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Intermolecular potential energy surfaces and bound states in F—HF

Markus Meuwly and Jeremy M. Hutson
Department of Chemistry, University of Durham, South Road, Durham DH1 3LE, England

(Received 9 September 1999; accepted 12 October)1999

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 317tmand the ground state is bound by
174cm . 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
F+HF reaction. ©2000 American Institute of Physid$0021-960600)00502-X]

I. INTRODUCTION Hutson carried out bound-state calculations for CI-HCI; they
obtained a ground-state binding energy of 219¢mand
Over the last 20 years, studies of van der Waals comgave predictions for various spectroscopic transitions that are
plexes have provided a great deal of information on bothpotentially observable. Subsequently, Maieelkeal ! com-
pairwise and nonadditive intermolecular forces. The earlybined the long-range surfaces of Ref. 10 with surfaces for the
work in this area concentrated on interactions betweemeactive region based on MCSCF calculations, and used the
closed-shell species, and the concerted application of expetfiesulting potentials for reactive scattering calculations; they
ment and theory resulted in accurate and reliable intermoshowed that the attractive well has important effects on the
lecular potential energy surfaces for a range of prototypgeactive scattering, especially on the location of reactive
systems:® There is now growing interest in open-shell scattering resonances. Recently, Dobtstral2 have ex-
complexes, *®where much less is known about the interac-tended this work to use higher-levab initio calculations.
tions involved. There is an excellent prospect that similar  The X—HX systems are also topical because of recent
advances can be made in the open-shell case. experiments by Wittig and co-worket3,in which HCI in
A particularly interesting class of open-shell complexesHCI dimer is photodissociated and the kinetic energy of the
are those in which an open-shell atom interacts with &aesultant H atoms is measured. Wittig and co-workers have
closed-shell diatom. Atoms iR states can have substantial interpreted the structure they observe in terms of photodis-
quadrupole moments, so such species can be relativelociation to form a CI-HCI fragment, and have used the
strongly bound. Some of them are “prereactive” complexes potential energy surfaces of Dubernet and Hut$am their
which offer the opportunity of investigating the influence of analysis. Since other HX dimers are accessible to similar
long-range forces on chemical reactions. In particular, symexperiments, it is timely to extend the work on CI-HCI to
metric heavy—-light/heavy X—HX complexes provide an at-analogous complexes containing other halogens.
tractive platform for detailed studies of hydrogen exchange The purpose of the present work is to describe model
reactions. Most of the previous work on such reactions hapotential energy surfaces for F—HF, and to investigate the
focussed on the transition-state region, which is at relativelypound states that they support. The F—HF reaction is another
high energy. prototype hydrogen exchange reaction, and the F—HF van
Even with recent advances @b initio techniques, the der Waals complex is a good candidate for spectroscopic
construction of reliable potential energy surfaces for such awbservation. Measurements of its bound states would lead to
open-shell system is a formidable task. At least three poterimproved understanding of the reaction, especially for pro-
tial energy surfaces are needed to describe the interaction oésses that occur in the entrance and exit valleys. In addition,
an atom in aP state with a closed-shell molecule. For non- F—HF is likely to be an important product in the UV photo-
linear geometries, two of the potential energy surfaces are afissociation of the HF dimer.
the same symmetry. The complications include the calcula- The reduced number of electrons in F—HF compared to
tion of nonadiabatic coupling matrix elements and relativisticCl-HCI makes the former an attractive target for high-level
effects due to spin—orbit interaction. Under these circum-ab initio calculations, which would be valuable to assess the
stances, semiempirical models are of considerable value. accuracy of the potential models used in the present work.
Dubernet and Hutsdfideveloped a model for the poten- Preusset al* and more recently Bittererovand Biskupi¢®
tial energy surfaces of X—HX systems, valid at long range have investigated the stationary points on the ground and
and applied it to CI-HCI. Their model gave a van der Waalsexcited potential surfaces of FHF, and their results will be
well 383 cm 't deep, principally due to electrostatic interac- compared with ours below. Bittererowd Biskupi¢® also
tions; this was considerably deeper than previous potentialgave a useful summary of the eamdy initio work on the
designed for reactive scattering calculations. Dubernet andystem, which focused on the reaction pathway.
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Charged FHF species are also of interest. Matrix isolagate tol and m,: in a simple picture,#, and ¢, may be
tion and IR diode laser studies have been performed othought of as the angular coordinates of the unpaired elec-
FHF (Ref. 16 and FDF (Ref. 17 and the reactivity of tron. The resulting potential surface depends on the intermo-
HF, has recently been investigat&d. lecular distancdRk and three angled), 6,, and ¢, .

The present article is structured as follows. Section I
describes the construction of a semiempirical interaction po-
tential, based on recent Ne—HF and Ne—F potentials. Sectiop .| potential for F—HF
[l reports bound-state calculations of various levels of so-
phistication. Predictions for experimentally observable states There are not yet any reliablb initio calculations of
are made. The energy level pattern is described, and intethe potential surfaces needed for bound-state calculations on
preted with the aid of vibrational wave functions. The pre-F—HF. Indeed, the theoretical methods and expertise needed
dissociating states correlating with BR;;) are also inves- for such calculations are only just being developed. We have
tigated. Finally, Sec. IV presents our conclusions. therefore followed the same procedure as in the earlier work

on CI-HCI to construct an intermolecular potential for
F—HF, incorporating the electrostatic terms arising from the
Il. THEORETICAL APPROACH open-shell character of the F atdfiThe model is based on

The present work uses a standard Jacobi coordinate Sy%[:ea_llo:gles with related systems such as Ne—Ne, Ne-HF, and

tem, in whichr is the F—H distanceR is the distance from

the HF center-of-mass to F, ards the angle betweenand For spectroscopic calculations, it is important to model

. - the anisotropy of the potential surface as accurately as pos-
R, measured at the HF center-of-magsth §=0 corre sible. In a system such as F—HF, both the atom and the

sponding to the ImeaF—H—Egeometr;). 'Vl'bl’a'FIOI’IS of the molecule are anisotropic. The potential energy surface may
HF monomer are not considered explicitly in the presentb

work, and the potentials obtained here should be considered” expanded
to be averages over the vibrational motion of HF.

Open-_shell species are more compli_cated than closed- V(R,,0,, )= > Vi ol R a gy 1)
shell species because they contain additional sources of an- Mrhakiz
gular momentum that can couple together in various way: . . . -
An unpaired electron contributes both spin and electronisc-;rhe funCt'o_nSIMaMz are fexpl.amed n det'a|l n Ref: 10.
orbital angular momentum, and there are also angular molney describe linear combinations (sjpace-fixegispherical
menta arising from the rotation of the diatomic molecule and'@monics, weighted by the appropriate Clebsch—Gordan co-
the rotation of the atom and the diatom about one anothefgfficients. _ _ o
As is customary for van der Waals complexes, lower-case A first source of anisotropy involves terms similar to
letters are used here for quantities that refer to the monomef80se that arise in Ne—HF, which are essentially due to the
and upper-case letters for those that refer to the confplexShape of the HF monomer. The Ne—HF interaction is conve-
Thus the total orbital and spin quantum numbers of the Fiently expanded as
atom are denotedlands, with resultantj , and projectionw
onto the intermolecular axis. The rotational angular momen- /. /R g)=, V) (R)P, (cosf). )
tum of the HF monomer is denotgd and its rotational con- Ar

stant isb. The total angular momentum of the complex is . )

The interaction between an atom inPastate and a di- Mined by a “morphing” proceduré’ using data from high-
atomic molecule can be described in terms of three diabatiesolution spectroscopy to modify good qualkty initio po-
or adiabatic(Born—Oppenheimgrsurfaces? The dynamics tential energy surfaces. Since the F atom is similar in size to
involve all three surfaces and the couplings between thenthe Ne atom, the Ne—HF termé, (R) were carried over
Because of this, the Born—Oppenheimer surfaces themselvesichanged to F-HF. In the total potentiske below, these
are not enough to understand the dynamics: additional infoterms contribute anisotropic termg‘r®(R) to the F—HF
mation on the electronic wave functions is required to calcufotential.
late the coupling matrix elements. A second source of anisotropy involves terms similar to
For dynamical calculations, it is more convenient to usethose that exist for Ne—F, and reflect the shape of the F atom.
a diabatic than an adiabatic representation of the potentialyhe Ne—F potential can be expanded
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 momentunis nearly con-
served. In the absence of spin—orbit coupling, the three di-
abatic surfaces are those for interaction of HX with an XThese contributions are also used unchanged and give rise to
atom with its unpaired electron in a pugg, p,, or p,  anisotropic term&/a*a(R) with A,=0 or 2.
orbital (where thez-axis is along the intermolecular vect@r In addition, electrostatic termg,, arise from the inter-
and the three atoms lie in thez-plang. An alternative way action of the atomic quadrupole on F with the multipoles on
to view this is to introduce angle®, and ¢, that are conju- HF. These can be approximated

Ve R02)= 2V, (RIP, (cOS0). 3
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FIG. 1. Contour plots of the interaction potentials ex-
cluding spin. Diabatic surfacdg, , p,, py from top to
bottom are shown on the left and adiabatic surfaces
(1A”, 2A’, 1A’ from top to bottom on the right. Con-
tours are drawn every 10 cthup to +50 cmi™* and at
100, 200, and 1000 cm.
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whereu,, and® ,, are the permanent dipole and quadrupole
of HF and(r2) is the mean-square radius of the incomplete

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

atomic shell. This is related to the permanent atomic quadSurfaces, the unpaired electron on the F atom is forced to

rupole moment ®, by O,=2e(r2). The value (r?)
=1.5438a, is used in the present wofk.

remain in an individualp orbital with definite orientation.
The p, andp, diabatic surfaces each show a deep minimum

The complete F—HF potential is thus approximated by at the linear F-HF geometry. Between this minimum and the

Ve R, 0,05, ¢2) =Vne-nd R, 0) + Ve R, 0,)
- VNe—Ne( R) + VQ( R, 0, O, ¢a)-
5

In the present workVye_¢R, 8,) is the Ne—F potential of
Aquilanti et al,?? and Vye_nd R) is the Ne—Ne potential of
Aziz and Slamar?®

secondary minimum at the F—FH geometry is a saddle point.
The secondary minima are much shallower for F—HF than
for CI-HCI. Thep, 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 fillegp orbital has a
quadrupole moment oriented along the axis of the orbital.
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For a partially filledp, or p, orbital, the ring of negative corrected for basis set superposition error. Further evidence
charge around the equator of the F atom faces the HF mols needed to decide which is better.
ecule. Since the hydrogen atom carries a partial positive
charge, the linear F—HF configuration is favored. For a par- . , )
tially filled p, orbital, the positive end of the quadrupole C. Representation including spin
points towards the HF. In this case, the partial positive  The spin—orbit coupling in the F atom is comparable in
charge on the hydrogen atom makes the linear F—HF comnagnitude to the separations between the spin-free potential
figuration repulsive. If HF were a purely dipolar molecule, surfaces. Either it can be regarded as coupling the spin-free
the equilibrium geometry for thp, diabat would be F—FH. states, or it can be included in the description of the potential
However, HF also has a substantial quadrupole, and thsurfaces. To do the latter, the spin—orbit coupling in the
guadrupole—quadrupole interaction favors a T-shaped geontomplex is assumed to be unchanged from that in the iso-
etry. lated F atom, and to be of the forgi- 3. The matrix repre-
The p, and thep, surfaces are degenerate #+0 and  sentation is constructed in a basis including atomic orbital
180°, so the two diabatic surfaces have identical well depthsunctions forl =1 and spin functions fos=1/2, with result-
However, the two surfaces diverge as the geometry departnt j,=1/2 or 3/2 and projectiom onto the intermolecular
from linear. In each case there is a saddle point at a T-shapegkis. The resulting & 6 matrix has three pairs of equal di-
geometry. agonal elements and three doubly degenerate pairs of eigen-
The potential surfaces can be expressed in an adiabati@lues; either the diagonal elemeritiabat3 or the eigen-
form by diagonalizing a matrix representation of the poten-values (adiabaty can be plotted. Contour plots of the
tial in the basis set of atomic functions flor 1. The diagonal  resulting surfaces are shown in Fig. 2.
elements of this matrix are the diabats and mixing between The lowest two diabatic surfaces correspond e 3/2
px and p, is introduced through off-diagonal elements aswith |w|=3/2 and 1/2. The third corresponds jg=1/2,
described in Ref. 10. There are two surfaces\bbymmetry |w|=1/2, and is thus shifted upwards at long range by the
and one ofA” symmetry. Because thd” adiabat is not atomic spin—orbit splitting(3¢, where é¢=—269.3cm?).
coupled to the other two, it is identical to tipg diabat. The  The j,=3/2, |w|=3/2 surface is fairly similar to the spin-
lower of the twoA' surfaces has an absolute minimum at thefree p, diabat. However, the,=3/2, |w|=1/2 potential is
linear configuration arising from thg, diabat and a second- quite different from thep, diabat. There is also a marked
ary minimum near the T-shaped geometry arising from thedifference between thg,=1/2 diabat and the spin-freg,
p, diabat. These two minima are separated by a saddle poisurface. This arises because an atomic state jyihl can-
about 60 cm? above the global minimum. not have an overall quadrupole moment. This follows from
The spin-free adiabats are the appropriate surfaces fdhe properties of the Clebsch—Gordan coefficients relgting
comparison withab initio surfaces that neglect spin—orbit and the quadrupole moment operator. The attractive electro-
coupling. The most recent such calculations are by Bitterstatic components thus make no contribution to jtire 1/2
erovaand Biskupict® who carried out multireference con- diabat; its anisotropy arises solely from the anisotropy of the
figuration interaction(MRCI-SD) calculations to character- Ne—HF potential.
ize the stationary points using basis sets of up to triple-zeta It is also possible to extract adiabatic potential energy
quality. They carried out sets of calculations that can besurfaces including spin. The resulting surfaces correlate at
compared with our surfaces. They first started from thdong range with either F2P3;,) or (*Py). The double-
F—F—Hgeometry, from which they located a nonlinear mini- minimum structure of the spin-fred’ adiabat is carried
mum with well depth 0.880kcalmot (308cm?) at r over, whereas the analogue of the secéhdadiabat is sig-
=1.750a,, Rpr=4.936a,, and #gr=113°. This H—F nificantly changed. It has a double-minimum structure, with
bond length is only 0.0, longer than for the HE monomer, Well depths of 104 cm' at the F—HF structure and 29 cth
which justifies our fundamental assumption that F—HF car@t the HF—F structure, and a saddle point in between. The
be treated as though it contains a weakly perturbed HF.=1/2 adiabat is even shallower than the 1/2 diabat,
monomer. Their geometry correspondsRe-4.971a, and  again with its asymptote shifted upwards by the atomic spin—
6=114° in our coordinate system, which compares with ourorbit splitting.
secondary minimum(on the lower A’ surfaceg at R
=5.216a, and #=103°; our minimum has depth 288 ch
The FFH bond length/bond angle coordinate system”l' BOUND-STATE CALCULATIONS
does not lend itself to studying linear F—HF geometries. Ac-  We have used theounD progrant to carry out helicity
cordingly, Bittererovaand Biskupiccarried out separate cal- decoupled and close-coupling calculations of the bound
culations at these geometries, and found a linear F—HF minivibrational—rotation states supported by the model potential
mum with r=1.72a,, Rry=4.31a,, and well depth for F—HF. The methods used have been described in detail in
1.42 kcalmol! (497 cmt). This distance corresponds to Ref. 10. The total wave function is expanded using rigid
R=5.972a, and may be compared with our absolute mini- rotor functions for HF and coupled angular momentum basis
mum atR=5.716a, and 317 cm?. It thus appears that our functions for the complex as a whole. The resulting coupled
surfaces agree in general shape with the best exigting equations are solved numerically using a log-derivative
initio calculations, but have rather smaller well depths. How-propagatof® The methods used to solve the coupled equa-
ever it should be noted that the energies in Ref. 15 are ndions are described in detail in Ref. 26.
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FIG. 2. Contour plots of the interaction potential in-
cluding spin. Diabatic surfacef{j,,|w|)=(1/2,1/2),
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the left and adiabatic surfaces on the right. Contours are
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and 1000 cm?.
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The HF molecule is treated as a rigid rotor with a rota-derived from them are approximate. Nevertheless, they pro-
tional constanb=19.787 478 cm* corresponding to the vide a useful starting point for investigating the level pat-
=1 state in HF. This choice is made because the Ne—HFerns.
potential is constructed for,-=1.2° The basis set includes Helicity decoupling calculations were carried out for
all monomer functions up tp=10. values of|P| ranging from 1/2 to 5/2. The resulting energy

The F—HF reduced mass is taken to be 9.744 6#G1 levels are collected in Table I. No bound states wify
(wherem,=m,(*?C)/12). The coupled equations are propa- >5/2 were found.
gated fromR;,=2 A to R,,,,=8 A extrapolating to zero step Before discussing the coupled channel calculations, it is
size from log-derivative interval sizes of 0.04 and 0.08 A useful to consider the structure of bending levels, uncompli-
using Richardsorm* extrapolation. Increasing the propaga- cated by the intermolecular stretch. The left-hand side of Fig.
tion range or decreasing the step size changes the eigenva&-shows the pattern of bending levels, obtained by diagonal-
ues by less than 1¢ cm™L. izing the helicity decoupled matrix at a fixed intermolecular
distanceR=3.0A. It may be seen that, as for CI-HCI, the
lowest level hagP|=3/2. It can essentially be regarded as a

In the helicity decoupling approximation, the basis func-bending state of a linear molecule with bending quantum
tions are labeled by, the projection of the total angular numberv,=0, vibrational angular momenturk=0, and
momentumJ onto the intermolecular axis, and terms off- |w|=3/2. For F—HF, this state is bound by 174 cinwhich
diagonal inP are neglected. Such calculations give no infor-is slightly less than in CI-HCI.
mation about parity splittings, and the rotational constants  The excited vibronic states are more difficult to interpret.

A. Helicity decoupling calculations
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TABLE |. Energy levels and spectroscopic parameters from helicity decoupled calculations for F—HF. All

PES and bound states of F—HF

quantities are given in cnt, with energy levels relative to the energy of?Pg,,) + HF(j=0).
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n P J=1/2 J=3/2 J=5/2 J=7/2
0 1/2 —136.850 47 —136.257 20 —135.268 81 —133.885 86
0 1/2 —99.592 66 —98.989 96 —97.985 83 —96.580 83
0,1 1/2 —87.808 97 —87.250 74 —86.32094 —85.020 45
0,1 1/2 —78.35328 —77.81464 —76.917 17 —75.661 25
0 3/2 —173.63132 —172.703 90 —171.406 03
1 3/2 —113.700 85 —112.83097 —111.61445
0 3/2 —93.907 32 —92.941 97 —91.590 69
2 3/2 —64.32454 —63.566 57 —62.506 65
0 5/2 —74.508 93 —73.19179
1 5/2 —25.82978 —24.61572
Derived Spectroscopic Parameters
n |P| E-E, B D
0 1/2 36.960 23 0.1978 96106
0 1/2 74.216 47 0.2009 981076
0,1 1/2 86.007 57 0.1861 EL0 S
0,1 1/2 95.466 53 0.1796 6610 °
0 3/2 0.1855 6.X10°6
1 3/2 59.947 64 0.1741 1:610°°
0 3/2 79.712 65 0.1931 26106
2 3/2 109.357 53 0.1517 &IOS
0 5/2 99.930 05 0.1883 921076
1 5/2 147.64578 0.1737 Q105

Excitation of the bending vibration ta,= 1, with vibrational

tional constants by fitting a standard energy formula to the

angular momentunk= =1, might be expected to produce energy levels as a function df
two states with|P|=1/2 and 5/2. These are indeed found.

However, thelw|=1/2 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 helicitySelected wave functions are shown in Figs. 4 and 5. Each

decoupling calculations. In addition, we have extracted rotawave function is shown as a separate contour plot for the

Helicity decoupled

R=30A

E(J)=E(0)+B(J(J+1)—P?)—-D(J(J+1)—P?>2
(6)

components corresponding to atomic spin—orbital functions
with (ja,|o|)=(3/2,3/2),(3/2,1/2 and (1/2,1/2.
Even for the lowest vibronic states, there is extensive

—-——=

|

S

(@} (@]
!

|
03]
o

|

o
o

—120

Energy (cm™

—160

—200

mixing of |w|=3/2 and 1/2 character. FdiP|=3/2, the
ground statéat — 174 cm ) has most of its amplitude on the
|w|=3/2 surface, peaked &t=0, but there is also significant
amplitude on thdw|=1/2 surface, peaked arourt=45°.
There is an easily recognizable excited state with stretching
quantum numben=2 at —64cm * (not shown in the fig-
ure). However, then= 1 stretching character is split between
two states at—114 and—94cm . The lower of these is
predominantly then=1 stretch, while the upper contains
considerably more population on the= 1/2 surface, with its
density maximum around=115°.

The wave functions for the lowedP|=1/2 and 5/2

—240

IPl=1/2  |PI=3/2  |Pl=5/2

FIG. 3. Pattern of all levels in the helicity decoupled approximatieft),

Pl=1/2 |P=3/2 IPI=5/2

states(at — 137 and— 75 cmi 1, respectively are fairly simi-
lar to one another; these two states can be interpreted as
similar to the lowest/P|=3/2 state but with one unit of

compared to the bending levels calculated by diagonalizing the helicity debending vibration(and hence of bending vibrational angular
coupling matrix atR=3.0 A (right). In the left-hand diagram, solid lines momentun). However, the two states at88 and— 78 cmil

correspond to pure bending states, long dashed lines to stretching excitpﬁgr
states, and short dashed lines to states which cannot be unambiguou

e more difficult to assign: their wave functions are fairly

y .. .
classified. The assignments have been established on the basis of wei@cal'zed on thgw|=3/2 surface, but span the entire angular

function plots and the labels indicate the number of stretching quanta

range on theéw|=1/2 surface.
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FIG. 4. Wave functions for the lowest folP| = 1/2 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 forj héw() atomic state indicated on the right.

B. Close-coupling calculations can predissociate. We have investigated the lowest such state

Helicity decoupling calculations neglect Coriolis cou- PY Performing close-coupling scattering calculations to char-
plings and parity splittings in the energy levels. Such Sp”t_actenze the scatte'rlng resonance. The sgattermg calculations
tings could be measured in either microwave, high-resolutiofVereé performed with thetoLSCAT packagé and calculated
infrared, or ultraviolet spectra, so it is worthwhile to inves- €ig€nphase sums were fitted to a Breit-Wigner form using
tigate them. To do this, we have carried out close-couplingn® RESFIT p.rogramz, as described in Ref. 29.
calculations of the lowest few levels, as described in Ref. 10,  Interestingly, thee andf components have quite differ-
The close-coupling calculations were performed in the®nt widths. Thef component of the lowest=1/2 state for
space-fixed representation and produced the energy levels= 1/2 lies 394.05 cm' above théPy, threshold(and thus
shown in Table 1. 567.68cm?® above the ground statelt is bound by

The parity splitings behave differently foP|=1/2 and ~ 9-90 cm * with respect to théP,, asymptote. It has a full
|P| =3/2. For | P| =1/2 the Sp||tt|ng varies as FKJ"‘ 1/2) width at half maximuml’=0.044 Cl’ﬁl, Corresponding to a
and for|P|=3/2 as 2j(J— 1/2)(J+1/2)(3+3/2) ° Table I lifetime of about 120 ps. Analysis of the partial widths shows
shows the parity doubling parameters. Téié parity alter-  that about 55% of the predissociation products are created in
nates as a function af. This effect is similar to\ doubling  the highest energetically accessible state?Fyf) +HF (j
in diatomic molecules. The splitting decreases with increas=3). The corresponding state lies 0.19 cm' above thef
ing |P| and increases with increasidg state, with widthI'=0.0091 cm* (corresponding to a life-

For some vibrational states, the parity doubling constant§me of 583 p$. In this case, about 60% of the predissocia-
are comparable to the rotational constants. In such cases tkien products are created in BR3,) +HF (j=3).
parity doubling can have a substantial effect on the level We have also performed similar calculations for Cl-
pattern. HCI, using the potential energy surfaces of Dubernet and

The states correlating with PR,,,) might be spectro- Hutson® For this system, the lowest-lyinfgstate correlating
scopically observable, but have finite lifetimes because thewith Cl (?P,,) lies 788.94 cm? above theé’Pg, asymptote
lie above the threshold for dissociation to HF (°P3,) and  and thus 1062.63 cnt above the ground state. Its width is
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FIG. 5. Wave functions for the lowest thrHe| = 3/2 states and the lowef?| = 5/2 state of F—HF. For each function, the three panels show the wave function
contribution for the [, ,|w|) atomic state indicated on the right.

2.26x10 %cm™L, corresponding to a lifetime of 235 ns. correlate with F {P3,) and F €Py,), and have used them to
This time, about 70% of the products are formed in the high<arry out bound-state calculations. The lowest surface has a
est accessible state, CIRg,) + HCI (j=8). Thee compo-  well depth of 317 cmi*, and the ground-state level is bound
nent is 0.10 cm! above thé?Py;, asymptote with a width of by 174 cmiL. Intermolecular bending transitions that should
1.92<10 °cm ! (corresponding to a lifetime of 277 ns  have reasonable spectroscopic intensity are predicted around
About 50% of the products are formed in CFRz,) 37 and 99 cm’. Vibronic wave functions for the lowest few

+HCI(j=8). states have been calculated and analyzed, and throw useful
The difference between the lifetimes of F-HF and Cl-|ight on the energy level pattern.

HCl is about three orders of magnitude. It arises mostly be-  The pest availableab initio calculation$® give well

cause of the larger excess energy in the CI-HCI case, whicenihs somewhat deeper than the present model potentials. It
requires more rotational excitation of the product HX 10 ab-jg enirely possible that the present model underestimates the
sorb it well depths. However, thab initio calculations did not in-
clude corrections for basis-set superposition error, so might
IV. CONCLUSIONS themselves overestimate the well depths. Either experimental
The F—HF complex is a fascinating species with a richresults or more completab initio calculations are needed to

spectroscopy. If it can be observed, it will shed light on the€solve this. _ o _
mechanism of the FHF reaction, and especially on the po- ~ The adiabatic potential well correlating with FR; ) is
tential energy surfaces in the entrance and exit valleys of thEuch shallower than that correlating W!th_?":@/z) because
reaction. It is also likely to be one of the products in thethe atom has no quadrupole moment in3g, state. The
ultraviolet photodissociation of HF in HF dimer. resulting well is only 52 cm! deep in our model. The states
Because the F?P;,) atom has a quadrupole moment, supported by this well can predissociate to form P4y
the F—HF complex is bound by electrostatic forces in addi-+ HF. However, the lowest such state has calculated widths
tion to the usual dispersion and induction forces. We havef 0.044 cm® (f) and 0.0091 cm? (e), so may still be ob-
described a model for the three potential energy surfaces thaervable in a high-resolution experiment.
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TABLE Il. Energy levels and spectroscopic parameters from close-coupling calculations for F—HF. All quan-
tities are given in cm?, with energy levels relative to the energy of?Pg,,) + HF(j=0).

n parity |P| J=1/2 J=23/2 J=5/2
0 e 1/2 —137.135 36 —135.693 44 —136.13185
0 f 1/2 —136.566 75 —136.830 11 —134.428 23
0 e 1/2 —99.620 83 —98.999 32 —98.22541
0 f 1/2 —99.571 03 —99.102 86 —98.060 58
0,1 e 1/2 —88.01301 —86.831 30 —86.917 18
0,1 f 1/2 —87.602 93 —87.652 68 —85.68211
0,1 e 12 —78.59378 —-77.32513 —77.618 88
0,1 f 1/2 —-78.11112 —78.288 89 —76.177 15
0 f 3/2 ‘e —173.634 03 —172.716 83
0 e 3/2 e —173.634 05 —172.716 76
1 f 3/2 —113.706 44 —112.85055
1 e 3/2 e —113.706 59 —112.849 95
0 f 3/2 ‘e —93.87387 —92.844 82
0 e 3/2 —93.869 53 —92.861 86
2 f 3/2 e —64.326 78 —63.576 02
2 e 3/2 ‘e —64.326 85 —63.57575
0 e 5/2 —74.509 93
0 f 5/2 —74.509 92
Derived Spectroscopic Parameters

n [Pl E B p q

0 1/2 —136.949 18 0.1964 0.122

0 1/2 —99.686 74 0.1816 0.012

0,1 1/2 —87.902 09 0.1885 0.088

0,1 1/2 —78.443 34 0.1818 0.103

0 3/2 —173.909 21 0.1835 8106

1 3/2 —113.69339 0.1713 810 ©

0 3/2 —94.18599 0.2050 —-1x10°3

2 312 —64.552 09 0.1502 210°°
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