.105 In the
upper panel of Figure 13, we show simulated raw ion images
assuming different forms for the CM angular scattering, and
kinetic energy release distributions are displayed in lower panels
of the same figure. The latter, in addition, show the CM
distributions returned from fits to the simulated images. The
least-squares fitting has been performed very efficiently by using
the two (radially dependent) nonzero moments of the raw images
shown in the upper panel of Figure 13. As can be seen, the CM
distributions of interest are returned very reliably with this
procedure. More importantly, it is anticipated that the angular
and energy resolution of the technique will typically be about
an order of magnitude greater than for the bulb experiments
described in this paper.
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