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Controlling the Relative Orientation of Reactants with Intermolecular Forces:
Intermolecular State-Dependent Structure in Prereactive H—OH Complexes
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A theoretical study has been carried out to examine the orientation distribution functions of the OH and H
diatoms in various intermolecular states of the prereactive ®H 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-e®OH. These calculations show

that the H and OH diatoms undergo nearly free internal rotation within the complex. However, the angular
anisotropy of the intermolecular potential orients the OH and alignsttte-H, 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 degtesdgffixedorientation of OH in some bound
states of H—OH, including the ground state oftho-H,—OH, approaches the highest degresjpfce-fixed
orientation that has been achieved in hexapole orientation studies of OH. The experimental implications of
the results are discussed.

I. Introduction degree of OH orientation can be achieved in the laboratory frame
L . using the hexapole meth&d’ However, because the orientation

Electric field focusing has long been used to produce beams ¢ e cqjlision partner and the impact parameter of the collision

of oriented polar symmetric-top molecufes. Polar symmetric- are still averaged quantities in these studies, it is desirable to

top molecules can be manipulated using electric fields becauseqg,e|0 new techniques that permit even greater control over
they precess rather than tumble in certain rotational states, and[he initial conditions of the collision.

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; < of the H and OH partners within the +OH complex

rather than tumble). . ) . cannot be extracted from the spectroscopic data at the experi-
These types of hexapole orientation methods are applicableenta| resolution obtained (0.12 chin the near-infrared).
to the ground electronic state of OH2KI because unquenched On the other hand, the relative orientations of thead
electronic angular momentum in the diatomic radical results in OH partners within t’he b-OH complex can be predicted
Its r§j$t|onal motion being similar to that of a polar symmetric -y qretically. Fortunately, #OH has been the focus of first-
top: Ir!terest in the stereodynamics of O.H CO”'S'On.S’ and. principles quantum calculations that directly computed the H
radicals in general, has led to elegant studies of the |nelast|cOH infrared spectrum using a high-quality ab initio potential
scattering dynamics of oriented OH with Hnd other collision energy surface (PESJ6 There is close agreement between
partners. ™1 These experiments have demonstrated that a high o< theoretical results and experiment for the energies of the
. . rovibrational lines in the infrared spectrum ofHOH.12:13.17
(e_:n%ﬁ)”esr’ond'”g author: 215-573-2112 (fax), milester@sas.upenn.edu Thjs syggests that the calculated wave functions associated with
c the rovibrational states on this PES can be used to provide

T Present address: Department of Chemistry, University of Wyoming, ) tatl ) —> _
Laramie, WY 82071-3838. physical insight into the characteristics of the intermolecular

This laboratory is exploring the possibility of orienting
reactive collision partners by preparing them in specific rovi-
brational states of a weakly bound complex. Fos—@H
complexes, the production of such complexes is challenging
because there is only a small barrier (2040-émto the
exothermic H + OH — H,O + H reaction'! Nevertheless,
H,—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 overtote!® and H fundamentdf
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 H
partners and the projection of the total angular momentum
(originating from unquenched angular momentum of the two
diatoms) along the intermolecular afsi3 The relative orienta-
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states of H—OH. Specifically, the relative orientations of the total angular momentum (including electronic and spin angular
H, and OH partners in different intermolecular states ef-H momentum) andv and m are the molecule- and space-fixed
OH can be determined through an examination of the squareprojections ofj, respectively. In a rotating OH diatom, the

modulus of the multidimensional wave function. degeneracy of theandf states is lifted, causing a small splitting
This paper shows that OH is strongly oriented in the body- between these states that is terniedioubling.
fixed frame of the H—OH complex. In certain rovibrational In a homogeneous electric field, however, parity is no longer

states, the degree of OH orientation in the body-fixed frame of well-defined, as the electric field mixes the twedoublet
H,—OH approaches the degree of space-fixed orientation thatcomponents of a given rotational level, yielding coupled wave
is achieved in hexapole studies of OH. In addition, the relative functions

orientation of the HHand OH partners is well defined ortho-

H,—OH (denoted hereafter asH,—OH) and strongly inter- WY, = ad(jome + bd(jwmi)
molecular state dependent, even though both partners are _ . .
undergoing nearly free internal rotation in the complex. These W, = —b®(jomg + ad(jomi @)

findings are consistent with the internal rotor dynamics of the o - )
related closed-shell species+HHF and H—HCI, 1821 although ~ Where the mixing coefficientsa( b) depend on the magnitude
the HX GZ) molecule becomes oriented in these Comp|exes by of the .Orientin.g electric f|e|63 The Stark pOtentla‘f Crea-ted

a different mechanism than the principal means identified for by the interaction of the dipole moment of OH (1.655Dith

OH (). This difference will be discussed in detail (section @ typical laboratory orientation field (10 kv/cm) has a magnitude
IV.C), and stems from the pseudo-symmetric-top nature of the of ~0.5 cnT. In the lower spir-orbit manifold the rotational
OH radical and its response to an electric field (first-order Stark €nergy spacing between the two lowest rotational leviets (
effect). 3/, andj = %/,) is 88 cnTl, whereas thé-doublet energy spacing

The remainder of the paper is organized as follows. In section in the lowest = %>) level is 3 orders of magnitude smaller at
I, we describe the laboratory-fixed orientation of OH that is 0.055 cnT.? Thus, the Stark potential is not sufficient to induce
typically achieved in hexapole-state-selected experimental stud-substantial mixing of levels, but it is adequate to mix the
ies. In section I, we review the space-fixed bound-state different parity components of the ORtdoublet states and
calculations of H—OH 1516which are then transformed into a  thereby orient OH. When the Stark shift of the states is much
body-fixed representation so that the relative angular orientationsdreater than thé-doublet splitting, the coefficients in eq 2 reach
of H, and OH within the H—OH complex can be calculated. their limiting values ofa = b = 1/¥/2. In this “high-field”

In section IV, we examine the calculated wave functions for limit,?” the OH rotational wave functions simplify to the

different intermolecular bend states pfH,—OH ando-H,— corresponding symmetric-top wave functiéns

OH to obtain their “structures”. We also examine the degree of o+ 112

orientation that can be achieved for selected quantum states to liwmC= ( | ) D% (oB) 3)

demonstrate that 4#OH can be used to control the relative 4

orientation of the reactants. Finally, in the last section, we ) ) )

formulate some conclusions based on this work. wherea is the dihedral angle anlis the polar angle between
the OH molecular axisZ{ and the space-fixed quantization

Il. Orientation of Hexapole-State-Selected Hydroxy! axis (theE field direction). The analytical forms of the OH

Radicals rotational wave functions are given by Wigner rotation matrices

(D) ). Classically, the OH molecular axis precesses around
the total angular momentum veciomwhich, in turn, precesses
around the laboratory-frame quantization aXisThe 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 fimit.
The orientation distribution function for a given rotational
state, denoted &8,m(f), is defined as the probability that the
OH molecular axis points at a certain polar angheith respect
to the laboratory-fixed electric field vector in the volume element
27 sin 5 dB. The orientation distribution function is evaluated
from the square modulus of the wave function (eq 3) integrated
over the dihedral anglexj. The classical recipe for calculating
Pi,m(3) has been given elsewhefeand quantum calculations
have also been published for various low-lying rotational states

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-fixedbrientation 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 ground?IT electronic state. The same functional form
will be used to quantify the degree bbdy-fixedorientation
achieved in H—OH complexes in section V.

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

of OH57
1 The degree of orientation that can be achieved for OH radicals
D(jome) = —(|jomH €|j —wm) (1) in them = ¥, andm = 1/, states of the lowest rotational level
V2 lj @ mO= |35 3, mCis illustrated in Figure 1. These probability
distributions represent the high-field limit for a pure Hund's
wheree = £1 is the space-fixed parity labek (= +1 for case a OH radical. The direction that the OH axis “points”

e-labeled states and1 for f-labeled states¥ For consistency depends on the relative sign @fandm, and for simplicity, we
with the discussion of the HOH complex later, quantum  consider only{3/, £%, =mlstates. In Figure 1, the orientation
numbers associated with the monomers are in lower case, andlistribution functionPj,m(5) is plotted in two equivalent ways:
upper-case letters are reserved for quantum numbers associateas a function of cog from —1 to +1 (top panel) and as a polar
with the complex. For simplicity, we label the OH quantum plot as a function off from 0° to 36C° (bottom panel). Clearly,
numbers using a pure Hund’'s case a notation, whesethe the m = 3/, andm = 1/, states have very different orientation
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2 that used in the last section for obtaining the space-fixed
m=3/2 orientation of OH rotational states in an external electric field.
Q 1 The calculation begins with an evaluation of the energies and
~ 1 - wave functions of the bounds+OH rovibrational states from
m=1/2 guantum calculations on an accurate 4D intermolecular potential.
R 1 For this, we use the ab initio potenfiaghnd computer code'6
developed by Clary, Werner, and co-workers. The resulting
space-fixed wave functions are then transformed into the body-
-1 0 1 fixed frame and integrated numerically to obtain the orientation
distribution functions for the OH and Hmoieties in each
COS(IB) rovibrational state of B—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
300 270 240 developed by Miller and Clary on the basis of ab initio
calculations by Kliesch and Wern& These ab initio calcula-
tions consider only planar configurations of the,HDH
330 172 210 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 electrostitics.
0 180 Another potential has been developed by Offer and van Hemert
(OvH) that explicitly considers nonplanar configurations and
150 fits their calculated ab initio points to a more flexible functional
form.2% It would be desirable to repeat the calculations reported
here using the OvH potential to test the assumed functional form
60 120 in out-of-plane configurations.
90 Using a variational approach, the rovibrational wave functions
Figure 1. Calculated orientation distribution functid,m(3) for OH of H,—OH are expanded in a product basis of angular (ang)

in the statdjom= |%, +%, +mllIn these plotsf is the polar angle  and intermolecular stretch (str) basis functions

between the laboratory-fixed electric field vector and the OH bond axis.

The top graph shows;,, as a function of cog, and the bottom graph Y= ZC"VJi Wj (5)
displaysPj,min a polar plot. These distribution functions represent the a I #ang ¥str

high-field limit for hexapole orientation studies of OH.

Pon(B)

30

The explicit form of the Hamiltonian and potential matrix in

distribution functionsPj,m(8) reaches a maximum # = 0° the space-fixed basis has been given previotfsiyAll of the
for them = 3, state, whereas the = %/, state has a node at  calculations presented here utilize an intermediate Hund’s
this orientation. In addition, then = 3/, distribution is more  coupling case to accurately describe the contribution of the OH
strongly peaked than the= Y/, state, indicating a higher degree  rotational wave functions, but we will neglect this added
of orientation for them = ¥, state. This is also consistent with  complexity in the equations that follow to be consistent with
a classical point of view, becaugés more tightly constrained  the previous section on the hexapole-state-selected orientation
to precess around the electric field vector in the= %, state?? studies. The angular wave functions in eq 5 are expanded in a
Rotational states with= |w| = |m| achieve the highest degree basis involving space-fixed diatom wave functions to give
of orientation because the OH rotational motion most closely
resembles precession, as opposed to tumbling, in these states. w;’r‘f'g'l’ = ZCKUHJOHwOHleL; JMpO (6)

The average orientation of the OH radicals in the electric

field can be readily evaluated in the high-field limit usidg with the H, and OH bond lengths fixed. Herd refers to the

total angular momentum (neglecting nuclear spin) of the
— 4) complex with space-fixed projectiod, L designates the end-
ii+1) over-end rotational angular momentum of the complex as a
o . whole, andp indicates the total parity of the rovibrational wave
The limiting values ofiéospCfor the |j & mO= %2 £% £%>0 function. The total angular momenta of the two diatofgg,
and ¥, +%, +'/,Ostates are 0.65(= 53°) and 0.2 § = 78°), andjon, are coupled tgether to forfa; = ju, + jon. In the
respectively. This high-field limit represents the highest degree 1y, oH pound-state calculations, spiorbit coupling has been
of orientation of OH (without hybridization of the free-rotor  jncluded in the description of the OH free-rotor states. Never-

levels, i.e., mixing off) that can be achieved in a hexapole- {hejess, for simplicity, we label each state by, which is
state-selected orientation study. The fundamental limit to the rigorous only for Hund’s case a coupling.

degree of orientation originates in the quantum mechanical “The space-fixed angular wave functions are defined as
nature of the|j w mO= |3, %/, +3,0and |3/, +%, £/,0

rotational states of OH (see Figure 1). In these sttes,and lin)orwor 12k IMpLE=

m are good quantum numbers and only #feparity label of

mw

[¢ospl=

the A-doublet components is lost. Z O,y JonMonl 12My o My, LMy [IMO
My, MoHMy M
Ill. Method « |jH2m-|2|:I]jOHwOHmOHD]LmLD @)

The procedure for calculating the body-fixed orientation of
OH and H in bound states of p+OH follows directly from where [jm, In|JMOis a Clebsch-Gordan coefficient. Basis
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functions that differ inJ and p are decoupled. Thus, the
eigenfunctions are calculated for a given valug ehdp. The

basis functions for the Himonomer|ju,my,0Jand end-over-end
rotation |Lm.O of the H,—OH complex are represented
by spherical harmonicsim(0,¢). The OH basis functions
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P(64,). The quantityP(0) represents the probability of finding
the OH (or H) bond axis at a polar anglewith respect to the
intermolecular axiR in the solid angle 2 sin 0 df. As an
internal check, the transformed angular eigenfunctions were
found to be orthonormal, verifying that the SFBF transfor-

ljonwonmonare represented by Wigner rotation matrices as mation and the analytical forms of the basis functions were
defined in eq 3. properly implemented in the computer code.

For calculations involving wave function properties instead  As a final note, we mention that the effects of unresolved
of energies, smaller basis sets than are used in ref 16 can beyperfine structure due to nuclear spin in the molecules are not
employed. Here, the angular basis sets are constructed fromincluded in the present analysis. Zare and co-workers have

space-fixed basis functions with maximum valueggf= 4
for p-Hy, ju, = 5 for o-Hz, andjon = 7/ for OH. For both the

treated the dynamics of nuclear-spin-coupling effects on di-
atomic molecules aligned via polarized laser excitatforhese

p- and o-H,—OH complexes, the stretching basis consists of studies show that precession of the nuclear spin leads to a

41 Gaussians equally spaced from 2 to g0Tr&e product basis
is then contracted tosy = 15 andnang = 35 to give a product

decrease of the initial molecular alignment, particularly for jow-
states where the magnitude of the nuclear spin is significant in

basis of 525 functions. The molecular parameters used in thecomparison. For example, such nuclear hyperfine depolarization

calculations are taken from ref 16.

effects overwhelm the laboratory-frame alignment dynamics for

To visualize the wave functions, the space-fixed (SF) wave HF molecules prepared in loj\states’2 However, in this case,

functions must be transformed into the body-fixed (BF) frame.

where the nuclear spin coupling is weak, the intermolecular

The BF frame is defined with respect to the intermolecular axis potential should be sufficient to decouple the nuclear spin

R, the vector connecting the center-of-mass gtdithe center-

angular moment&.Thus, although the nuclear hyperfine cou-

of-mass of OH. The unitary transformation between the space-plings were neglected in the present study, we expect that the

and body-fixed basis sets is givenpys:30

likJorwori 12k IMpE=
2L\ o _
_Z —— | BhoK, LOPIKI jor@on12K; IMPLI(8)
k&t2\ [J]

whereK is the magnitude oK, the projection ofl on the body-
fixed intermolecular axi®R, and PJ] = 2J + 1. Note thatK is
often designated & in treatments of open-shell complex@s,
but for continuity with previous theoretical work orpHOH, 516
we will useK. The BF basis is defined in the standard e
as

linjor®ori 12l IMpL=
ZO [ﬂszHza jOHkOHIjlZKEﬂjHZkHZEBjOHwOHkOHD 9)
K1, Kom

whereky, andkoy are the projections gf,, andjon, respectively,
onto the intermolecular axis atgd, + kon = K. The coefficients
(bfy) of the body-fixed angular wave functiofjgku,0 orwormond
are thus the product of the space-fixed coefficientésee eq
6) and the appropriate ClebseBordan coefficients summed

orientation distribution functions calculated in this work would
be qualitatively preserved even if nuclear hyperfine couplings
were included.

IV. Results

Nuclear motions of the Hand OH moieties in k+—OH
sample two different potential energy surfaces because of the
electronic degeneracy of the OH K1 partner. The two
potentials are degenerate for linear geometries of the®H
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
Var andVa- depending on whether the half-filledrrbital of
OH lies in or out of the H—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 thewerage v = Y2(Va + Var) anddifference
Vo = 1/2(VA” - VA') potentials.

The average intermolecular potential is characterized by a
relatively high degree of angular anisotropy, and it is this

over the total space-fixed basis set. In the BF basis, the wavepotential anisotropy that serves to orient the rotating diatoms

function is written in terms of the vectors, = (64,, ¢n,) and
Ton = (Uon, Pon) that describe the orientation of the two diatoms
with respect to the intermolecular axs The anglef is the
polar angle, an@ is the dihedral angle, withdg, = 0°, Oon =
0°) defined as the linear HHHO configuration anddg, = 0°,
¢on = 0°) indicative of a planar structure.

To examine the body-fixed orientation of the OH diatom
within the complex, the B+-OH rovibrational wave function is
integrated numerically (Gaustegendre and Gaus$iermite

in the body-fixed frame of the complex. The global minimum
(—188 cn1l) onVayc is located at a T-shaped geometry where
the H atom of OH points toward thesHliatom @n, = 90°,
Aor = 0°) with a center-of-mass separation of 3.226/t this
global minimum, the barriers to internal rotation of the &t
OH monomers are 470 and 210 threspectively. Because
the lowest rotational-level spacings of the &hd OH monomers
are quite large, 360 and 88 ci one anticipates only weak
mixing betweerdifferent jlevels and, consequently, nearly free-

quadrature) over the intermolecular stretch coordinate and threerotor behavior for the Band OH diatoms in the complex.

of the four angular coordinates
P(Oon) =
flp:trlpstrdR ffflpanIyangSin 0H2 d6H2 d¢H2 d(X)OH (10)

This integration gives the orientation distribution function
P(6on). The integration overfy, can be replaced by an
integration overfon to obtain the corresponding orientation
distribution function for the Kl diatom within the complex,

However, the angular anisotropy W is sufficient to lift
the 3 + 1 orientational degeneracy of a givelevel, generating
2] + 1 distinct body-fixedk states. Eack state corresponds to
a different projection of the diatom angular momentuonto
the intermolecular axis. It is this angular anisotropy that leads
to orientation of the OH radical and alignment of thegartner,
specifically foro-H,, in the BF frame of the bB+-OH complex.

A. paraH,—OH. We anticipate that thp-H, molecule will
retain itsjy, = 0 quantum number in thp-H,—OH complex
making it effectively spherical. As a result, the intermolecular
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TABLE 1: Leading Coefficients (bfy) of the Body-Fixed 2
Angular Wave Functions in the Expansion|ju, kn,0jon @on 4
konUfor the Dominant @ang of p-H,—OH?2 —_
sz kHz jOH kOH Z/bZO Ub:]. l/b:2 Ub:3 %g 1 ]
0 0 3% +% 0.8985 0.1518 x
0 0 3 +Y% 0.2545 0.7655 0.3883 0.6176
0 0 3% -1 —0.0726 0.6210 —0.5969 —0.7662
0 0 3% % 0.2953 —0.6680 0

S(bf)?° 0.9645 09716 0.9763  0.9685 -1

energy —26.3 —21.0 -—-153 —14.5

[¢osOond +0.479 +0.115 —0.330 —0.103

Ke +3/, +, =3, =1,

a Reported values are for the lowest possiblevel andp = + for 2
each intermolecular bend, state.®? Sum of the squares of the four
indicated body-fixed coefficients.Intermolecular energy (cnd) with —_
respect to dissociatiod.Average body-fixed orientation of OH. The =
limiting values ofl¢osfonlfor pure OH rotor states are0.6 for |jou 2 1 1
won Kon= |3/2 43/, +3/,0and +0.2 for UOH won konld= |3/2 +3/, t
+1/,00¢ ApproximateK quantum label for each intermolecular bend
state. 0
. -
bend states op-H,—OH should resemble those of rare gas -1 0 1
OH complexes, such as AOH3133:34|n this case, there will cos (6.,)
; H

be four bound intermolecular bend states that correspond to the 2
four (Zon + 1) possible body-fixed projections of thgy = Figure 2. Body-fixed orientation distribution functior8(6) for OH
3/, free rotor ko = +3/5, +, =42, —3/2). The sign ofkop, and H in the ground intermolecular state piH,—OH. In these plots,

which refers to its sign relative oy (assumed to be positive), 6 is the polar angle between the body-fixed intermolecular axis and

P e - the diatom bond axis. Whereas i isotropically distributed, OH is
indicates whether the H end (positig) or the O end (negative preferentially oriented with the H end pointing toward the Hhe

kow) of OH points toward k. . degree of orientation of OH approaches the pkgig= ¥ state limit
Analysis of the total wave function fgrH,—OH reveals that (dotted line), which is included for comparison.

only one product function contributes significantly (i.epe ~

1 and¥ = yangpst). Furthermore, only a few of the BF angular 6o ~ +1), as expected for &y = +3- state. The most
basis functions contribute tpa,g The leading coefficientbfi favorable orientation for OH is analogous to that at the global
of the body-fixed angular wave functions for the four inter- minimum onVayg. For comparisonR(6on) for a pureljon won
molecular bend states @fH,—OH are presented in Table 1.  kon(= |3, 4%/, £3/,[state is also plotted (dotted line) in Figure
The quantum numbep, = 0—3 is used to designate the 2. The good agreement between the two distribution functions
energetic ordering of these states. Each state is also labeled bylemonstrates that the OH moiety in the ground intermolecular
the approximate quantum numbéthat denotes the projection  state ofp-H,—OH is well described by a single body-fixed wave
of Jon the intermolecular axis. Examination of Table 1 reveals function.

that the angular wave functions for these four bend states are The agreement between the tR(Pon) distributions shown
constructedX 95%) from linear combinations of the four body- in Figure 2 is not perfect, however, because the OH moiety is
fixed basis functions withn, = 0 andjon = %2, won = %-. not in a purekon = 3/, state in the ground intermolecular bend
Contributions from higheju, or jon free-rotor states (or from  state ofp-H,—OH. Differentkoy (or equivalentlyK) states are
the upper OH spirorbit statewon = 1/5) to the angular wave  mixed into the angular wave function by off-diagonakpy =
functions of the weakly bound complex are minimal. Note that +1) Coriolis couplings, which are induced by end-over-end
because relatively small variational basis set expansions wererotation of the complex. These couplings makg, only an
used in this study, the intermolecular energies presented in Tableapproximate quantum number, although Figure 2 shows that
1 are only approximate as energies converge more slowly thanthe body-fixedkon quantum number still provides a physically
wave function properties. Furthermore, a detailed comparison meaningful quantum label for the ground intermolecular state

with the published results of Clary and co-workéiis difficult of p-H,—OH. The comparison can be made more quantitative
because these researchers reported energigds<féf, andp = by calculating the average orientation cosine of the OH moiety.
+ only, whereas we present the energy of the lowest possibleln the ground intermolecular state pfH,—OH, the average

J state for each intermolecular state (eJgin = Y2 for K =1/, orientation of OH iS¢osfond= +0.479 as compared {@os

states). However, calculations carried out in this laboratory with o= +0.6 for a purdjon won ko= |32 +3/2 +3/,0quantum

large basis sets are in quantitative agreement with the earlierstate. These differences stem frd@y state mixing and not

published results of Clary and co-workéfs. from the rigorous treatment of spitorbit interactions in OH.
The angular wave function for the ground intermolecular state The contribution from the uppéil,/, spin—orbit state is only

(vb = 0) of p-H,—OH is primarily composed [to greater than ~0.03%.

80% (0.8985) of a single body-fixed term witly, = 0, ky, = The orientation distribution functions for the four bound

0 andjon = %/2, won = %/, koy = +3/, (see Table 1). The H intermolecular bend states pfH,—OH are shown as polar plots

and OH orientation distribution functions for this state are shown in Figure 3. Note that th€(0) functions shown in Figure 2 for

in Figure 2. The plot ofP(64,) vs cos@y,) is constant, as  the ground intermolecular state pfH,—OH are replotted in

expected for an essentially pujig = 0 state, illustrating that ~ Figure 3 as polar plots. ThB(64,) functions do not change

the H; is isotropically distributed over all possible angular with intermolecular state because the ddatom is in nearly a

orientations. The plot oP(6own) Vs cos @on) shows that OH is pureju, = O free-rotor state in each case. On the other hand,

preferentially oriented with its H end pointed toward (¢os P(6on) changes for each intermolecular bend state because these



Controlling Reactant Orientation with Intermolecular Forces J. Phys. Chem. A, Vol. 107, No. 15, 200311

N
YN
)™

6 -1/2

s
o Q

3-12 h

5 +1/2

4 +3/2

2 -3/2

5
Jl/\
‘TJ
O D
9
e
-

(Y

O O 0O O -

-

p—

+5/2

-3/2
0 +3/2 % éﬁ
v, K

P(0H2) @ 0 +1/2

Figure 3. Polar plots of orientation distribution functio®®6,) and

P(Oon) for the four intermolecular bend states pfH,—OH. The v. K
approximate quantum numbess andK are used to label each state. b
The H, molecule is spherical as expected fer= 0, whereas the OH P(H ) P(9 )

diatom displays four different body-fixed orientations. H, H

Figure 4. Polar plots of orientation distribution functiof®64,) and
four states correspond to thg4a+1) = 4 different body-fixed  P(6oy) for the eight lowest-energy intermolecular bend statesld§—
projections of ajon = 3/2, wou = %, free rotor. To a large OH. The approximate quantum numbessand K are used to label
degree, the energy spread and energetic ordering of these fougach state. The Hcan be aligned either parallel or perpendicular to
bena sates s  measure o the ON angularansoxopw. - e MATAee e, T D lom e [t e e
The dlfferent body—fllxed onentayons of OH preferentlally H, and with the OH radical aligned perpendi'cular to the intermolecular
sample different regions of the intermolecular potential and s
accordingly have different intermolecular energies.

TheP(6ow) functions shown in Figure 3 for the excited bend

states {p = 1—3) of p-H,—OH appear to derived from distinct  value, but the values for the excited bend states are substantially
kon terms, yet inspection of Table 1 shows that sevérg less than the values for a pulien woun konCbody-fixed state
body-fixed basis functions contribute to each excited bend state.(Table 1). Nevertheless, the intermolecular potential does cause
As discussed earlier, Coriolis couplings cause the mixing of a substantial degree of body-fixed orientation for OH within
kon basis functions. These couplings do not completely “wash- the p-H,—OH complex that differs for the various bend states.
out” the body-fixed orientation of OH in the complex, but they The degree of OH orientation ip-H,—OH is similar to that
do diminish the distinctions between different intermolecular achieved in Ar-OH.23340n the other hand, the-H (ju, = 0)
bend states. For example, the mean OH orientation caéose partner remains essentially sphericapifl,—OH and is neither
Oonllin the ground intermolecular state is close to the limiting oriented nor aligned by the intermolecular potential.
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TABLE 2: Leading Coefficients (bfy) of the Body-Fixed Angular Wave Functions for the Dominanttang of 0-H,—OH?

JoH kOH sz kH2 z/b=0 Ub:l Ub:2 Ub:3 Ub:4 Z/b:5 Ub:6 l/b:7
3/, +3/, 1 +1 —0.9532
3/, +3/, 1 0 —0.1524  —0.2129 —0.8666 —0.0545
3/, +, 1 +1 —0.0027 0.0242 0.2132 0.1192
3/, +3/, 1 -1 —0.1242  —0.0270 0.0133 —0.0296  —0.1472 —-0.8380 —0.2017 0.0219
3/, +, 1 0 0.0166 —0.0025 0.0052 —0.0729 0.0214 0.3512 0.1678 —0.0254
3/, -1, 1 +1 0.9681 0.0659 —0.2793 0.1106 —0.0928 0.1226 0.0353 —0.464
3/, +, 1 -1 —0.0709 0.0113 0.0400 —0.0754 —-0.0306 —0.0303 0.0833 0.0528
3/, =1, 1 0 0.1224 0.0045 0.2749 —0.9612 0.0883 0.0223 —0.1733 0.0380
3/, =3, 1 +1 —0.0288 —0.0029 —0.0044 —0.1744 0.0209 —0.2454 0.8911 0.2393
3/, =1, 1 -1 —0.0396 0.8807 —0.2882 0.0288
3/, =3, 1 0 —0.0081 0.0637 0.0865 —0.8981
3/, =3, 1 -1 0.0765
3(bfy)?P 0.9738 0.9402 0.9810 0.9784 0.9269 0.9023 0.9011 0.8887
energy 73.2 77.5 81.9 83.2 88.8 93.1 100.4 110.0
[¢osOonl —0.173 +0.550 —0.136 —0.196 +0.444 +0.382 —0.400 —0.416
Ke +1, +5/, 3, 1, +, +1, ~, —3,

2 Reported values are for the lowest possiblevel andp = + for each intermolecular beng state.” Sum of the squares of the 12 indicated
body-fixed coefficients® Intermolecular energy (cm) with respect to thgs, = 0, jon = %- dissociation limit. Average body-fixed orientation of
OH. The limiting values of¢os OonIfor pure OH rotor states ar€0.6 for |jon won konO= |3/ 3/ +3/,0and +0.2 for |jon won kon= |32 +%/
+1/,00¢ ApproximateK quantum label for each intermolecular bend state.

fixed orientation is achieved in-H,—OH bound states with
OH in a nearly puréon = £3/, states, e.g.p = 1.
The orientation or alignment of both partners can be specified

B. ortho-H,—OH. The intermolecular bend states@H,—
OH are remarkably different from those pfH,—OH. The
jn, = 1 rotor of o-H, can be aligned with respect to the body-
fixed intermolecular axis io-H,—OH, whereas thg,, = 0 rotor in 0-H,—OH, as compared to only the OH partnerpgsH,—
in p-H,—OH is spherically distributed. This alignment @+, OH. For many of the bound states @H,—OH, the degree of
also leads to a higher degree of orientation for the OH partner alignment ofo-H, approaches the pujg, = 1 state limit, with
in the o-H,—OH complex. In generab-H, complexes have a  ky, = 0 or ky, = £1 indicating whetheo-H; is aligned along
greater number of bound intermolecular bend states that areor perpendicular to the BF axis, respectively. This can be seen
spread over a larger energy range than the analogetis in Figure 4, where thd>(6y,) distribution functions closely
complexeg® This is due to the greater orientational degeneracy resemble the well-known p-orbital shape of a pjge= 1 free
of thejy, = 1 free-rotor state as well as the increased anisotropy rotor.
arising from two bend (both OH and;Hcoordinates. The relative orientation of the two partnersarH,—OH is

The orientation distribution functions for the lowest eight strongly dependent on the intermolecular bend state, as il-
bound intermolecular states ofH,—OH are plotted in Figure lustrated in Figure 4. Thiyy = %/, andjy, = 1 internal rotors
4. The leading body-fixed coefficientsfy for these inter- have distinctly different projections on the body-fixed inter-
molecular states are also given in Table 2. These intermolecularmolecular axiskon andk,, in the various intermolecular states
bend states correspond to different body-fixed orientations of (Table 2). This gives rise to enormously different relative
the ju, = 1 andjon = 32, won = 3 rotors. The ground orientations of the partners or structures for the various
intermolecular state aj-H,—OH is primarily composed of one  intermolecular bend states ofH,—OH. Furthermore, because
body-fixed combination{94%), namely ky, = +1 andkon most of theo-H,—OH states are well described by a single body-
= —1/,, indicating that both the Hand OH diatoms lie fixed term, this represents the highest degree of reagent
perpendicular to the intermolecular axis. Note that the OH orientation that can be achieved without hybridization (mixing
orientation cosine has a valli¢os Oop0= —0.173, which is j) of the rotational states of the individual partners.
very close to the limiting value ditosOon= —0.2 for a pure We note that the structure of the ground intermolecular bend
lion won konO= [3/2 3/, F Y,Ostate. state ofo-H,—OH, with botho-H, and OH positioned perpen-

The excited bend states shown in Figure 4 can also be dicular to the intermolecular axis, is significantly different from
reasonably well described-70—92%) by a single body-fixed  the T-shaped K OH geometry at the global minimum &aye.
term (see Table 2). For example, the wave function for the first This is a surprising result because the lowest-energy inter-
excited bend stateyf = 1) of o-H,—OH can be constructed  molecular state would be expected to sample the global potential
(~91%) from a single body-fixed combination wikay = +3/» minimum preferentially. This suggests that the unquenched
andky, = +1. In they, = 1 state, the OH orientation cosine is angular momentum in the-H,—OH system, originating from
[¢osfOou= 0.550, which is very close to the limiting value of  both o-H, and OH moieties, influences the structure of these
0.600 for a pureljon won kowd = |3 £3/, £%,0 state. weakly bound complexes. In previous wdfkiwe had assumed
Intermolecular bend states with predominankyy = +%, a T-shaped ground-state structure deid,—OH rather than the
character result in head or tail orientation of OH with respect nearly parallel configuration of the OH and, Hiatoms shown
to the BF axis, such as, = 1 andu, = 4—7. A sideways in Figure 4. Although good agreement was found between the
orientation of OH in the BF frame is obtained in intermolecular infrared transition frequencies @H,—OH observed experi-
bend states with primarilitoy = £/, character, such as, = mentally and those calculated by Clary and co-worketbe
0 andy, = 2—3. Even for a puréjon won Kon[state, however, preferred structure of the ground intermolecular state accessed
the degree of OH orientation imH,—OH depends principally  in these studies only became apparent after careful examination
on the intrinsic nature of thiesy = 43/, or ko = £, rotational of the body-fixed wave functions.
state. States wittkoy = +3%, have more strongly peaked The infrared spectrum of theH,—OH complex in the OH
orientation distribution functions than states wikhy = &1/, overtone region has previously been repdftadd is reproduced
(see section 11). As a result, the highest degree of OH body- here in Figure 5 for a discussion of the relative orientation of
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Figure 5. Infrared spectrum of the@-H,—OH complex in the OH &)

overtone region reproduced from ref 13. The lowest-energy feature at /

6971.9 cm? 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. P( 01{ ) GOH)

The ticks show the calculated line positions for the lowest allowed 2

Q-branch transitions. The computed orientational distribution functions Figure 6. Polar plots of orientation distribution functiof6,) and

for the bending states access by infrared excitation-bB—OH are P(6on) for the ground intermolecular bend state of the hypothetical

displayed above the ticks (also see Figure 4). closed-shelp-H,—OH (top) ando-H,—OH (bottom) complexes. The
degree of OH orientation is significantly reduced compared to the open-

the reactants in the intermolecular states that are accesse@hell calculations presented in earlier figures. See text for details.
experimentally. The most intense feature in the infrared spectrumcombination with OH overtone stretch) with enormously dif-
is the pure OH overtone stretch at 6971.9 értband origin), ferent relative orientation of the partners. The ramification of
which is shifted by 0.6 cm! to higher energy from that of  these different orientations has been observed in the vibrational
uncomplexed OH. The rotational structure of the pure overtone predissociation dynamics of,B OH, where the OH fragments
stretch is dominated by a strong central Q-branch with a large exhibit a strikingA-doublet preference, revealing alignment of
parity splitting. This band has been assigned Ks=a'/, <— %/, the unpaired p orbital with respect to the OH rotation plane,
band ofo-H,—OH according to a detailed comparison with ab which changes with the intermolecular state seleéted.
initio theory1316The structure the ground intermolecular state  C. 2IT Nature of OH. The?IT nature of the OH radical has
of the o-H,—OH complex ¢, = 0) with both o-H, and OH a profound influence on the degree of body-fixed orientation
positioned perpendicular to the intermolecular axis is shown that can be achieved in,HOH complexes. The unquenched
above the pure overtone stretch in Figure 5. electronic and spin angular momenta cause the rotational motion
As discussed in ref 13, approximately 20 additional rovibra- of OH to be more akin to that of a symmetric top than to that
tional transitions have been observed up to 60 higher in of a closed-shell diatomic rotor. As a result, the OH radical’s
energy than the pure overtone origin. These rovibrational rotational motion is more easily perturbed by the approach of
transitions arise from combination bands involving the simul- the H, diatom than it would be if it were a closed-shell diatom.
taneous excitation of two quanta of OH stretch and inter- Stated another way, the precessional motion of a symmetric top
molecular bend:(,) vibrations. On the basis of comparison with is more easily oriented by angular anisotropwisyc than the
ab initio calculations (with calculated line positions for the tumbling motion of a closed-shell diatom.
lowest allowed Q-branch transitions shown as ticks), the first To demonstrate how differently a hypothetical OE)
combination band at 6981.8 crh has been assigned to closed-shell diatom would respond to the intermolecular forces
overlapping parity components of thg('/,) transitions that of H,—OH, the bound-state calculations were repeated on the
terminated on an excitel = —1/, bending level {, = 3). The same potential energy surfac¥a(c) using a closed-shell
computed structure for this excited bending state shows thatHamiltoniarf® with OH (1) free-rotor statesBon = 18.5 cnm?)
o-Hy is preferentially aligned along the intermolecular axis. The represented by spherical harmonics. Because the lowest rota-
next higher energy combination band has been assigne#(to a tional state of this hypothetical OHY) is joy = 0, the OH
= 3/, < 1/, band with the transitions at 6985.6 and 6987.4&tm  diatom remains essentially spherical in--HOH complexes. The
assigned to the parity split &§)~ and Q)" lines. Theory closed-shell version of the OH moiety can become oriented in
predicts an excited intermolecular bending state= 4) with the BF frame of the complex only if the anisotropy of the
K = 3/, at approximately this energy with OH pointing toward intermolecular potential is sufficient to indugy state mixing.
0-H; and both partners oriented along the intermolecular axis. The orientation distribution functions computed for the ground
Yet higher combination bands have been assigned as transitionsntermolecular states){ = 0) of p- ando-H,—OH (closed-shell
to thew, = 5 and 6 intermolecular bending states. The computed OH) are plotted in Figure 6. The degree of OH orientation in
orientational distribution functions for these bending states are both cases is substantially reduced compared to the distributions
also displayed in Figure 5. We did not attempt to assign or displayed earlier (Figures 3 and 4). The OH diatom is more
compute structures for the remaining transitions to higher energy strongly oriented when it is explicitly treated as an open-shell
as these are most likely due to intermolecular bending (and 2IT molecule than as a closed-sh&lldiatom, even though the
possibly stretching) states near the dissociation limit. Thus, the calculations were performed on identical potential energy
calculations indicate that infrared excitation of thél,—OH surfaces. In addition, the closed-shell calculations predict a
complex can be used to access intermolecular bend states (inf-shaped ground-state structure ésH,—OH with the H-atom
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of OH pointing toward H (Figure 6). By contrast, the proper
treatment of OH agIl in the open-shell calculations reveals
that both H and OH lie perpendicular to the intermolecular
axis in the ground state afFH,—OH (Figure 4).

The mechanism by which the OH diatom becomes oriented
in the H,L—OH complex is very different depending on whether
OH is taken to be in &[T or 1T electronic state. For a closed-
shell OH (=) diatom, the degree of OH orientation depends on
jon state mixing, which is related to the ratio of the OH
monomer rotational spacing and the effective barrier to rotation
in the complex. Because thgy spacing is large, a significant
amount of angular anisotropy Wayc would be needed to orient
an OH (=) diatom. In contrast, OH2[T) becomes oriented in
H,—OH by an electrostatic-induced mixing of the parity
components of the OW-doublet states. Because theloublet
splitting is much smaller than the rotational energy spacing, a
smaller degree of angular anisotropy is required to orient the
OH (A1) internal precessional motion. Thus, open-shell GH)(
can be more easily oriented in the-HOH complex than if it
were a closed-shell diaton). The different sensitivities with P ( 0};2) P ( BOH)
which the two types of rotational motions (precession Vs Figure 7. Polar plots of orientation distribution functio64.,) and
tumbling) respond to electrostatic perturbations has long beenP(fo) for the ground intermolecular bend state ®H,—OH as a
recognized in the context of the response of polar molecules tofunction of the total angular momentum of the compléx,As J
a uniform electric field® In a perturbation approach, polar increases, the degree of body-fixed orientation of boirahti OH is
symmetric-top molecules have a first-order Stark effect, whereasdiminished. In general, the highest degree of orientation for a given

. . . . - . intermolecular state is attained in the lowest possibdtate.
polar diatomic molecules interact with the field only in second

order=? . ) ) ) E. Effect of Vpjr. The calculations presented thus far have
The different mechanisms by whicHI and = diatoms  jycjyded the effects of the difference potential, because both
pecome orlc_en_ted_m weakly bound complexes underscores any, . and Vo were used in the bound-state calculations. The
important distinction between 4+OH and H—HX (X = F, calculations were repeated witayc only to ascertain the
Cl) complexes. The closed-shelpHHX systems have also been  jnact of\p,e on the orientation distribution functions for,H
the focus of high-level PES calculations and bound-state 5nq OH. The primary effect 0¥/ is to cause small energy
calculations:?2-"In the closed-shell species, the HX diatom  gpjittings between rovibrational states with the same total angular
becomes oriented by state mixing induced by the intermo- 3o mentumy but different total parity. The orientation distribu-
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lecular potential. The degree of orientation in txl,—HX tion functions are thus only marginally changed for different
ground intermolecular state can be relatively high; for example, nayity states with the samk even when the parity splitting is
it is calculated' to be [¢0s OxU= 0.684 ino-H,—HCl and  |arge (~1 cnrY). (The distributions plotted in the figures are
experimentally measured to tiéos nx[1= 0.743 ino-H,— for total p = + states.) Thusyp is found to have very little

HF 3% In the ground state of #+HF or H,—HCI, thejux state  effect on the absolute energies or structures of the bound states
mixing is sufficient to consider the HX internal angular motion ¢ H,—QH.

as large-amplitude librational motion. Thgx state mixing
mechanism also implies that the excited intermolecular bend V. Discussion
states of H—HX will not display the same amount of variability This paper demonstrates that intermolecular forces can be
in structure as seen in Figure 4 forH,—OH. used to orient the OH radical in weakly bound complexes such
D. Effect of Overall Rotation on Orientation. The highest ~ as H—OH and contrasts the degree of orientation achieved with
degree of orientation is achieved for the lowest possible rotor that obtained using conventional hexapole-based techniques.
level J of each H—OH intermolecular bend state. There are Hexapole state selection uses a hexapole field to select OH
two main reasons for this. First, an increase in end-over-endradicals in a particulam level and subsequently orients these
rotation of the complex will increase off-diagonal Coriolis molecules in the space-fixed laboratory frame using an electric
interactions that tend to mix different body-fixed orientations. field. A large net orientation of a sample of OH molecules results
Second, as the end-over-end rotational of the complex increasesfrom state selection and the propensity of certain OH rotor states
the effective anisotropy of the intermolecular potential will not to be strongly oriented by an electric field. The highest degree
be adequate to keep the OH angirternal rotational motions  of OH orientation is achieved in the high-field limit for thign
oriented and aligned, respectively, in the body-fixed frame. As wop kond= |%> 3/, +3/,0rotational state. The quantum
an example, consider the impact of increasing the end-over-calculations presented here show that OH can be oriented to a
end rotation on the ground-state propertieodéi,—OH. The similar degree with respect to thmdy-fixed framen o-Hp,—
H, and OH orientation distribution functions are plotted for this OH. In o-H,—OH, the OH molecule is in a nearly pure rotational
K = +%, state as a function of (J > 1/,) in Figure 7. AsJ state that maintains a constant projection jef; on the
increases, the peaks and nodes in theahld OH distribution intermolecular axis. Accordingly, the form or shape of the OH
functions become less well defined. In this specific case, the internal rotor wave function in {#+OH is very similar to that
increased rotation has a greater effect on thallgnment than of OH in an external electric field. The OH radical maintains a
on the OH orientation. Thus, for stereodynamic studies where constant body-fixed projectiotkdgy) in H,—OH, whereas in the
the highest degree of orientation of the constituents is desirable,hexapole studies, it maintains a constant space-fixed projection
the lowestJ level should be selected. (mow). The major difference between the two approaches is that
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the orientation is specified with respect to two different axis decay is likely to be enhanced, but the extent of such
systems. enhancement is still unknown.
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