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Intermolecular potential energy surfaces and bound states in F–HF
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Semiempirical potential energy surfaces for F–HF are constructed, based on recent Ne–HF, Ne–F,
and Ne–Ne potentials. The electrostatic forces due to the quadrupole of the F atom are included.
The potentials are presented in diabatic and adiabatic representations, with and without spin–orbit
coupling. Fully coupled bound-state calculations are carried out, and the resulting energy levels and
wave functions are analyzed. The well depth is 317 cm21, and the ground state is bound by
174 cm21. The complex is a promising candidate for spectroscopic observation, which would
provide detailed information on the potential energy surfaces in the entrance and exit valleys of the
F1HF reaction. ©2000 American Institute of Physics.@S0021-9606~00!00502-X#

I. INTRODUCTION

Over the last 20 years, studies of van der Waals com-
plexes have provided a great deal of information on both
pairwise and nonadditive intermolecular forces. The early
work in this area concentrated on interactions between
closed-shell species, and the concerted application of experi-
ment and theory resulted in accurate and reliable intermo-
lecular potential energy surfaces for a range of prototype
systems.1–6 There is now growing interest in open-shell
complexes,7–10 where much less is known about the interac-
tions involved. There is an excellent prospect that similar
advances can be made in the open-shell case.

A particularly interesting class of open-shell complexes
are those in which an open-shell atom interacts with a
closed-shell diatom. Atoms inP states can have substantial
quadrupole moments, so such species can be relatively
strongly bound. Some of them are ‘‘prereactive’’ complexes,
which offer the opportunity of investigating the influence of
long-range forces on chemical reactions. In particular, sym-
metric heavy–light/heavy X–HX complexes provide an at-
tractive platform for detailed studies of hydrogen exchange
reactions. Most of the previous work on such reactions has
focussed on the transition-state region, which is at relatively
high energy.

Even with recent advances inab initio techniques, the
construction of reliable potential energy surfaces for such an
open-shell system is a formidable task. At least three poten-
tial energy surfaces are needed to describe the interaction of
an atom in aP state with a closed-shell molecule. For non-
linear geometries, two of the potential energy surfaces are of
the same symmetry. The complications include the calcula-
tion of nonadiabatic coupling matrix elements and relativistic
effects due to spin–orbit interaction. Under these circum-
stances, semiempirical models are of considerable value.

Dubernet and Hutson10 developed a model for the poten-
tial energy surfaces of X–HX systems, valid at long range,
and applied it to Cl–HCl. Their model gave a van der Waals
well 383 cm21 deep, principally due to electrostatic interac-
tions; this was considerably deeper than previous potentials
designed for reactive scattering calculations. Dubernet and

Hutson carried out bound-state calculations for Cl–HCl; they
obtained a ground-state binding energy of 219 cm21, and
gave predictions for various spectroscopic transitions that are
potentially observable. Subsequently, Maierleet al.11 com-
bined the long-range surfaces of Ref. 10 with surfaces for the
reactive region based on MCSCF calculations, and used the
resulting potentials for reactive scattering calculations; they
showed that the attractive well has important effects on the
reactive scattering, especially on the location of reactive
scattering resonances. Recently, Dobbynet al.12 have ex-
tended this work to use higher-levelab initio calculations.

The X–HX systems are also topical because of recent
experiments by Wittig and co-workers,13 in which HCl in
HCl dimer is photodissociated and the kinetic energy of the
resultant H atoms is measured. Wittig and co-workers have
interpreted the structure they observe in terms of photodis-
sociation to form a Cl–HCl fragment, and have used the
potential energy surfaces of Dubernet and Hutson10 in their
analysis. Since other HX dimers are accessible to similar
experiments, it is timely to extend the work on Cl–HCl to
analogous complexes containing other halogens.

The purpose of the present work is to describe model
potential energy surfaces for F–HF, and to investigate the
bound states that they support. The F–HF reaction is another
prototype hydrogen exchange reaction, and the F–HF van
der Waals complex is a good candidate for spectroscopic
observation. Measurements of its bound states would lead to
improved understanding of the reaction, especially for pro-
cesses that occur in the entrance and exit valleys. In addition,
F–HF is likely to be an important product in the UV photo-
dissociation of the HF dimer.

The reduced number of electrons in F–HF compared to
Cl–HCl makes the former an attractive target for high-level
ab initio calculations, which would be valuable to assess the
accuracy of the potential models used in the present work.
Preusset al.14 and more recently Bittererova´ and Biskupicˇ15

have investigated the stationary points on the ground and
excited potential surfaces of FHF, and their results will be
compared with ours below. Bittererova´ and Biskupicˇ15 also
gave a useful summary of the earlyab initio work on the
system, which focused on the reaction pathway.
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Charged FHF species are also of interest. Matrix isola-
tion and IR diode laser studies have been performed on
FHF2 ~Ref. 16! and FDF2 ~Ref. 17! and the reactivity of
HF2

1 has recently been investigated.18

The present article is structured as follows. Section II
describes the construction of a semiempirical interaction po-
tential, based on recent Ne–HF and Ne–F potentials. Section
III reports bound-state calculations of various levels of so-
phistication. Predictions for experimentally observable states
are made. The energy level pattern is described, and inter-
preted with the aid of vibrational wave functions. The pre-
dissociating states correlating with F (2P1/2) are also inves-
tigated. Finally, Sec. IV presents our conclusions.

II. THEORETICAL APPROACH

The present work uses a standard Jacobi coordinate sys-
tem, in whichr is the F–H distance,R is the distance from
the HF center-of-mass to F, andu is the angle betweenr and
R, measured at the HF center-of-mass~with u50 corre-
sponding to the linearF–H–F geometry!. Vibrations of the
HF monomer are not considered explicitly in the present
work, and the potentials obtained here should be considered
to be averages over the vibrational motion of HF.

Open-shell species are more complicated than closed-
shell species because they contain additional sources of an-
gular momentum that can couple together in various ways.
An unpaired electron contributes both spin and electronic
orbital angular momentum, and there are also angular mo-
menta arising from the rotation of the diatomic molecule and
the rotation of the atom and the diatom about one another.
As is customary for van der Waals complexes, lower-case
letters are used here for quantities that refer to the monomers
and upper-case letters for those that refer to the complex.8

Thus the total orbital and spin quantum numbers of the F
atom are denotedl ands, with resultantj a and projectionv
onto the intermolecular axis. The rotational angular momen-
tum of the HF monomer is denotedj , and its rotational con-
stant isb. The total angular momentum of the complex is
denotedJ and the corresponding rotational constant isB.

The interaction between an atom in aP state and a di-
atomic molecule can be described in terms of three diabatic
or adiabatic~Born–Oppenheimer! surfaces.19 The dynamics
involve all three surfaces and the couplings between them.
Because of this, the Born–Oppenheimer surfaces themselves
are not enough to understand the dynamics: additional infor-
mation on the electronic wave functions is required to calcu-
late the coupling matrix elements.

For dynamical calculations, it is more convenient to use
a diabatic than an adiabatic representation of the potentials.
To a first approximation, the intermolecular interaction is too
weak to mix in excited atomic orbitals of the halogen atom,
and the atomic orbital angular momentuml is nearly con-
served. In the absence of spin–orbit coupling, the three di-
abatic surfaces are those for interaction of HX with an X
atom with its unpaired electron in a purepx , py , or pz

orbital ~where thez-axis is along the intermolecular vectorR
and the three atoms lie in thexz-plane!. An alternative way
to view this is to introduce anglesua andfa that are conju-

gate to l and ml : in a simple picture,ua and fa may be
thought of as the angular coordinates of the unpaired elec-
tron. The resulting potential surface depends on the intermo-
lecular distanceR and three angles,u, ua , andfa .

A. Model potential for F–HF

There are not yet any reliableab initio calculations of
the potential surfaces needed for bound-state calculations on
F–HF. Indeed, the theoretical methods and expertise needed
for such calculations are only just being developed. We have
therefore followed the same procedure as in the earlier work
on Cl–HCl to construct an intermolecular potential for
F–HF, incorporating the electrostatic terms arising from the
open-shell character of the F atom.10 The model is based on
analogies with related systems such as Ne–Ne, Ne–HF, and
Ne–F.

For spectroscopic calculations, it is important to model
the anisotropy of the potential surface as accurately as pos-
sible. In a system such as F–HF, both the atom and the
molecule are anisotropic. The potential energy surface may
be expanded

V~R,u,ua ,fa!5 (
lrlal12

Vlrlal12
~R!Ilrlal12

. ~1!

The functionsIlrlal12
are explained in detail in Ref. 10.

They describe linear combinations of~space-fixed! spherical
harmonics, weighted by the appropriate Clebsch–Gordan co-
efficients.

A first source of anisotropy involves terms similar to
those that arise in Ne–HF, which are essentially due to the
shape of the HF monomer. The Ne–HF interaction is conve-
niently expanded as

VNe–HF~R,u!5(
lr

Vlr
~R!Plr

~cosu!. ~2!

The interaction between Ne and HF has recently been deter-
mined by a ‘‘morphing’’ procedure,20 using data from high-
resolution spectroscopy to modify good qualityab initio po-
tential energy surfaces. Since the F atom is similar in size to
the Ne atom, the Ne–HF termsVlr

(R) were carried over
unchanged to F–HF. In the total potential~see below!, these
terms contribute anisotropic termsVlr0lr(R) to the F–HF
potential.

A second source of anisotropy involves terms similar to
those that exist for Ne–F, and reflect the shape of the F atom.
The Ne–F potential can be expanded

VNe–F~R,ua!5 (
la50,2

Vla
~R!Pla

~cosua!. ~3!

These contributions are also used unchanged and give rise to
anisotropic termsV0lala(R) with la50 or 2.

In addition, electrostatic termsVQ arise from the inter-
action of the atomic quadrupole on F with the multipoles on
HF. These can be approximated
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VQ~R,u,ua ,fa!5
A15e^r a

2&mmI 123

R4

1
A70e^r a

2&QmI 224

R5 , ~4!

wheremm andQm are the permanent dipole and quadrupole
of HF and^r a

2& is the mean-square radius of the incomplete
atomic shell. This is related to the permanent atomic quad-
rupole moment Qa by Qa5 2

5e^r a
2&. The value ^r a

2&
51.5438a0 is used in the present work.21

The complete F–HF potential is thus approximated by

VF–HF~R,u,ua ,fa!5VNe–HF~R,u!1VNe–F~R,ua!

2VNe–Ne~R!1VQ~R,u,ua ,fa!.

~5!

In the present work,VNe–F(R,ua) is the Ne–F potential of
Aquilanti et al.,22 and VNe–Ne(R) is the Ne–Ne potential of
Aziz and Slaman.23

B. Spin-free representation

The different possible ways of representing the interac-
tion potential are explained in detail in Ref. 10. The follow-
ing discussion is thus restricted to features specific to the
F–HF interaction.

Figure 1 shows contour plots of the diabatic and adia-
batic surfaces in the spin-free representation. For the diabatic
surfaces, the unpaired electron on the F atom is forced to
remain in an individualp orbital with definite orientation.
The px andpy diabatic surfaces each show a deep minimum
at the linear F–HF geometry. Between this minimum and the
secondary minimum at the F–FH geometry is a saddle point.
The secondary minima are much shallower for F–HF than
for Cl–HCl. Thepz diabatic surface is quite different, with a
single minimum at a T-shaped geometry.

The shapes of the spin-free diabatic surfaces can be ra-
tionalized in terms of the electrostatic interaction between F
and HF. An F atom with a partially filledp orbital has a
quadrupole moment oriented along the axis of the orbital.

FIG. 1. Contour plots of the interaction potentials ex-
cluding spin. Diabatic surfaces~py , pz , px from top to
bottom! are shown on the left and adiabatic surfaces
~1A9, 2A8, 1A8 from top to bottom! on the right. Con-
tours are drawn every 10 cm21 up to 150 cm21 and at
100, 200, and 1000 cm21.
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For a partially filledpx or py orbital, the ring of negative
charge around the equator of the F atom faces the HF mol-
ecule. Since the hydrogen atom carries a partial positive
charge, the linear F–HF configuration is favored. For a par-
tially filled pz orbital, the positive end of the quadrupole
points towards the HF. In this case, the partial positive
charge on the hydrogen atom makes the linear F–HF con-
figuration repulsive. If HF were a purely dipolar molecule,
the equilibrium geometry for thepz diabat would be F–FH.
However, HF also has a substantial quadrupole, and the
quadrupole–quadrupole interaction favors a T-shaped geom-
etry.

The px and thepy surfaces are degenerate foru50 and
180°, so the two diabatic surfaces have identical well depths.
However, the two surfaces diverge as the geometry departs
from linear. In each case there is a saddle point at a T-shaped
geometry.

The potential surfaces can be expressed in an adiabatic
form by diagonalizing a matrix representation of the poten-
tial in the basis set of atomic functions forl 51. The diagonal
elements of this matrix are the diabats and mixing between
px and pz is introduced through off-diagonal elements as
described in Ref. 10. There are two surfaces ofA8 symmetry
and one ofA9 symmetry. Because theA9 adiabat is not
coupled to the other two, it is identical to thepy diabat. The
lower of the twoA8 surfaces has an absolute minimum at the
linear configuration arising from thepx diabat and a second-
ary minimum near the T-shaped geometry arising from the
pz diabat. These two minima are separated by a saddle point
about 60 cm21 above the global minimum.

The spin-free adiabats are the appropriate surfaces for
comparison withab initio surfaces that neglect spin–orbit
coupling. The most recent such calculations are by Bitter-
erová and Biskupicˇ,15 who carried out multireference con-
figuration interaction~MRCI-SD! calculations to character-
ize the stationary points using basis sets of up to triple-zeta
quality. They carried out sets of calculations that can be
compared with our surfaces. They first started from the
F–F–Hgeometry, from which they located a nonlinear mini-
mum with well depth 0.880 kcal mol21 (308 cm21) at r
51.750a0 , RFF54.936a0 , and uFFH5113°. This H–F
bond length is only 0.01a0 longer than for the HF monomer,
which justifies our fundamental assumption that F–HF can
be treated as though it contains a weakly perturbed HF
monomer. Their geometry corresponds toR54.971a0 and
u5114° in our coordinate system, which compares with our
secondary minimum~on the lower A8 surface! at R
55.216a0 andu5103°; our minimum has depth 288 cm21.

The FFH bond length/bond angle coordinate system
does not lend itself to studying linear F–HF geometries. Ac-
cordingly, Bittererova´ and Biskupicˇ carried out separate cal-
culations at these geometries, and found a linear F–HF mini-
mum with r 51.72a0 , RFH54.31a0 , and well depth
1.42 kcal mol21 (497 cm21). This distance corresponds to
R55.972a0 and may be compared with our absolute mini-
mum atR55.716a0 and 317 cm21. It thus appears that our
surfaces agree in general shape with the best existingab
initio calculations, but have rather smaller well depths. How-
ever it should be noted that the energies in Ref. 15 are not

corrected for basis set superposition error. Further evidence
is needed to decide which is better.

C. Representation including spin

The spin–orbit coupling in the F atom is comparable in
magnitude to the separations between the spin-free potential
surfaces. Either it can be regarded as coupling the spin-free
states, or it can be included in the description of the potential
surfaces. To do the latter, the spin–orbit coupling in the
complex is assumed to be unchanged from that in the iso-
lated F atom, and to be of the formj l̂• ŝ. The matrix repre-
sentation is constructed in a basis including atomic orbital
functions forl 51 and spin functions fors51/2, with result-
ant j a51/2 or 3/2 and projectionv onto the intermolecular
axis. The resulting 636 matrix has three pairs of equal di-
agonal elements and three doubly degenerate pairs of eigen-
values; either the diagonal elements~diabats! or the eigen-
values ~adiabats! can be plotted. Contour plots of the
resulting surfaces are shown in Fig. 2.

The lowest two diabatic surfaces correspond toj a53/2
with uvu53/2 and 1/2. The third corresponds toj a51/2,
uvu51/2, and is thus shifted upwards at long range by the
atomic spin–orbit splitting~3

2j, where j52269.3 cm21!.
The j a53/2, uvu53/2 surface is fairly similar to the spin-
free px diabat. However, thej a53/2, uvu51/2 potential is
quite different from thepz diabat. There is also a marked
difference between thej a51/2 diabat and the spin-freepy

surface. This arises because an atomic state withj a,1 can-
not have an overall quadrupole moment. This follows from
the properties of the Clebsch–Gordan coefficients relatingj a

and the quadrupole moment operator. The attractive electro-
static components thus make no contribution to thej a51/2
diabat; its anisotropy arises solely from the anisotropy of the
Ne–HF potential.

It is also possible to extract adiabatic potential energy
surfaces including spin. The resulting surfaces correlate at
long range with either F (2P3/2) or (2P1/2). The double-
minimum structure of the spin-freeA8 adiabat is carried
over, whereas the analogue of the secondA8 adiabat is sig-
nificantly changed. It has a double-minimum structure, with
well depths of 104 cm21 at the F–HF structure and 29 cm21

at the HF–F structure, and a saddle point in between. The
j a51/2 adiabat is even shallower than thej 51/2 diabat,
again with its asymptote shifted upwards by the atomic spin–
orbit splitting.

III. BOUND-STATE CALCULATIONS

We have used theBOUND program24 to carry out helicity
decoupled and close-coupling calculations of the bound
vibrational–rotation states supported by the model potential
for F–HF. The methods used have been described in detail in
Ref. 10. The total wave function is expanded using rigid
rotor functions for HF and coupled angular momentum basis
functions for the complex as a whole. The resulting coupled
equations are solved numerically using a log-derivative
propagator.25 The methods used to solve the coupled equa-
tions are described in detail in Ref. 26.

595J. Chem. Phys., Vol. 112, No. 2, 8 January 2000 PES and bound states of F–HF
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The HF molecule is treated as a rigid rotor with a rota-
tional constantb519.787 478 cm21 corresponding to thev
51 state in HF. This choice is made because the Ne–HF
potential is constructed forvHF51.20 The basis set includes
all monomer functions up toj 510.

The F–HF reduced mass is taken to be 9.744 6461mu

~wheremu5ma(12C)/12!. The coupled equations are propa-
gated fromRmin52 Å to Rmax58 Å extrapolating to zero step
size from log-derivative interval sizes of 0.04 and 0.08 Å
using Richardsonh4 extrapolation. Increasing the propaga-
tion range or decreasing the step size changes the eigenval-
ues by less than 1024 cm21.

A. Helicity decoupling calculations

In the helicity decoupling approximation, the basis func-
tions are labeled byP, the projection of the total angular
momentumJ onto the intermolecular axis, and terms off-
diagonal inP are neglected. Such calculations give no infor-
mation about parity splittings, and the rotational constants

derived from them are approximate. Nevertheless, they pro-
vide a useful starting point for investigating the level pat-
terns.

Helicity decoupling calculations were carried out for
values ofuPu ranging from 1/2 to 5/2. The resulting energy
levels are collected in Table I. No bound states withuPu
.5/2 were found.

Before discussing the coupled channel calculations, it is
useful to consider the structure of bending levels, uncompli-
cated by the intermolecular stretch. The left-hand side of Fig.
3 shows the pattern of bending levels, obtained by diagonal-
izing the helicity decoupled matrix at a fixed intermolecular
distance,R53.0 Å. It may be seen that, as for Cl–HCl, the
lowest level hasuPu53/2. It can essentially be regarded as a
bending state of a linear molecule with bending quantum
number vb50, vibrational angular momentumk50, and
uvu53/2. For F–HF, this state is bound by 174 cm21, which
is slightly less than in Cl–HCl.

The excited vibronic states are more difficult to interpret.

FIG. 2. Contour plots of the interaction potential in-
cluding spin. Diabatic surfaces@( j a ,uvu)5(1/2,1/2),
~3/2,1/2!, ~3/2,3/2! from top to bottom# are shown on
the left and adiabatic surfaces on the right. Contours are
drawn every 10 cm21 up to150 cm21 and at 100, 200,
and 1000 cm21.
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Excitation of the bending vibration tovb51, with vibrational
angular momentumk561, might be expected to produce
two states withuPu51/2 and 5/2. These are indeed found.
However, theuvu51/2 surface is also nearby, and can sup-
port additional states of similar energy.

To assist with understanding the energy levels, we have
calculated wave functions for the states found in the helicity
decoupling calculations. In addition, we have extracted rota-

tional constants by fitting a standard energy formula to the
energy levels as a function ofJ,

E~J!5E~0!1B~J~J11!2P2!2D~J~J11!2P2!2.
~6!

Selected wave functions are shown in Figs. 4 and 5. Each
wave function is shown as a separate contour plot for the
components corresponding to atomic spin–orbital functions
with ( j a ,uvu)5(3/2,3/2), ~3/2,1/2! and ~1/2,1/2!.

Even for the lowest vibronic states, there is extensive
mixing of uvu53/2 and 1/2 character. ForuPu53/2, the
ground state~at 2174 cm21! has most of its amplitude on the
uvu53/2 surface, peaked atu50, but there is also significant
amplitude on theuvu51/2 surface, peaked aroundu545°.
There is an easily recognizable excited state with stretching
quantum numbern52 at 264 cm21 ~not shown in the fig-
ure!. However, then51 stretching character is split between
two states at2114 and294 cm21. The lower of these is
predominantly then51 stretch, while the upper contains
considerably more population on thev51/2 surface, with its
density maximum aroundu5115°.

The wave functions for the lowestuPu51/2 and 5/2
states~at 2137 and275 cm21, respectively! are fairly simi-
lar to one another; these two states can be interpreted as
similar to the lowestuPu53/2 state but with one unit of
bending vibration~and hence of bending vibrational angular
momentum!. However, the two states at288 and278 cm21

are more difficult to assign: their wave functions are fairly
localized on theuvu53/2 surface, but span the entire angular
range on theuvu51/2 surface.

TABLE I. Energy levels and spectroscopic parameters from helicity decoupled calculations for F–HF. All
quantities are given in cm21, with energy levels relative to the energy of F(2P3/2)1HF( j 50).

n P J51/2 J53/2 J55/2 J57/2

0 1/2 2136.850 47 2136.257 20 2135.268 81 2133.885 86
0 1/2 299.592 66 298.989 96 297.985 83 296.580 83
0,1 1/2 287.808 97 287.250 74 286.320 94 285.020 45
0,1 1/2 278.353 28 277.814 64 276.917 17 275.661 25

0 3/2 2173.631 32 2172.703 90 2171.406 03
1 3/2 2113.700 85 2112.830 97 2111.614 45
0 3/2 293.907 32 292.941 97 291.590 69
2 3/2 264.324 54 263.566 57 262.506 65

0 5/2 274.508 93 273.191 79
1 5/2 225.829 78 224.615 72

Derived Spectroscopic Parameters
n uPu E2E0 B D

0 1/2 36.960 23 0.1978 9.631026

0 1/2 74.216 47 0.2009 9.331026

0,1 1/2 86.007 57 0.1861 1.531025

0,1 1/2 95.466 53 0.1796 6.631026

0 3/2 0.1855 6.131026

1 3/2 59.947 64 0.1741 1.631025

0 3/2 79.712 65 0.1931 2.631026

2 3/2 109.357 53 0.1517 1.531025

0 5/2 99.930 05 0.1883 9.231026

1 5/2 147.645 78 0.1737 1.931025

FIG. 3. Pattern of all levels in the helicity decoupled approximation~left!,
compared to the bending levels calculated by diagonalizing the helicity de-
coupling matrix atR53.0 Å ~right!. In the left-hand diagram, solid lines
correspond to pure bending states, long dashed lines to stretching excited
states, and short dashed lines to states which cannot be unambiguously
classified. The assignments have been established on the basis of wave
function plots and the labels indicate the number of stretching quantan.
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B. Close-coupling calculations

Helicity decoupling calculations neglect Coriolis cou-
plings and parity splittings in the energy levels. Such split-
tings could be measured in either microwave, high-resolution
infrared, or ultraviolet spectra, so it is worthwhile to inves-
tigate them. To do this, we have carried out close-coupling
calculations of the lowest few levels, as described in Ref. 10.
The close-coupling calculations were performed in the
space-fixed representation and produced the energy levels
shown in Table II.

The parity splittings behave differently foruPu51/2 and
uPu53/2. For uPu51/2 the splitting varies as 2p(J11/2)
and for uPu53/2 as 2q(J21/2)(J11/2)(J13/2).9 Table II
shows the parity doubling parameters. Thee/ f parity alter-
nates as a function ofJ. This effect is similar tol doubling
in diatomic molecules. The splitting decreases with increas-
ing uPu and increases with increasingJ.

For some vibrational states, the parity doubling constants
are comparable to the rotational constants. In such cases the
parity doubling can have a substantial effect on the level
pattern.

The states correlating with F (2P1/2) might be spectro-
scopically observable, but have finite lifetimes because they
lie above the threshold for dissociation to HF1F (2P3/2) and

can predissociate. We have investigated the lowest such state
by performing close-coupling scattering calculations to char-
acterize the scattering resonance. The scattering calculations
were performed with theMOLSCAT package27 and calculated
eigenphase sums were fitted to a Breit–Wigner form using
the RESFIT program,28 as described in Ref. 29.

Interestingly, thee and f components have quite differ-
ent widths. Thef component of the lowestJ51/2 state for
j a51/2 lies 394.05 cm21 above the2P3/2 threshold~and thus
567.68 cm21 above the ground state!. It is bound by
9.90 cm21 with respect to the2P1/2 asymptote. It has a full
width at half maximumG50.044 cm21, corresponding to a
lifetime of about 120 ps. Analysis of the partial widths shows
that about 55% of the predissociation products are created in
the highest energetically accessible state, F (2P3/2)1HF ( j
53). The correspondinge state lies 0.19 cm21 above thef
state, with widthG50.0091 cm21 ~corresponding to a life-
time of 583 ps!. In this case, about 60% of the predissocia-
tion products are created in F (2P3/2)1HF ( j 53).

We have also performed similar calculations for Cl–
HCl, using the potential energy surfaces of Dubernet and
Hutson.10 For this system, the lowest-lyingf state correlating
with Cl (2P1/2) lies 788.94 cm21 above the2P3/2 asymptote
and thus 1062.63 cm21 above the ground state. Its width is

FIG. 4. Wave functions for the lowest fouruPu51/2 states of F–HF. Solid and broken lines represent positive and negative lobes of the wave function. For
each function, the three panels show the wave function contribution for the (j a ,uvu) atomic state indicated on the right.
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2.2631025 cm21, corresponding to a lifetime of 235 ns.
This time, about 70% of the products are formed in the high-
est accessible state, Cl (2P3/2)1HCl ( j 58). Thee compo-
nent is 0.10 cm21 above the2P3/2 asymptote with a width of
1.9231025 cm21 ~corresponding to a lifetime of 277 ns!.
About 50% of the products are formed in Cl (2P3/2)
1HCl( j 58).

The difference between the lifetimes of F–HF and Cl–
HCl is about three orders of magnitude. It arises mostly be-
cause of the larger excess energy in the Cl–HCl case, which
requires more rotational excitation of the product HX to ab-
sorb it.

IV. CONCLUSIONS

The F–HF complex is a fascinating species with a rich
spectroscopy. If it can be observed, it will shed light on the
mechanism of the F1HF reaction, and especially on the po-
tential energy surfaces in the entrance and exit valleys of the
reaction. It is also likely to be one of the products in the
ultraviolet photodissociation of HF in HF dimer.

Because the F (2P3/2) atom has a quadrupole moment,
the F–HF complex is bound by electrostatic forces in addi-
tion to the usual dispersion and induction forces. We have
described a model for the three potential energy surfaces that

correlate with F (2P3/2) and F (2P1/2), and have used them to
carry out bound-state calculations. The lowest surface has a
well depth of 317 cm21, and the ground-state level is bound
by 174 cm21. Intermolecular bending transitions that should
have reasonable spectroscopic intensity are predicted around
37 and 99 cm21. Vibronic wave functions for the lowest few
states have been calculated and analyzed, and throw useful
light on the energy level pattern.

The best availableab initio calculations15 give well
depths somewhat deeper than the present model potentials. It
is entirely possible that the present model underestimates the
well depths. However, theab initio calculations did not in-
clude corrections for basis-set superposition error, so might
themselves overestimate the well depths. Either experimental
results or more completeab initio calculations are needed to
resolve this.

The adiabatic potential well correlating with F (2P1/2) is
much shallower than that correlating with F (2P3/2) because
the atom has no quadrupole moment in its2P1/2 state. The
resulting well is only 52 cm21 deep in our model. The states
supported by this well can predissociate to form F (2P3/2)
1HF. However, the lowest such state has calculated widths
of 0.044 cm21 ( f ) and 0.0091 cm21 (e), so may still be ob-
servable in a high-resolution experiment.

FIG. 5. Wave functions for the lowest threeuPu53/2 states and the lowestuPu55/2 state of F–HF. For each function, the three panels show the wave function
contribution for the (j a ,uvu) atomic state indicated on the right.
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TABLE II. Energy levels and spectroscopic parameters from close-coupling calculations for F–HF. All quan-
tities are given in cm21, with energy levels relative to the energy of F(2P3/2)1HF( j 50).

n parity uPu J51/2 J53/2 J55/2

0 e 1/2 2137.135 36 2135.693 44 2136.131 85
0 f 1/2 2136.566 75 2136.830 11 2134.428 23
0 e 1/2 299.620 83 298.999 32 298.225 41
0 f 1/2 299.571 03 299.102 86 298.060 58
0,1 e 1/2 288.013 01 286.831 30 286.917 18
0,1 f 1/2 287.602 93 287.652 68 285.682 11
0,1 e 1/2 278.593 78 277.325 13 277.618 88
0,1 f 1/2 278.111 12 278.288 89 276.177 15

0 f 3/2 ¯ 2173.634 03 2172.716 83
0 e 3/2 ¯ 2173.634 05 2172.716 76
1 f 3/2 ¯ 2113.706 44 2112.850 55
1 e 3/2 ¯ 2113.706 59 2112.849 95
0 f 3/2 ¯ 293.873 87 292.844 82
0 e 3/2 ¯ 293.869 53 292.861 86
2 f 3/2 ¯ 264.326 78 263.576 02
2 e 3/2 ¯ 264.326 85 263.575 75

0 e 5/2 ¯ ¯ 274.509 93
0 f 5/2 ¯ ¯ 274.509 92

Derived Spectroscopic Parameters
n uPu E B p q

0 1/2 2136.949 18 0.1964 0.122
0 1/2 299.686 74 0.1816 0.012
0,1 1/2 287.902 09 0.1885 0.088
0,1 1/2 278.443 34 0.1818 0.103

0 3/2 2173.909 21 0.1835 631026

1 3/2 2113.693 39 0.1713 531026

0 3/2 294.185 99 0.2050 2131023

2 3/2 264.552 09 0.1502 231025
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