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A theoretical study has been carried out to examine the orientation distribution functions of the OH and H2

diatoms in various intermolecular states of the prereactive H2-OH complex. Multidimensional quantum
calculations have been conducted on a high-quality ab initio intermolecular potential energy surface to obtain
the energies and body-fixed wave functions for the rovibrational states of H2-OH. These calculations show
that the H2 and OH diatoms undergo nearly free internal rotation within the complex. However, the angular
anisotropy of the intermolecular potential orients the OH and aligns theortho-H2 internal rotational motions
within the complex. The relative orientation of the reactants is found to be well-defined and strongly
intermolecular-state-dependent. Thus, by accessing different intermolecular states, the relative orientations of
the reactants can be systematically manipulated. The degree ofbody-fixedorientation of OH in some bound
states of H2-OH, including the ground state ofortho-H2-OH, approaches the highest degree ofspace-fixed
orientation that has been achieved in hexapole orientation studies of OH. The experimental implications of
the results are discussed.

I. Introduction

Electric field focusing has long been used to produce beams
of oriented polar symmetric-top molecules.1-4 Polar symmetric-
top molecules can be manipulated using electric fields because
they precess rather than tumble in certain rotational states, and
as a result, they can maintain a constant projection of the
molecular dipole moment on the electric field direction. The
conventional approach is to use a hexapole electric field to select
(focus) molecules in a single rotational state and then subse-
quently orient them in the laboratory frame with a modest
homogeneous electric field. The orientation field serves only
to define the space-fixed quantization axis for the state-selected
molecular beam. In the orienting electric field, the symmetric-
top molecules still exhibit precessional motion and retain most,
if not all, of their zero-field quantum numbers. A great advantage
of this venerable technique for producing oriented molecules
is its state selectivity. If all of the molecules are in the same
rotational state, they will respond similarly to the orienting field
and thus produce a large net orientation of the molecules in the
laboratory frame. In addition, by changing the focusing proper-
ties of the hexapole field, one can select rotational states with
the highest degree of orientation (ones that strongly precess
rather than tumble).

These types of hexapole orientation methods are applicable
to the ground electronic state of OH X2Π because unquenched
electronic angular momentum in the diatomic radical results in
its rotational motion being similar to that of a polar symmetric
top.5-7 Interest in the stereodynamics of OH collisions, and
radicals in general, has led to elegant studies of the inelastic
scattering dynamics of oriented OH with H2 and other collision
partners.7-10 These experiments have demonstrated that a high

degree of OH orientation can be achieved in the laboratory frame
using the hexapole method.5-7 However, because the orientation
of the collision partner and the impact parameter of the collision
are still averaged quantities in these studies, it is desirable to
develop new techniques that permit even greater control over
the initial conditions of the collision.

This laboratory is exploring the possibility of orienting
reactive collision partners by preparing them in specific rovi-
brational states of a weakly bound complex. For H2-OH
complexes, the production of such complexes is challenging
because there is only a small barrier (2040 cm-1) to the
exothermic H2 + OH f H2O + H reaction.11 Nevertheless,
H2-OH reactant complexes have been generated at sufficient
number densities in a supersonic expansion to permit them to
be characterized using rotationally resolved vibrational spec-
troscopy both in the OH overtone12,13 and H2 fundamental14

regions. These spectra yield only limited information about the
geometric structure of the complex, namely, the average
separation between the centers of mass of the OH and H2

partners and the projection of the total angular momentum
(originating from unquenched angular momentum of the two
diatoms) along the intermolecular axis.12,13The relative orienta-
tions of the H2 and OH partners within the H2-OH complex
cannot be extracted from the spectroscopic data at the experi-
mental resolution obtained (0.12 cm-1 in the near-infrared).

On the other hand, the relative orientations of the H2 and
OH partners within the H2-OH complex can be predicted
theoretically. Fortunately, H2-OH has been the focus of first-
principles quantum calculations that directly computed the H2-
OH infrared spectrum using a high-quality ab initio potential
energy surface (PES).15,16 There is close agreement between
these theoretical results and experiment for the energies of the
rovibrational lines in the infrared spectrum of H2-OH.12,13,17

This suggests that the calculated wave functions associated with
the rovibrational states on this PES can be used to provide
physical insight into the characteristics of the intermolecular
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states of H2-OH. Specifically, the relative orientations of the
H2 and OH partners in different intermolecular states of H2-
OH can be determined through an examination of the square
modulus of the multidimensional wave function.

This paper shows that OH is strongly oriented in the body-
fixed frame of the H2-OH complex. In certain rovibrational
states, the degree of OH orientation in the body-fixed frame of
H2-OH approaches the degree of space-fixed orientation that
is achieved in hexapole studies of OH. In addition, the relative
orientation of the H2 and OH partners is well defined inortho-
H2-OH (denoted hereafter aso-H2-OH) and strongly inter-
molecular state dependent, even though both partners are
undergoing nearly free internal rotation in the complex. These
findings are consistent with the internal rotor dynamics of the
related closed-shell species H2-HF and H2-HCl,18-21 although
the HX (1Σ) molecule becomes oriented in these complexes by
a different mechanism than the principal means identified for
OH (2Π). This difference will be discussed in detail (section
IV.C), and stems from the pseudo-symmetric-top nature of the
OH radical and its response to an electric field (first-order Stark
effect).

The remainder of the paper is organized as follows. In section
II, we describe the laboratory-fixed orientation of OH that is
typically achieved in hexapole-state-selected experimental stud-
ies. In section III, we review the space-fixed bound-state
calculations of H2-OH,15,16 which are then transformed into a
body-fixed representation so that the relative angular orientations
of H2 and OH within the H2-OH complex can be calculated.
In section IV, we examine the calculated wave functions for
different intermolecular bend states ofp-H2-OH ando-H2-
OH to obtain their “structures”. We also examine the degree of
orientation that can be achieved for selected quantum states to
demonstrate that H2-OH can be used to control the relative
orientation of the reactants. Finally, in the last section, we
formulate some conclusions based on this work.

II. Orientation of Hexapole-State-Selected Hydroxyl
Radicals

This section overviews the degree of laboratory-fixed orienta-
tion that can be achieved for OH monomers in rotational states
selected by an electrostatic hexapole. Specifically, we direct our
attention to the shape of the OH rotational wave function in
the orienting electric field that typically follows hexapole state
selection. This background material serves to illustrate the
degree ofspace-fixedorientation that can be achieved for OH
radicals in such experiments and familiarize the reader with the
form of the rotational wave functions for oriented OH radicals
in their ground2Π electronic state. The same functional form
will be used to quantify the degree ofbody-fixedorientation
achieved in H2-OH complexes in section IV.

In the absence of an electric field, the OH rotational wave
functions are constructed from symmetric and antisymmetric
combinations of symmetric-top wave functions

where ε ) (1 is the space-fixed parity label (ε ) +1 for
e-labeled states and-1 for f-labeled states).22 For consistency
with the discussion of the H2-OH complex later, quantum
numbers associated with the monomers are in lower case, and
upper-case letters are reserved for quantum numbers associated
with the complex. For simplicity, we label the OH quantum
numbers using a pure Hund’s case a notation, wherej is the

total angular momentum (including electronic and spin angular
momentum) andω and m are the molecule- and space-fixed
projections of j, respectively. In a rotating OH diatom, the
degeneracy of theeandf states is lifted, causing a small splitting
between these states that is termedλ-doubling.

In a homogeneous electric field, however, parity is no longer
well-defined, as the electric field mixes the twoλ-doublet
components of a given rotational level, yielding coupled wave
functions

where the mixing coefficients (a, b) depend on the magnitude
of the orienting electric field.23 The Stark potential24 created
by the interaction of the dipole moment of OH (1.655 D)25 with
a typical laboratory orientation field (10 kV/cm) has a magnitude
of ∼0.5 cm-1. In the lower spin-orbit manifold the rotational
energy spacing between the two lowest rotational levels (j )
3/2 andj ) 5/2) is 88 cm-1, whereas theλ-doublet energy spacing
in the lowest (j ) 3/2) level is 3 orders of magnitude smaller at
0.055 cm-1.26 Thus, the Stark potential is not sufficient to induce
substantial mixing ofj levels, but it is adequate to mix the
different parity components of the OHλ-doublet states and
thereby orient OH. When the Stark shift of the states is much
greater than theλ-doublet splitting, the coefficients in eq 2 reach
their limiting values ofa ) b ) 1/x2. In this “high-field”
limit,27 the OH rotational wave functions simplify to the
corresponding symmetric-top wave functions5

whereR is the dihedral angle andâ is the polar angle between
the OH molecular axis (zb) and the space-fixedZB quantization
axis (theEB field direction). The analytical forms of the OH
rotational wave functions are given by Wigner rotation matrices
(Dmω

j/ ). Classically, the OH molecular axis precesses around
the total angular momentum vectorjb, which, in turn, precesses
around the laboratory-frame quantization axisZB. The highest
degree of orientation of the OH radical is achieved in the high-
field limit, and recent experimental studies of hexapole-state-
selected OH radicals have essentially achieved this limit.5-7

The orientation distribution function for a given rotational
state, denoted asPjωm(â), is defined as the probability that the
OH molecular axis points at a certain polar angleâ with respect
to the laboratory-fixed electric field vector in the volume element
2π sin â dâ. The orientation distribution function is evaluated
from the square modulus of the wave function (eq 3) integrated
over the dihedral angle (R). The classical recipe for calculating
Pjωm(â) has been given elsewhere,28 and quantum calculations
have also been published for various low-lying rotational states
of OH.5-7

The degree of orientation that can be achieved for OH radicals
in them ) 3/2 andm ) 1/2 states of the lowest rotational level
|j ω m〉 ) |3/2 3/2 m〉 is illustrated in Figure 1. These probability
distributions represent the high-field limit for a pure Hund’s
case a OH radical. The direction that the OH axis “points”
depends on the relative sign ofω andm, and for simplicity, we
consider only|3/2 (3/2 (m〉 states. In Figure 1, the orientation
distribution functionPjωm(â) is plotted in two equivalent ways:
as a function of cosâ from -1 to +1 (top panel) and as a polar
plot as a function ofâ from 0° to 360° (bottom panel). Clearly,
the m ) 3/2 andm ) 1/2 states have very different orientation

Ψ1 ) aΦ(jωme) + bΦ(jωmf)

Ψ2 ) -bΦ(jωme) + aΦ(jωmf) (2)

|jωm〉 ) (2j + 1
4π )1/2

Dmω
j/ (R,â) (3)

Φ(jωmε) ) 1

x2
(|jωm〉 + ε|j -ωm〉) (1)
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distribution functions.Pjωm(â) reaches a maximum atâ ) 0°
for the m ) 3/2 state, whereas them ) 1/2 state has a node at
this orientation. In addition, them ) 3/2 distribution is more
strongly peaked than them) 1/2 state, indicating a higher degree
of orientation for them ) 3/2 state. This is also consistent with
a classical point of view, becausej is more tightly constrained
to precess around the electric field vector in them ) 3/2 state.22

Rotational states withj ) |ω| ) |m| achieve the highest degree
of orientation because the OH rotational motion most closely
resembles precession, as opposed to tumbling, in these states.

The average orientation of the OH radicals in the electric
field can be readily evaluated in the high-field limit using5,7

The limiting values of〈cosâ〉 for the |j ω m〉 ) |3/2 (3/2 (3/2〉
and|3/2 (3/2 (1/2〉 states are 0.6 (â ) 53°) and 0.2 (â ) 78°),
respectively. This high-field limit represents the highest degree
of orientation of OH (without hybridization of the free-rotor
levels, i.e., mixing ofj) that can be achieved in a hexapole-
state-selected orientation study. The fundamental limit to the
degree of orientation originates in the quantum mechanical
nature of the|j ω m〉 ) |3/2 (3/2 (3/2〉 and |3/2 (3/2 (1/2〉
rotational states of OH (see Figure 1). In these states,j, ω, and
m are good quantum numbers and only thee/f parity label of
the λ-doublet components is lost.

III. Method

The procedure for calculating the body-fixed orientation of
OH and H2 in bound states of H2-OH follows directly from

that used in the last section for obtaining the space-fixed
orientation of OH rotational states in an external electric field.
The calculation begins with an evaluation of the energies and
wave functions of the bound H2-OH rovibrational states from
quantum calculations on an accurate 4D intermolecular potential.
For this, we use the ab initio potential16 and computer code15,16

developed by Clary, Werner, and co-workers. The resulting
space-fixed wave functions are then transformed into the body-
fixed frame and integrated numerically to obtain the orientation
distribution functions for the OH and H2 moieties in each
rovibrational state of H2-OH. In this section, we give the key
equations that are used to compute the orientation distribution
functions.

The potential energy function used in these calculations was
developed by Miller and Clary on the basis of ab initio
calculations by Kliesch and Werner.16 These ab initio calcula-
tions consider only planar configurations of the H2-OH
complex. However, the fitted 4D intermolecular potential models
out-of-plane configurations through an assumed functional form
for the potential energy function that is based on electrostatics.16

Another potential has been developed by Offer and van Hemert
(OvH) that explicitly considers nonplanar configurations and
fits their calculated ab initio points to a more flexible functional
form.29 It would be desirable to repeat the calculations reported
here using the OvH potential to test the assumed functional form
in out-of-plane configurations.

Using a variational approach, the rovibrational wave functions
of H2-OH are expanded in a product basis of angular (ang)
and intermolecular stretch (str) basis functions

The explicit form of the Hamiltonian and potential matrix in
the space-fixed basis has been given previously.15,16 All of the
calculations presented here utilize an intermediate Hund’s
coupling case to accurately describe the contribution of the OH
rotational wave functions, but we will neglect this added
complexity in the equations that follow to be consistent with
the previous section on the hexapole-state-selected orientation
studies. The angular wave functions in eq 5 are expanded in a
basis involving space-fixed diatom wave functions to give

with the H2 and OH bond lengths fixed. Here,J refers to the
total angular momentum (neglecting nuclear spin) of the
complex with space-fixed projectionM, L designates the end-
over-end rotational angular momentum of the complex as a
whole, andp indicates the total parity of the rovibrational wave
function. The total angular momenta of the two diatoms,jH2

and jOH, are coupled tgether to formj12 ) jH2 + jOH. In the
H2-OH bound-state calculations, spin-orbit coupling has been
included in the description of the OH free-rotor states. Never-
theless, for simplicity, we label each state byωOH, which is
rigorous only for Hund’s case a coupling.

The space-fixed angular wave functions are defined as

where 〈jm, ln|JM〉 is a Clebsch-Gordan coefficient. Basis

Figure 1. Calculated orientation distribution functionPjωm(â) for OH
in the state|jωm〉 ) |3/2 (3/2 (m〉. In these plots,â is the polar angle
between the laboratory-fixed electric field vector and the OH bond axis.
The top graph showsPjωm as a function of cosâ, and the bottom graph
displaysPjωm in a polar plot. These distribution functions represent the
high-field limit for hexapole orientation studies of OH.

〈cosâ〉 ) mω
j(j + 1)

(4)

Ψ ) ∑
ij

cijψang
i ψstr

j (5)

ψang
JMp ) ∑

k

ck|jH2
jOHωOHj12L; JMp〉 (6)

|jH2
jOHωOHj12L; JMp〉 )

∑
mH2mOHm12mL

〈jH2
mH2

, jOHmOH|j12m12〉〈j12m12, LmL|JM〉

× |jH2
mH2

〉|jOHωOHmOH〉|LmL〉 (7)
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functions that differ inJ and p are decoupled. Thus, the
eigenfunctions are calculated for a given value ofJ andp. The
basis functions for the H2 monomer|jH2mH2〉 and end-over-end
rotation |LmL〉 of the H2-OH complex are represented
by spherical harmonicsYlm(θ,φ). The OH basis functions
|jOHωOHmOH〉 are represented by Wigner rotation matrices as
defined in eq 3.

For calculations involving wave function properties instead
of energies, smaller basis sets than are used in ref 16 can be
employed. Here, the angular basis sets are constructed from
space-fixed basis functions with maximum values ofjH2 ) 4
for p-H2, jH2 ) 5 for o-H2, andjOH ) 7/2 for OH. For both the
p- and o-H2-OH complexes, the stretching basis consists of
41 Gaussians equally spaced from 2 to 30 a0. The product basis
is then contracted tonstr ) 15 andnang ) 35 to give a product
basis of 525 functions. The molecular parameters used in the
calculations are taken from ref 16.

To visualize the wave functions, the space-fixed (SF) wave
functions must be transformed into the body-fixed (BF) frame.
The BF frame is defined with respect to the intermolecular axis
RB, the vector connecting the center-of-mass of H2 to the center-
of-mass of OH. The unitary transformation between the space-
and body-fixed basis sets is given by15,16,30

whereKh is the magnitude ofK, the projection ofJ on the body-
fixed intermolecular axisRB, and [J] ) 2J + 1. Note thatK is
often designated asP in treatments of open-shell complexes,31

but for continuity with previous theoretical work on H2-OH,15,16

we will useK. The BF basis is defined in the standard way15,16

as

wherekH2 andkOH are the projections ofjH2 andjOH, respectively,
onto the intermolecular axis andkH2 + kOH ) K. The coefficients
(bfk) of the body-fixed angular wave functions|jH2kH2〉|jOHωOHmOH〉
are thus the product of the space-fixed coefficientsck (see eq
6) and the appropriate Clebsch-Gordan coefficients summed
over the total space-fixed basis set. In the BF basis, the wave
function is written in terms of the vectorsrbH2 ≡ (θH2, φH2) and
rbOH ≡ (θOH, φOH) that describe the orientation of the two diatoms
with respect to the intermolecular axisRB. The angleθ is the
polar angle, andφ is the dihedral angle, with (θH2 ) 0°, θOH )
0°) defined as the linear HH-HO configuration and (φH2 ) 0°,
φOH ) 0°) indicative of a planar structure.

To examine the body-fixed orientation of the OH diatom
within the complex, the H2-OH rovibrational wave function is
integrated numerically (Gauss-Legendre and Gauss-Hermite
quadrature) over the intermolecular stretch coordinate and three
of the four angular coordinates

This integration gives the orientation distribution function
P(θÃΗ). The integration overθH2 can be replaced by an
integration overθOH to obtain the corresponding orientation
distribution function for the H2 diatom within the complex,

P(θH2). The quantityP(θ) represents the probability of finding
the OH (or H2) bond axis at a polar angleθ with respect to the
intermolecular axisRB in the solid angle 2π sin θ dθ. As an
internal check, the transformed angular eigenfunctions were
found to be orthonormal, verifying that the SFf BF transfor-
mation and the analytical forms of the basis functions were
properly implemented in the computer code.

As a final note, we mention that the effects of unresolved
hyperfine structure due to nuclear spin in the molecules are not
included in the present analysis. Zare and co-workers have
treated the dynamics of nuclear-spin-coupling effects on di-
atomic molecules aligned via polarized laser excitation.32 These
studies show that precession of the nuclear spin leads to a
decrease of the initial molecular alignment, particularly for low-j
states where the magnitude of the nuclear spin is significant in
comparison. For example, such nuclear hyperfine depolarization
effects overwhelm the laboratory-frame alignment dynamics for
HF molecules prepared in low-j states.32 However, in this case,
where the nuclear spin coupling is weak, the intermolecular
potential should be sufficient to decouple the nuclear spin
angular momenta.6 Thus, although the nuclear hyperfine cou-
plings were neglected in the present study, we expect that the
orientation distribution functions calculated in this work would
be qualitatively preserved even if nuclear hyperfine couplings
were included.

IV. Results

Nuclear motions of the H2 and OH moieties in H2-OH
sample two different potential energy surfaces because of the
electronic degeneracy of the OH X2Π partner. The two
potentials are degenerate for linear geometries of the H2-OH
complex, but for nonlinear geometries, the degeneracy is lifted,
resulting in two adiabatic electronic potentials. For planar
configurations of the complex, these surfaces are denoted as
VA′ andVA′′ depending on whether the half-filled pπ orbital of
OH lies in or out of the H2-OH plane, respectively. For studies
involving couplings between monomer wave functions, such
as inelastic scattering or bound-state calculations, it has been
shown to be more convenient to work with diabatic potentials
defined as theaVerage VAVG ) 1/2(VA′ + VA′′) anddifference
VDIF ) 1/2(VA′′ - VA′) potentials.

The average intermolecular potential is characterized by a
relatively high degree of angular anisotropy, and it is this
potential anisotropy that serves to orient the rotating diatoms
in the body-fixed frame of the complex. The global minimum
(-188 cm-1) onVAVG is located at a T-shaped geometry where
the H atom of OH points toward the H2 diatom (θH2 ) 90°,
θOH ) 0°) with a center-of-mass separation of 3.22 Å.16 At this
global minimum, the barriers to internal rotation of the H2 or
OH monomers are 470 and 210 cm-1, respectively. Because
the lowest rotational-level spacings of the H2 and OH monomers
are quite large, 360 and 88 cm-1, one anticipates only weak
mixing betweendifferent j levels and, consequently, nearly free-
rotor behavior for the H2 and OH diatoms in the complex.
However, the angular anisotropy inVAVG is sufficient to lift
the 2j + 1 orientational degeneracy of a givenj level, generating
2j + 1 distinct body-fixedk states. Eachk state corresponds to
a different projection of the diatom angular momentumj onto
the intermolecular axis. It is this angular anisotropy that leads
to orientation of the OH radical and alignment of the H2 partner,
specifically foro-H2, in the BF frame of the H2-OH complex.

A. para-H2-OH. We anticipate that thep-H2 molecule will
retain its jH2 ) 0 quantum number in thep-H2-OH complex
making it effectively spherical. As a result, the intermolecular

|jH2
jOHωOHj12L; JMp〉 )

∑
Kh)1/2

(2[L]

[J] )1/2

〈j12Kh , L0|JKh 〉|jH2
jOHωOHj12K; JMp〉 (8)

|jH2
jOHωOHj12L; JMp〉 )

∑
kH2,kOH

〈jH2
kH2

, jOHkOH|j12K〉|jH2
kH2

〉|jOHωOHkOH〉 (9)

P(θOH) )

∫Ψstr
/ Ψstr dR∫∫∫Ψang

/ Ψangsin θH2
dθH2

dφH2
dφOH (10)
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bend states ofp-H2-OH should resemble those of rare gas-
OH complexes, such as Ar-OH.31,33,34In this case, there will
be four bound intermolecular bend states that correspond to the
four (2jOH + 1) possible body-fixed projections of thejOH )
3/2 free rotor (kOH ) +3/2, +1/2, -1/2, -3/2). The sign ofkOH,
which refers to its sign relative toωÃΗ (assumed to be positive),
indicates whether the H end (positivekOH) or the O end (negative
kOH) of OH points toward H2.

Analysis of the total wave function forp-H2-OH reveals that
only one product function contributes significantly (i.e.,c00 ≈
1 andΨ ) ψangψstr). Furthermore, only a few of the BF angular
basis functions contribute toψang. The leading coefficientsbfk
of the body-fixed angular wave functions for the four inter-
molecular bend states ofp-H2-OH are presented in Table 1.
The quantum numberVb ) 0-3 is used to designate the
energetic ordering of these states. Each state is also labeled by
the approximate quantum numberK that denotes the projection
of J on the intermolecular axis. Examination of Table 1 reveals
that the angular wave functions for these four bend states are
constructed (>95%) from linear combinations of the four body-
fixed basis functions withjH2 ) 0 and jOH ) 3/2, ωOH ) 3/2.
Contributions from higherjH2 or jOH free-rotor states (or from
the upper OH spin-orbit stateωOH ) 1/2) to the angular wave
functions of the weakly bound complex are minimal. Note that
because relatively small variational basis set expansions were
used in this study, the intermolecular energies presented in Table
1 are only approximate as energies converge more slowly than
wave function properties. Furthermore, a detailed comparison
with the published results of Clary and co-workers16 is difficult
because these researchers reported energies forJ ) 3/2 andp )
+ only, whereas we present the energy of the lowest possible
J state for each intermolecular state (e.g.,Jmin ) 1/2 for K ) 1/2
states). However, calculations carried out in this laboratory with
large basis sets are in quantitative agreement with the earlier
published results of Clary and co-workers.16

The angular wave function for the ground intermolecular state
(Vb ) 0) of p-H2-OH is primarily composed [to greater than
80% (0.8985)2] of a single body-fixed term withjH2 ) 0, kH2 )
0 andjOH ) 3/2, ωOH ) 3/2, kOH ) +3/2 (see Table 1). The H2
and OH orientation distribution functions for this state are shown
in Figure 2. The plot ofP(θH2) vs cos(θH2) is constant, as
expected for an essentially purejH2 ) 0 state, illustrating that
the H2 is isotropically distributed over all possible angular
orientations. The plot ofP(θÃH) vs cos (θÃH) shows that OH is
preferentially oriented with its H end pointed toward H2 (cos

θÃΗ ≈ +1), as expected for akOH ) +3/2 state. The most
favorable orientation for OH is analogous to that at the global
minimum onVAVG. For comparison,P(θÃH) for a pure|jOH ωOH

kOH〉 ) |3/2 (3/2 (3/2〉 state is also plotted (dotted line) in Figure
2. The good agreement between the two distribution functions
demonstrates that the OH moiety in the ground intermolecular
state ofp-H2-OH is well described by a single body-fixed wave
function.

The agreement between the twoP(θÃH) distributions shown
in Figure 2 is not perfect, however, because the OH moiety is
not in a purekOH ) 3/2 state in the ground intermolecular bend
state ofp-H2-OH. DifferentkOH (or equivalentlyK) states are
mixed into the angular wave function by off-diagonal (∆kOH )
(1) Coriolis couplings, which are induced by end-over-end
rotation of the complex. These couplings makekOH only an
approximate quantum number, although Figure 2 shows that
the body-fixedkOH quantum number still provides a physically
meaningful quantum label for the ground intermolecular state
of p-H2-OH. The comparison can be made more quantitative
by calculating the average orientation cosine of the OH moiety.
In the ground intermolecular state ofp-H2-OH, the average
orientation of OH is〈cosθÃΗ〉 ) +0.479 as compared to〈cos
θÃΗ〉 ) +0.6 for a pure|jOH ωOH kOH〉 ) |3/2 (3/2 (3/2〉 quantum
state. These differences stem fromkOH state mixing and not
from the rigorous treatment of spin-orbit interactions in OH.
The contribution from the upper2Π1/2 spin-orbit state is only
∼0.03%.

The orientation distribution functions for the four bound
intermolecular bend states ofp-H2-OH are shown as polar plots
in Figure 3. Note that theP(θ) functions shown in Figure 2 for
the ground intermolecular state ofp-H2-OH are replotted in
Figure 3 as polar plots. TheP(θH2) functions do not change
with intermolecular state because the H2 diatom is in nearly a
pure jH2 ) 0 free-rotor state in each case. On the other hand,
P(θOH) changes for each intermolecular bend state because these

TABLE 1: Leading Coefficients (bfk) of the Body-Fixed
Angular Wave Functions in the Expansion|jH2 kH2〉|jOH ωOH
kOH〉 for the Dominant ψang of p-H2-OHa

jH2 kH2 jOH kOH Vb ) 0 Vb ) 1 Vb ) 2 Vb ) 3

0 0 3/2 +3/2 0.8985 0.1518
0 0 3/2 +1/2 0.2545 0.7655 0.3883 0.6176
0 0 3/2 -1/2 -0.0726 0.6210 -0.5969 -0.7662
0 0 3/2 -3/2 0.2953 -0.6680

Σ(bf)2 b 0.9645 0.9716 0.9763 0.9685
energyc -26.3 -21.0 -15.3 -14.5
〈cosθOH〉d +0.479 +0.115 -0.330 -0.103
Ke +3/2 +1/2 -3/2 -1/2

a Reported values are for the lowest possibleJ level andp ) + for
each intermolecular bendVb state.b Sum of the squares of the four
indicated body-fixed coefficients.c Intermolecular energy (cm-1) with
respect to dissociation.d Average body-fixed orientation of OH. The
limiting values of〈cosθOH〉 for pure OH rotor states are+0.6 for |jOH

ωOH kOH〉 ) |3/2 (3/2 (3/2〉 and +0.2 for |jOH ωOH kOH〉 ) |3/2 (3/2
(1/2〉. e ApproximateK quantum label for each intermolecular bend
state.

Figure 2. Body-fixed orientation distribution functionsP(θ) for OH
and H2 in the ground intermolecular state ofp-H2-OH. In these plots,
θ is the polar angle between the body-fixed intermolecular axis and
the diatom bond axis. Whereas H2 is isotropically distributed, OH is
preferentially oriented with the H end pointing toward the H2. The
degree of orientation of OH approaches the purekOH ) 3/2 state limit
(dotted line), which is included for comparison.
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four states correspond to the (2jOH+1) ) 4 different body-fixed
projections of ajOH ) 3/2, ωÃΗ ) 3/2 free rotor. To a large
degree, the energy spread and energetic ordering of these four
bend states is a measure of the OH angular anisotropy inVAVG.
The different body-fixed orientations of OH preferentially
sample different regions of the intermolecular potential and
accordingly have different intermolecular energies.

TheP(θOH) functions shown in Figure 3 for the excited bend
states (Vb ) 1-3) of p-H2-OH appear to derived from distinct
kOH terms, yet inspection of Table 1 shows that severalkOH

body-fixed basis functions contribute to each excited bend state.
As discussed earlier, Coriolis couplings cause the mixing of
kOH basis functions. These couplings do not completely “wash-
out” the body-fixed orientation of OH in the complex, but they
do diminish the distinctions between different intermolecular
bend states. For example, the mean OH orientation cosine〈cos
θOH〉 in the ground intermolecular state is close to the limiting

value, but the values for the excited bend states are substantially
less than the values for a pure|jOH ωÃΗ kOH〉 body-fixed state
(Table 1). Nevertheless, the intermolecular potential does cause
a substantial degree of body-fixed orientation for OH within
thep-H2-OH complex that differs for the various bend states.
The degree of OH orientation inp-H2-OH is similar to that
achieved in Ar-OH.33,34On the other hand, thep-H2 (jH2 ) 0)
partner remains essentially spherical inp-H2-OH and is neither
oriented nor aligned by the intermolecular potential.

Figure 3. Polar plots of orientation distribution functionsP(θH2) and
P(θOH) for the four intermolecular bend states ofp-H2-OH. The
approximate quantum numbersVb andK are used to label each state.
The H2 molecule is spherical as expected forjH2 ) 0, whereas the OH
diatom displays four different body-fixed orientations.

Figure 4. Polar plots of orientation distribution functionsP(θH2) and
P(θOH) for the eight lowest-energy intermolecular bend states ofo-H2-
OH. The approximate quantum numbersVb and K are used to label
each state. The H2 can be aligned either parallel or perpendicular to
the intermolecular axis. The OH diatom displays roughly three types
of orientation: with the H end pointed toward H2, with the O end toward
H2, and with the OH radical aligned perpendicular to the intermolecular
axis.
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B. ortho-H2-OH. The intermolecular bend states ofo-H2-
OH are remarkably different from those ofp-H2-OH. The
jH2 ) 1 rotor of o-H2 can be aligned with respect to the body-
fixed intermolecular axis ino-H2-OH, whereas thejH2 ) 0 rotor
in p-H2-OH is spherically distributed. This alignment ofo-H2

also leads to a higher degree of orientation for the OH partner
in the o-H2-OH complex. In general,o-H2 complexes have a
greater number of bound intermolecular bend states that are
spread over a larger energy range than the analogousp-H2

complexes.20 This is due to the greater orientational degeneracy
of the jH2 ) 1 free-rotor state as well as the increased anisotropy
arising from two bend (both OH and H2) coordinates.

The orientation distribution functions for the lowest eight
bound intermolecular states ofo-H2-OH are plotted in Figure
4. The leading body-fixed coefficientsbfk for these inter-
molecular states are also given in Table 2. These intermolecular
bend states correspond to different body-fixed orientations of
the jH2 ) 1 and jOH ) 3/2, ωÃΗ ) 3/2 rotors. The ground
intermolecular state ofo-H2-OH is primarily composed of one
body-fixed combination (∼94%), namely,kH2 ) +1 andkOH

) -1/2, indicating that both the H2 and OH diatoms lie
perpendicular to the intermolecular axis. Note that the OH
orientation cosine has a value〈cos θÃΗ〉 ) -0.173, which is
very close to the limiting value of〈cosθÃΗ〉 ) -0.2 for a pure
|jOH ωOH kOH〉 ) |3/2 (3/2 - 1/2〉 state.

The excited bend states shown in Figure 4 can also be
reasonably well described (∼70-92%) by a single body-fixed
term (see Table 2). For example, the wave function for the first
excited bend state (Vb ) 1) of o-H2-OH can be constructed
(∼91%) from a single body-fixed combination withkOH ) +3/2
andkH2 ) +1. In theVb ) 1 state, the OH orientation cosine is
〈cosθOH〉 ) 0.550, which is very close to the limiting value of
0.600 for a pure|jOH ωOH kOH〉 ) |3/2 (3/2 (1/2〉 state.
Intermolecular bend states with predominantlykOH ) (3/2
character result in head or tail orientation of OH with respect
to the BF axis, such asVb ) 1 and Vb ) 4-7. A sideways
orientation of OH in the BF frame is obtained in intermolecular
bend states with primarilykOH ) (1/2 character, such asVb )
0 andVb ) 2-3. Even for a pure|jOH ωÃΗ kOH〉 state, however,
the degree of OH orientation ino-H2-OH depends principally
on the intrinsic nature of thekOH ) (3/2 or kOH ) (1/2 rotational
state. States withkOH ) (3/2 have more strongly peaked
orientation distribution functions than states withkOH ) (1/2
(see section II). As a result, the highest degree of OH body-

fixed orientation is achieved ino-H2-OH bound states with
OH in a nearly purekOH ) (3/2 states, e.g.,Vb ) 1.

The orientation or alignment of both partners can be specified
in o-H2-OH, as compared to only the OH partner inp-H2-
OH. For many of the bound states ofo-H2-OH, the degree of
alignment ofo-H2 approaches the purejH2 ) 1 state limit, with
kH2 ) 0 or kH2 ) (1 indicating whethero-H2 is aligned along
or perpendicular to the BF axis, respectively. This can be seen
in Figure 4, where theP(θH2) distribution functions closely
resemble the well-known p-orbital shape of a purejH2 ) 1 free
rotor.

The relative orientation of the two partners ino-H2-OH is
strongly dependent on the intermolecular bend state, as il-
lustrated in Figure 4. ThejOH ) 3/2 and jH2 ) 1 internal rotors
have distinctly different projections on the body-fixed inter-
molecular axis,kOH andkH2, in the various intermolecular states
(Table 2). This gives rise to enormously different relative
orientations of the partners or structures for the various
intermolecular bend states ofo-H2-OH. Furthermore, because
most of theo-H2-OH states are well described by a single body-
fixed term, this represents the highest degree of reagent
orientation that can be achieved without hybridization (mixing
j) of the rotational states of the individual partners.

We note that the structure of the ground intermolecular bend
state ofo-H2-OH, with botho-H2 and OH positioned perpen-
dicular to the intermolecular axis, is significantly different from
the T-shaped H2-OH geometry at the global minimum onVAVG.
This is a surprising result because the lowest-energy inter-
molecular state would be expected to sample the global potential
minimum preferentially. This suggests that the unquenched
angular momentum in theo-H2-OH system, originating from
both o-H2 and OH moieties, influences the structure of these
weakly bound complexes. In previous work,12,13we had assumed
a T-shaped ground-state structure foro-H2-OH rather than the
nearly parallel configuration of the OH and H2 diatoms shown
in Figure 4. Although good agreement was found between the
infrared transition frequencies ofo-H2-OH observed experi-
mentally and those calculated by Clary and co-workers,16 the
preferred structure of the ground intermolecular state accessed
in these studies only became apparent after careful examination
of the body-fixed wave functions.

The infrared spectrum of theo-H2-OH complex in the OH
overtone region has previously been reported13 and is reproduced
here in Figure 5 for a discussion of the relative orientation of

TABLE 2: Leading Coefficients (bfk) of the Body-Fixed Angular Wave Functions for the Dominantψang of o-H2-OHa

jOH kOH jH2 kH2 Vb ) 0 Vb ) 1 Vb ) 2 Vb ) 3 Vb ) 4 Vb ) 5 Vb ) 6 Vb ) 7
3/2 +3/2 1 +1 -0.9532
3/2 +3/2 1 0 -0.1524 -0.2129 -0.8666 -0.0545
3/2 +1/2 1 +1 -0.0027 0.0242 0.2132 0.1192
3/2 +3/2 1 -1 -0.1242 -0.0270 0.0133 -0.0296 -0.1472 -0.8380 -0.2017 0.0219
3/2 +1/2 1 0 0.0166 -0.0025 0.0052 -0.0729 0.0214 0.3512 0.1678 -0.0254
3/2 -1/2 1 +1 0.9681 0.0659 -0.2793 0.1106 -0.0928 0.1226 0.0353 -0.464
3/2 +1/2 1 -1 -0.0709 0.0113 0.0400 -0.0754 -0.0306 -0.0303 0.0833 0.0528
3/2 -1/2 1 0 0.1224 0.0045 0.2749 -0.9612 0.0883 0.0223 -0.1733 0.0380
3/2 -3/2 1 +1 -0.0288 -0.0029 -0.0044 -0.1744 0.0209 -0.2454 0.8911 0.2393
3/2 -1/2 1 -1 -0.0396 0.8807 -0.2882 0.0288
3/2 -3/2 1 0 -0.0081 0.0637 0.0865 -0.8981
3/2 -3/2 1 -1 0.0765

Σ(bfk)2 b 0.9738 0.9402 0.9810 0.9784 0.9269 0.9023 0.9011 0.8887
energyc 73.2 77.5 81.9 83.2 88.8 93.1 100.4 110.0
〈cosθOH〉d -0.173 +0.550 -0.136 -0.196 +0.444 +0.382 -0.400 -0.416
Ke +1/2 +5/2 -3/2 -1/2 +3/2 +1/2 -1/2 -3/2

a Reported values are for the lowest possibleJ level andp ) + for each intermolecular bendVb state.b Sum of the squares of the 12 indicated
body-fixed coefficients.c Intermolecular energy (cm-1) with respect to thejH2 ) 0, jOH ) 3/2 dissociation limit.d Average body-fixed orientation of
OH. The limiting values of〈cosθOH〉 for pure OH rotor states are+0.6 for |jOH ωOH kOH〉 ) |3/2 (3/2 (3/2〉 and+0.2 for |jOH ωOH kOH〉 ) |3/2 (3/2
(1/2〉. e ApproximateK quantum label for each intermolecular bend state.
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the reactants in the intermolecular states that are accessed
experimentally. The most intense feature in the infrared spectrum
is the pure OH overtone stretch at 6971.9 cm-1 (band origin),
which is shifted by 0.6 cm-1 to higher energy from that of
uncomplexed OH. The rotational structure of the pure overtone
stretch is dominated by a strong central Q-branch with a large
parity splitting. This band has been assigned as aK ) 1/2 r 1/2
band ofo-H2-OH according to a detailed comparison with ab
initio theory.13,16 The structure the ground intermolecular state
of the o-H2-OH complex (Vb ) 0) with both o-H2 and OH
positioned perpendicular to the intermolecular axis is shown
above the pure overtone stretch in Figure 5.

As discussed in ref 13, approximately 20 additional rovibra-
tional transitions have been observed up to 60 cm-1 higher in
energy than the pure overtone origin. These rovibrational
transitions arise from combination bands involving the simul-
taneous excitation of two quanta of OH stretch and inter-
molecular bend (Vb) vibrations. On the basis of comparison with
ab initio calculations (with calculated line positions for the
lowest allowed Q-branch transitions shown as ticks), the first
combination band at 6981.8 cm-1 has been assigned to
overlapping parity components of theQ(1/2) transitions that
terminated on an excitedK ) -1/2 bending level (Vb ) 3). The
computed structure for this excited bending state shows that
o-H2 is preferentially aligned along the intermolecular axis. The
next higher energy combination band has been assigned to aK
) 3/2 r 1/2 band with the transitions at 6985.6 and 6987.4 cm-1

assigned to the parity split Q(3/2)- and Q(3/2)+ lines. Theory
predicts an excited intermolecular bending state (Vb ) 4) with
K ) 3/2 at approximately this energy with OH pointing toward
o-H2 and both partners oriented along the intermolecular axis.
Yet higher combination bands have been assigned as transitions
to theVb ) 5 and 6 intermolecular bending states. The computed
orientational distribution functions for these bending states are
also displayed in Figure 5. We did not attempt to assign or
compute structures for the remaining transitions to higher energy
as these are most likely due to intermolecular bending (and
possibly stretching) states near the dissociation limit. Thus, the
calculations indicate that infrared excitation of theo-H2-OH
complex can be used to access intermolecular bend states (in

combination with OH overtone stretch) with enormously dif-
ferent relative orientation of the partners. The ramification of
these different orientations has been observed in the vibrational
predissociation dynamics of D2-OH, where the OH fragments
exhibit a strikingλ-doublet preference, revealing alignment of
the unpaired pπ orbital with respect to the OH rotation plane,
which changes with the intermolecular state selected.35

C. 2Π Nature of OH. The 2Π nature of the OH radical has
a profound influence on the degree of body-fixed orientation
that can be achieved in H2-OH complexes. The unquenched
electronic and spin angular momenta cause the rotational motion
of OH to be more akin to that of a symmetric top than to that
of a closed-shell diatomic rotor. As a result, the OH radical’s
rotational motion is more easily perturbed by the approach of
the H2 diatom than it would be if it were a closed-shell diatom.
Stated another way, the precessional motion of a symmetric top
is more easily oriented by angular anisotropy inVAVG than the
tumbling motion of a closed-shell diatom.

To demonstrate how differently a hypothetical OH (1Σ)
closed-shell diatom would respond to the intermolecular forces
of H2-OH, the bound-state calculations were repeated on the
same potential energy surface (VAVG) using a closed-shell
Hamiltonian20 with OH (1Σ) free-rotor states (BOH ) 18.5 cm-1)
represented by spherical harmonics. Because the lowest rota-
tional state of this hypothetical OH (1Σ) is jOH ) 0, the OH
diatom remains essentially spherical in H2-OH complexes. The
closed-shell version of the OH moiety can become oriented in
the BF frame of the complex only if the anisotropy of the
intermolecular potential is sufficient to inducejOH state mixing.
The orientation distribution functions computed for the ground
intermolecular states (Vb ) 0) of p- ando-H2-OH (closed-shell
OH) are plotted in Figure 6. The degree of OH orientation in
both cases is substantially reduced compared to the distributions
displayed earlier (Figures 3 and 4). The OH diatom is more
strongly oriented when it is explicitly treated as an open-shell
2Π molecule than as a closed-shell1Σ diatom, even though the
calculations were performed on identical potential energy
surfaces. In addition, the closed-shell calculations predict a
T-shaped ground-state structure foro-H2-OH with the H-atom

Figure 5. Infrared spectrum of theo-H2-OH complex in the OH
overtone region reproduced from ref 13. The lowest-energy feature at
6971.9 cm-1 has been assigned as the pure overtone band, and higher-
energy transitions are combination bands involving the simultaneous
excitation of the OH overtone and intermolecular bending vibrations.
The ticks show the calculated line positions for the lowest allowed
Q-branch transitions. The computed orientational distribution functions
for the bending states access by infrared excitation ofo-H2-OH are
displayed above the ticks (also see Figure 4).

Figure 6. Polar plots of orientation distribution functionsP(θH2) and
P(θOH) for the ground intermolecular bend state of the hypothetical
closed-shellp-H2-OH (top) ando-H2-OH (bottom) complexes. The
degree of OH orientation is significantly reduced compared to the open-
shell calculations presented in earlier figures. See text for details.
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of OH pointing toward H2 (Figure 6). By contrast, the proper
treatment of OH as2Π in the open-shell calculations reveals
that both H2 and OH lie perpendicular to the intermolecular
axis in the ground state ofo-H2-OH (Figure 4).

The mechanism by which the OH diatom becomes oriented
in the H2-OH complex is very different depending on whether
OH is taken to be in a2Π or 1Σ electronic state. For a closed-
shell OH (1Σ) diatom, the degree of OH orientation depends on
jOH state mixing, which is related to the ratio of the OH
monomer rotational spacing and the effective barrier to rotation
in the complex. Because thejOH spacing is large, a significant
amount of angular anisotropy inVAVG would be needed to orient
an OH (1Σ) diatom. In contrast, OH (2Π) becomes oriented in
H2-OH by an electrostatic-induced mixing of the parity
components of the OHλ-doublet states. Because theλ-doublet
splitting is much smaller than the rotational energy spacing, a
smaller degree of angular anisotropy is required to orient the
OH (2Π) internal precessional motion. Thus, open-shell OH (2Π)
can be more easily oriented in the H2-OH complex than if it
were a closed-shell diatom (1Σ). The different sensitivities with
which the two types of rotational motions (precession vs
tumbling) respond to electrostatic perturbations has long been
recognized in the context of the response of polar molecules to
a uniform electric field.36 In a perturbation approach, polar
symmetric-top molecules have a first-order Stark effect, whereas
polar diatomic molecules interact with the field only in second
order.36

The different mechanisms by which2Π and 1Σ diatoms
become oriented in weakly bound complexes underscores an
important distinction between H2-OH and H2-HX (X ) F,
Cl) complexes. The closed-shell H2-HX systems have also been
the focus of high-level PES calculations and bound-state
calculations.20,21,37In the closed-shell species, the HX diatom
becomes oriented byjHX state mixing induced by the intermo-
lecular potential. The degree of orientation in theo-H2-HX
ground intermolecular state can be relatively high; for example,
it is calculated21 to be 〈cos θHX〉 ) 0.684 in o-H2-HCl and
experimentally measured to be〈cos θHX〉 ) 0.743 in o-H2-
HF.38 In the ground state of H2-HF or H2-HCl, the jHX state
mixing is sufficient to consider the HX internal angular motion
as large-amplitude librational motion. ThejHX state mixing
mechanism also implies that the excited intermolecular bend
states of H2-HX will not display the same amount of variability
in structure as seen in Figure 4 foro-H2-OH.

D. Effect of Overall Rotation on Orientation. The highest
degree of orientation is achieved for the lowest possible rotor
level J of each H2-OH intermolecular bend state. There are
two main reasons for this. First, an increase in end-over-end
rotation of the complex will increase off-diagonal Coriolis
interactions that tend to mix different body-fixed orientations.
Second, as the end-over-end rotational of the complex increases,
the effective anisotropy of the intermolecular potential will not
be adequate to keep the OH and H2 internal rotational motions
oriented and aligned, respectively, in the body-fixed frame. As
an example, consider the impact of increasing the end-over-
end rotation on the ground-state properties ofo-H2-OH. The
H2 and OH orientation distribution functions are plotted for this
K ) +1/2 state as a function ofJ (J g 1/2) in Figure 7. AsJ
increases, the peaks and nodes in the H2 and OH distribution
functions become less well defined. In this specific case, the
increased rotation has a greater effect on the H2 alignment than
on the OH orientation. Thus, for stereodynamic studies where
the highest degree of orientation of the constituents is desirable,
the lowestJ level should be selected.

E. Effect of VDIF. The calculations presented thus far have
included the effects of the difference potential, because both
VAVG andVDIF were used in the bound-state calculations. The
calculations were repeated withVAVG only to ascertain the
impact ofVDIF on the orientation distribution functions for H2

and OH. The primary effect ofVDIF is to cause small energy
splittings between rovibrational states with the same total angular
momentumJ but different total parity. The orientation distribu-
tion functions are thus only marginally changed for different
parity states with the sameJ, even when the parity splitting is
large (∼1 cm-1). (The distributions plotted in the figures are
for total p ) + states.) Thus,VDIF is found to have very little
effect on the absolute energies or structures of the bound states
of H2-OH.

V. Discussion

This paper demonstrates that intermolecular forces can be
used to orient the OH radical in weakly bound complexes such
as H2-OH and contrasts the degree of orientation achieved with
that obtained using conventional hexapole-based techniques.
Hexapole state selection uses a hexapole field to select OH
radicals in a particularm level and subsequently orients these
molecules in the space-fixed laboratory frame using an electric
field. A large net orientation of a sample of OH molecules results
from state selection and the propensity of certain OH rotor states
to be strongly oriented by an electric field. The highest degree
of OH orientation is achieved in the high-field limit for the|jOH

ωOH kOH〉 ) |3/2 (3/2 (3/2〉 rotational state. The quantum
calculations presented here show that OH can be oriented to a
similar degree with respect to thebody-fixed framein o-H2-
OH. In o-H2-OH, the OH molecule is in a nearly pure rotational
state that maintains a constant projection ofjOH on the
intermolecular axis. Accordingly, the form or shape of the OH
internal rotor wave function in H2-OH is very similar to that
of OH in an external electric field. The OH radical maintains a
constant body-fixed projection (kOH) in H2-OH, whereas in the
hexapole studies, it maintains a constant space-fixed projection
(mOH). The major difference between the two approaches is that

Figure 7. Polar plots of orientation distribution functionsP(θH2) and
P(θOH) for the ground intermolecular bend state ofo-H2-OH as a
function of the total angular momentum of the complex,J. As J
increases, the degree of body-fixed orientation of both H2 and OH is
diminished. In general, the highest degree of orientation for a given
intermolecular state is attained in the lowest possibleJ state.
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the orientation is specified with respect to two different axis
systems.

The intermolecular bound states of H2-OH offer many
scenarios for controlling the relative orientation of OH and H2.
In p-H2-OH, the H2 molecule is isotropically distributed over
all possible angular geometries and therefore appears spherical
to OH. The OH radical, on the other hand, is oriented in the
body-fixed frame of the complex. This allows for studies of
the interaction of an oriented OH molecule (either head-on or
sideways) withp-H2 (jH2 ) 0) by accessing different intermo-
lecular bend states. Ino-H2-OH, by contrast, there is a high
degree of OH orientation and H2 alignment. The BF orientation
and alignment are a direct consequence of the unquenched
angular momentum in both partners, whose free-rotor internal
motions create anisotropic spatial distributions of the partners
that sample different regions of the intermolecular PES. As
shown in this work, the intermolecular bend states are well
described in terms of different body-fixed projections of the
jH2 ) 1 and jOH ) 3/2 internal rotors. Although the OH and
o-H2 monomers are undergoing nearly free internal rotation,
the rotational motions of both partners are quantized with respect
to the intermolecular axis of the complex, and thus the relative
orientation of the reagents is well-defined.

The body-fixed alignment ofo-H2 and orientation of OH in
o-H2-OH also indicate that the relative spatial orientation of
the reagents can be changed dramatically with intermolecular
bend excitation. By accessing the different bend states, theo-H2

alignment and OH orientation can be changed in discrete steps
of kH2 andkOH. The different relative orientations of the H2 and
OH partners in the various intermolecular bend states sample
different regions of the PES and accordingly have intermolecular
energies that differ by tens of wavenumbers. The relative
orientation of the H2 and OH partners can therefore be
systematically manipulated by exciting different intermolecular
states.

Our interest is to use the bound states of H2-OH as the initial
states in vibrationally mediated half-collision studies of H2-
OH. The ground-state H2-OH complexes are formed in a
supersonic expansion and then vibrationally excited using high-
power, narrow-line-width laser sources. This combination allows
for precise species selection because binary complexes ofp-H2-
OH or o-H2-OH can be preferentially excited (they absorb at
slightly different frequencies). Second, we have shown that H2-
OH complexes can be prepared state-selectively with two quanta
of OH stretch12,13 or one quantum of H2 stretch.14 Third, this
excitation is stereospecific because the initial relative orientation
of the partners is restricted by the bound-state wave function.
Finally, excitation of single rovibrational states allows the total
angular momentum of the system to be specified. Experimental
studies have demonstrated that the ground intermolecular state
be prepared via pure OH overtone excitation and, in addition,
excited intermolecular bend states can be accessed via combina-
tion (intramolecular+ intermolecular) band excitation.13 The
quantum calculations presented here are used to predict the
structure of H2-OH in the states prepared in these experiments,
and this information can be used to interpret state-to-state
dynamical studies. There is experimental evidence that the OH
products from vibrational predissociation of D2-OH retain some
memory of their initial state in the complex, as demonstrated
by the dissimilar OH fine-structure distributions resulting from
different intermolecular states.35 By preparing intermolecular
bend states in which the relative orientation of the H2 and OH
partners resembles the bent transition state structure for the OH
+ H2 hydrogen abstraction reaction,11 the probability of reactive

decay is likely to be enhanced, but the extent of such
enhancement is still unknown.
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