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Potential energy surfaces and bound states for the open-shell
van der Waals cluster Br—HF
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(Received 26 June 2003; accepted 11 August 2003

Semiempirical potential energy surfaces for the lowest three electronic states of the open-shell
complex Br—HF are constructed, based on existing empirical potentials for Kr—HF and Kr—Ne and
coupled-cluster electronic structure calculations for Br—Ne. Coupled cluster calculations are also
described for He—F, Ne—F and Ar—F. Electrostatic interactions that arise from the quadrupole of the
Br atom and the permanent multipoles of HF are also included in the Br—HF surfaces. The well
depth of the lowest adiabatic surface is found to be 670%an a linear equilibrium geometry. The
results of helicity decoupled and full close-coupling calculations of the bound states of the complex
are also described. The ground state, with total angular momentum projection quantum number
|P|=3/2, is found 435 cm' below dissociation to Br{P,) + HF (j=0). The lowest-frequency
intermolecular bending and stretching vibrations are predicted around 145 and 214 cm
respectively. Parity splittings are found to be extremely small for bound states with projection
quantum numbefP|=3/2. The relevance of the results to recently recorded spectra of Br—HF is
discussed. ©€2003 American Institute of Physic§DOI: 10.1063/1.1615238

I. INTRODUCTION pling effects. More recently, Meuwly and Hutson have car-
ried out analogous calculations for F—Hénd Br—HBr for
Molecular complexes involving open-shell constituentswhich the model gave well depths of 317 and 342 ¢m
are attracting increasing interest, both experimental and theespectively.
oretical, because their spectra can provide detailed informa- The large electrostatic wells in systems containing
tion on potential energy surfaces in the entrance and exip-state atoms have important consequences for reactive scat-
valleys of chemical reactions. Complexes formed betweenering. For example, Maierlet al® and Dobbyret al.” have
halogen atoms and hydrogen halides are particularly interesgteveloped full reactive potentials for CI-HCI that incorpo-
ing, because their spectra would probe the potential energyate the Dubernet—Hutson potential at long range, and these
surfaces for prototype hydrogen exchange reactions such &ave been used to show that the long-range well has impor-
Cl+HCl and F+HF. In 1994, Dubernet and Hutsbpointed  tant effects on the positions of reactive scattering resonances
out that, for atom-diatom systems containing atomsPin and to calculate thermal rate coefficiefifsXie et alX? have
states, there would be a substantial long-range well arisinghown that long-range forces are responsible for prominent
from the electrostatic interaction of the atomic quadrupoleresonances in the GR)-+HCI reaction, while Skouteris
moment with the permanent multipole moments of the diaet al!* have shown that such forces play a decisive role in
tom. For CI-HCI, they developed a model poteritishsed  determining the product isotope ratiq in thetGD reaction.
on combining the known Ar—HCI and Ar—Cl potentials with In recent work, Ktoset all? and Zdanskaet all® have
electrostatic dipole—quadrupole and quadrupole—quadrupolgbtained fullyab initio potential energy surfaces for the three
terms. The model gave surfaces for the three lowest eledowest electronic states of CI-HCI. Both groups obtained
tronic states of Cl-HClcorrelating with CFP3, and?P,,),  surfaces in qualitative agreement with the semiempirical sur-
with a well depth of 383 cm' for the lowest adiabatic sur- faces of Dubernet and Hutsdhose of Zanskaet al., who
face at a linear GIH-Cl geometry and a plateau at a used the multireference coupled pair functiofdRACPP
T-shaped geometry. The well depth for CI-HCI may be com-method, are also in reasonable quantitative agreement with
pared with that for the nearly isoelectronic system Ar—BICl, the semiempirical results, though their linear well is slightly
which is only 176 cm*. The difference arises principally shallower and the T-shaped plateau has moved inwards and
from the electrostatic terms, which are absent in Ar—HCl.become a secondary minimum. Kiost al, who used
Dubernet and HutsGrused these surfaces to carry out fully coupled cluster calculations, did not explicitly describe sur-
nonadiabatic calculations of the bound states of the Cl-HClaces including spin—orbit coupling, but their lowest spin-
complex, including all three surfaces and spin—orbit coufree surface is about 14% deeper than the corresponding
Dubernet—Hutson surface at the linear geometry and has a
3Electronic mail: m.meuwly@unibas.ch well 600 cm! deep (now the absolute minimumat a
PElectronic mail: j.m.hutson@durham.ac.uk T-shaped structure. This well will be at least partially washed
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out when spin—orbit coupling is introduced, but may be deep  The adiabatic surfaces are useful conceptually and for
enough to remain the primary minimum. visualization purposes. For dynamics calculations, however,
Complexes such as CI-HCI and Br—HBr are attractiveit is generally more convenient to use a diabatic rather than
candidates for experimental spectroscopy. They are “prerean adiabatic representation. To a first approximation, the in-
active” species(entrance channel complejye which ab-  termolecular interaction is too weak to mix in excited atomic
sorption of a photon might stimulate a chemical reactionorbitals of the halogen atom, and the atomic orbital angular
starting from a well-defined initial state. Wittig and momentuml (equal to 1 hergis nearly conserved. In the
co-workerd**® have attributed structure in the H atom ki- absence of spin—orbit coupling, the three diabatic surfaces
netic energy distributions resulting from photodissociation ofare those for interaction of HF with a Br atom with its un-
HCI in HCI dimer to the formation of a CI-HCI product. The paired electron in a pumy, p, or p, orbital (with the z axis
CI-HCI and CI-DCI products have been further studied byalong the intermolecular vect® and the three atoms lying
Imuraet al® and Cheet all’ There have also been attempts in the xz plane. An alternative way to view this is to intro-
to make CI-HCI complexes directly in molecular beams andduce angle9), and ¢, that are conjugate tbandm;: in a
jets, but these have not yet to our knowledge been successimple picture,d, and ¢, may be thought of as the angular
ful. However, Miller and co-workefé have recently suc- coordinates of the hole in the incompletshell. The result-
ceeded in forming the related complex Br—HF in liquid he-ing potential depends on the intermolecular distaRcand
lium droplets and have observed the infrared spectrum of théhree anglesg, 6,, and ¢,, and thus bears similarities to a
HF stretching band in the complex. The purpose of thediatom—diatom interaction potential.
present paper is to carry out calculations of the potentiak
energy surfaces and rovibronic levels of Br—HF, in order to
assist in interpretation of the new spectra and to suggest ad- We have constructed a model intermolecular potential
ditional experiments that might give information on intermo- for Br—HF using the procedure previously employed for the
lecular bending and stretching modes. Such informatiorsymmetric open-shell complexes CI-HCI, F-HF, and
would be immensely valuable in learning about the angulaBr—HBr2*° In this model the potential anisotropy for
and radial shape of the electrostatic potential well. Br—HF is taken from the near-isoelectronic Kr—HF and
Br—Ne potentials, and supplemented with long-range electro-
static forces involving the Br quadrupole and the permanent
Il. THEORETICAL METHODS multipole moments of HF. The potential for Br—HF is writ-

The present work uses a Jacobi coordinate system, i'hen

whichr is the F—H distanceR is the distance from the HF —

center of mass to the Br atom afds the angle between the Vor-te(R. 6,02, $2) = ViR, 6) Ver-ned R, 0a)

vectors corresponding toandR, measured at the HF center —Vkr—ne(R) +V(R, 0,604, ¢a).

of mass(with #=0 corresponding to the linear BH-F ge- 1)

ometry. Vibrations of the HF monomer are not treated ex-

plicitly, and the potentials obtained here should be considThe first anisotropic term comes from the anisotropy of the

ered to be averages over the vibrational motion of HF. HF molecule, and is modeled in terms of the Kr—HF poten-
Open-shell complexes are more complicated thartial. The Kr—HF surface used in the present work is an old

closed-shell complexes, because there are additional angulane obtained principally by fitting to microwave spectra of

momenta due to electronic orbital motion and spin. Thethe Kr—HF van der Waals compléX;it is qualitatively rea-

qguantum numbers needed to describe complexes containirggpnable, but not of accuracy comparable to those for

open-shell atoms have been discussed by Dubernet amst—HCI® and Ne—HE® used in our work on Cl-HGEland

Hutson! As is customary for van der Waals complexes, F—HF? which were fitted to much more extensive spectro-

lower-case letters are used for quantities that refer to thecopic information.

monomers and upper-case letters for those that refer to the The second anisotropic contribution comes from the

complex as a whole. The total orbital and spin quantum numanisotropy of the Br atom, and is modeled in terms

bers of the Br atom are denotédnds, with resultantj, and  of the potential curves for the Br—Ne interaction. Atomic Br

projection® onto the intermolecular axis. The rotational an-has a 2P ground state with the configuration

gular momentum of the HF monomer is denofednd its  [Ar](3d)%(4s)?(4p)°. Upon complexation with Ne, the un-

rotational constant is. The total angular momentum of the paired electron of Br may occupy @B, p, or p, orbital

complex(neglecting nuclear spjris denoted) and the cor-  (configurationsp;p;pz, pzpypZ. and pzp;p;). Since thez

responding rotational constantBs axis is the interatomic axis, the first two of these are degen-
The interaction between an atom inPastate and a di- erate and form dI state with potential curv®;(R), while

atomic molecule can be described in terms of three diabatithe third forms a3 state with potential curv&/s(R). For

or adiabatioBorn—Oppenheimersurfaces in various ways. halogen atom—rare gas interactions, heurve is in general

The dynamics involve all three surfaces and the couplingsleeper than thél curve because the rare gas atom can ap-

between them. Because of this, the surfaces themselves gueach closer along the axis of the partially fillpdorbital

not enough to understand the dynamics: additional informathan perpendicular to it. The isotropic and anisotropic com-

tion on the electronic wave functions is required to calculatgponentsVy(R) andV,(R) are related to/s(R) andVy(R)

the coupling matrix elements. by?1:22

Model potential for Br—HF
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TABLE I. Well depths and equilibrium distances for Rg—F and Ne—Br potentials from scattering experiments
(Ref. 21 and theory(this work).

He-F Ne-F Ar—F

Ne—-Br
Expt. Theory Expt. Theory Expt. Theory  theory
>, state(A=0)
De/cm™* -18.5 —24.4 —-61.3 —41.6 —-96.8 -94.8 -53.1
Re/A 3.00 2.84 2.90 2.94 3.12 3.12 3.57
alA 2.67 2.50 2.61 2.61 2.73 2.75 3.18
II state(A=1)
De/cm™t -16.9 -10.7 —-26.6 -21.7 —-46.8 —42.1 -31.8
Re/A 3.04 3.28 3.26 3.31 3.61 3.62 3.94
alA 2.72 2.93 2.91 3.00 3.20 3.27 3.53
Vo(R)=%(Vs(R)+2V(R)), (2  with Rg=He, Ne, and Ar. For these speci&s; andVy; and
. the corresponding isotropic and anisotropic components of
V2(R)=3(Vs(R)=Vn(R)). ©) the intermolecular interaction have also been obtained from
The curves used for Br—Ne in the present work are obtaineénversion of experimental scattering dataThe calculated
from ab initio calculations as described below. points were fitted to a series expansion composed of a short-

The last term in Eq(l) is the electrostatic term that range repulsion and a long-range attraction,
arises from the interaction of the atomic quadrupole on Br

with the multipoles on HF. This interaction may be approxi-  V(R)=(az2+as(R—ao))exp—a;(R—ao))
mated by 1
+ = (1+tanhay+as(R—ay)))
V15(r2) e Tro 2" ol °
VQ(Ra 0,0,, (ba) = 2
R Cs , Ca cm) -
6 8 10/ "
N \/ﬁh<r§>®HF1224 7 R® R R
R ’ A similar form has been used previously by Kiesal*! The

where theZ functions are as defined in Ef) of Ref. 1 and Cs coefficients were fixed at values obtained from a combin-

fiie=0.706%a, and®,-= 1.7332& are the permanent di- Ng Tule based on the Slater—Kirkwood formdfa,

pole and quadrupole moments of HF in itssO state. The 3

quantity (r2) is the mean square radius of the incomplete ngx:w, ©6)
atomic shell of Br, which is related to the permanent atomic 2(7rgt 7x)

uadrupole moment®, by ©,=2e(r?). The value . N
=2 1pgﬁaa§ from a relgtivis)iic CZSE"ISZaZaIcuIation on the where »=[Neg/a]'* and values of the static polarizabilities
a_ - a and effective number of electromé.; for the rare gases

Br atont® was used here. The Kr—Ne potential used in the ; ) .
present work is that of Barrowt al2* were taken from Table | of Ref. 30. The anisotropic polariz-

abilities of halogen atoms were taken from Medatdchl, >
and the values ofl¢ for F and Br were taken to be 3.5 and
6.0, respectively; these valuesNf; are about 0.3 less than
those for the near-isoelectronic rare gas atoms.

For most of the atomic halogen—rare gas systems, em- The resulting equilibrium distancds,, positions of the
pirical potential curves have been obtained by inversiorrepulsive wallo, and dissociation energi€s, for the >, and
of results from molecular beam scattering experiméhté. 1II state potentials are summarized and compared with the
However, to the best of our knowledge no such potenexperimental values in Table I. Table Il gives the parameters
tials exist for Br—Ne. We have therefore calcula®@dand  of our fits.
IT curves for this interaction usinap initio electronic struc- There are some rather large differences between the cal-
ture methods. The calculations were carried out at theulated and empirical potentials for He—F and Ne—F, but the
RCCSOT) level (restricted coupled cluster calculations with uncertainties in the empirical potential wells are substantial
single, double, and noniterative triple excitatipnsising  for these systems; they can be up to 30% for well depths and
aug-cc-pVQZ basis sefs:?® All calculations were carried around 5% for the equilibrium bond lengtfsThe ab initio
out using themoLPRoO2000packagé’ and were corrected for potentials show more consistent trends down the series from
basis set superposition error using the counterpoiséle to Ar than the empirical ones: the minimum\is (R) is
method?® always 0.35 to 0.5 A inside that My;(R) and the well depth

To assess the accuracy of the electronic structure mettier the X curve is a factor of 1.8 to 2.3 larger. For the em-
ods used herBRCCSOT)/aug-cc-pVQZ, the potentiald/y pirical potentials the distance shift ranges from 0.04 to
andV[; were also calculated for the family of Rg—F systems0.45 A and the well depth factor ranges from 1.09 to 2.30.

B. Electronic structure calculations for rare
gas—halogen atom systems
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TABLE II. Parameters describing the RCC8Vaug-cc-pVQZ Rg—F and Ne—Br potentials.

ag a; a as ay as Ce Cs Cio

State A At cm?t  comtAT? Al cmAS cm'A® cm AP

He-F 3, 3.066 1.883 —63.865 1.013 0.922 0.777 1884 9.4e+4 1.2+6
11 2477 1.436 —48.518 0.304 0.071 -1.373 1.9e+4 1.7%+5 1.8+6

Ne—-F 3, 2.547 1577 —107.894 0.032 -0.228 —-1.737 3.62+4 2.3+5 1.6e+6
11 2500 1.300 -74.680 —1.230 0.957 —2.700 4.0e+4 2.%+5 1.4e+6

Ar—F 3, 3.020 1.481 —155.680 —-0.288 —-0.613 —1.591 1.18+5 8.2+5 1.%+6
11 3.100 1.190 -92.470 -—1.500 0.196 —2.597 1.2é+5 9.%2+5 3.0e+6

Ne-Br X 3.333 1.302 -—99.180 0.333 —0.534 —-1548 1l.4e+5 1.0:+6 1l.le+7
II  3.237 1.179 -99.970 0.942 —-0.047 —-1.403 1.5é+5 2.0+6 25+7

The empirical potential energy curves suggest that the equic. Potential energy surfaces neglecting spin

librium distance for the>, state actuallyshortensby about The different representations that can be used for the

0.1 Ain going from He to Ne. Botential energy surfaces for X—HX systems have been dis-
For Ne—F, where the differences between the calculate . ) . .
ussed in Ref. 2. This section will therefore concentrate on

and empirical curves are largest, additional calculations atﬁj
the RCCS[()T)'/aug-.cc.-pVSZ Ieyel were carrleq out. As ex- results on Cl—HCF. Br—HBrS and F—HF
pected, the dissociation energies increased slighty5%— . . . ) . .
10% and the equilibrium distances decreased slightly . Figure 2 shows th.e diabatic .and adllabatlc_ surface.s in the
(by 0.01-0.03 A The aug-cc-pV5Z results on the state spln—frge rep.resentqtlom-neglectlng Splln_—OI’bI'[ coupling
give D,=45.0cni ! at R,=2.93A and on thdl state give The §p|n—orb|t_ coupllng in the Br atom is in fact so large th_at
D.=24.0cm ! atR,=3.28 A. However, the change in the the dlagonal_ d|a_bat|c_ s_urfaces by themselves are not particu-
state well depth is small compared to the discrepancy wittiay useful in visualizing the results of dynamical calcula-
the empirical value(61.3 cm®). On the whole, it seems t|ops. Nevert.heless, the spm-free diabat&presentation
likely that the calculated potential curves are more reliabldWith both diagonal and off-diagonal parts, and supple-
than the empirical ones, although it would probably be posMmented with spin—orbit coupling informatipfs the one that
sible to improve them by morphing théfrto fit the experi- 1S used in the dynamical calculations and is fairly readily
mental data. The fractional change between theextracted fromab initio calculations” The spin-free adia-
aug-cc-pvVQZ and aug-cc-pV5Z basis sets for Ne—F probbatic surfaces are also important because they are the ones
ably places an upper limit on the errors in the calculations fothat would result directly from aab initio calculation ex-
He—F and Ar—F: correlated calculations with Ne atoms arecluding spin—orbit coupling.
notoriously difficult. The spin-free diabatic potentials are the diagonal ele-
From these comparisons it appears that calculations dpents of the Hamiltonian in a basis set of atomic functions
the RCCST)/aug-cc-pVQZ level provide a good compro- quantized along the, y, andz axes. Thep, and p, diabats
mise between accuracy and computational expense for care degenerate fa=0 and 180° but diverge as the geometry
culating the potential energy curves for Br—Ne needed in theleparts from lineafa Renner—Teller effegtThey both have
model. The calculate¥s (R), V(R) and the derived curves a deep well a=0. Their absolute well depth is 670 cth
Vo(R) and V,(R) for Br—Ne are shown in Fig. 1 together This is about twice the depth found for either F—HF or Br—
with the ab initio calculated energies. The potential has a HBr; it arises because the Br atom has a larger quadrupole
well depth of 53.1 cm!® at 3.57 A and thell curve has moment than F, while HF has a larger dipole moment and
D.=31.8cm ! atR,=3.94 A, can approach closer than HBr. The secondary minintam

e results for Br—HF and a comparison with the previous

FIG. 1. Left panel: potential curves for the spin-free
and I1 states of Br—HF, calculated at the RCQSWI

aug-cc-pVQZ level together with thab initio points.
Right panel: potential curves for the isotropit(R)

and anisotropid/,(R) componentgsolid lines of the

Br—Ne interaction.
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7.25+ - 3 . L
E pin= 3470

T T T T T T
90 1 1 0 45 90 135 180 0 45 90
8/degrees 95 80 0 * a/dse’grees 125 80 6/degrees 0/degrees

0 45 ' 35 180

FIG. 2. Contour plots of the Br—HF interaction potentials excluding spin. FIG. 3. Contour plots of the Br—HF interaction potentials including spin.

Diabatic surfaces are shown on the left and adiabatic surfacks @A’, Diabatic surface$(ja.|w|)=(3/2,3/2),(3/2,1/3, (1/2,1/2 from bottom to
1A” from bottom to top on the right. Contours are drawn every 50 ¢rap top] are shown on the left and adiabatic surfaces on the right. In each case
to 0 cm L, every 20 cm? up to 100 cm?, and at 200 and 500 cr. the lower two plots show the surfaces correlating with 8?4,) and the top

plot shows the surface correlating with BiF;,;). Contours are drawn every
50 clm’1 up to 0 cnT?, every 20 cm* up to 100 cm?, and at 200 and 500
cm -,
+6 cm %, not visible in Fig. 2, at the Br—FH geometry, has
a very much shallower well than the primary minimum be-
cause of unfavorable quadrupole—dipole interactions. Cl-HCI*>13 suggest that the semiempirical potential in that
The minimum-energy structure on tipg diabat is close case is insufficiently attractive at the T-shaped geometry.
to #=120°. This can again be explained by purely electro-However, this may well be less of a problem for Br—HF,
static considerations: this is the geometry that optimizes theecause Br is considerably less electronegative than F and
interaction of the HF dipole and quadrupole when the Brincipient chemical bonding is likely to be less significant.
atomic quadrupole is oriented along thexis.
The spin-free potential energy surfaces can be expressed

in an adiabatic form by diagonalizing the matrix represental- Potential energy surfaces including

tion of the potential in the basis set of atomic functions. TheSp'n_Orblt coupling
transformation leaves thp, surface unchanged but mixes The spin—orbit coupling in the Br atom can either be
the p, and p, potentials through the off-diagonal elementsregarded as coupling the spin-free states, or it can be in-
described in Ref. 2. The diagonalization produces two sureluded in the description of the potential surfaces. In Br—
faces ofA’ symmetry and one oA” symmetry(correspond- HBr, the spin—orbit coupling is so large that the latter is
ing to unmixedpy). The minimum of the lowest adiabat physically more sensible for visualization purposes. To con-
(1A") is at a linear configuration with a well depth of struct surfaces that include spin—orbit coupling, we assume
670 cm L. This is qualitatively different from CI-HCI and that the coupling in the complex is the same as in the isolated
F—HF, where there were both linear and T-shaped minim&r atom, and is of the forn§|-S, whereé=—2457 cm L. The

but the linear minimum was slightly deeper, and for Br—HBr, matrix representation is constructed in a basis set of atomic
where the T-shaped minimum was deeper. The upler orbital functions fol =1 and spin functions fos= 1/2, with
adiabat (2') has only a very shallow minimum, 5 ¢th  resultantj,=1/2 or 3/2 and projectiom onto the intermo-
deep at the linear Br—FH geometry, and is repulsive ovetecular axis. The resulting X6 matrix has three pairs of
most of the angular range. Thab initio results for equal diagonal elements and three doubly degenerate pairs of
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IPI=1/2 |P|=3/2 |P|=512 |PJ=7i2 IPI=1/2 [PI=32  |P|=5i2  |P|=7/2
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50
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-200 L 200
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—250 — ~ ~250 - -

T
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=300 o = =300 — _
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~400 — _ ~400 -
-450 | E o -450 o -
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Helicity decoupled calculations Diagonalization atR=3.5 A

FIG. 4. Pattern of all levels in the helicity decoupled approximatiledt), compared with the bending levels calculated by diagonalizing the helicity
decoupling matrix aR= 3.5 A (right).

eigenvalues; either the diagonal elemeldiisbats or the ei-  a rotational constanb=20.559 743 cm?, appropriate for
genvalueqadiabatg can be plotted. Contour plots of the re- the y =0 state of HF. The basis set includes all monomer
sulting surfaces are shown in Fig. 3. functions up toj = 15.

Two diabatic surfaces correspond tg=3/2 with o ) )
|lw|=3/2 and 1/2 and one ti,=1/2 with |«|=1/2. The lastis A Helicity decoupling calculations
shifted upwards at long range by the atomic spin—orbit split-  |n the helicity decoupling approximatidnthe basis
ting, /4. The twoj,=3/2 diabats are qualitativelfout not  functions are labeled b, the projection of the total angular
quantitatively similar to thep, and p, diabats. As for the momentumJ onto the intermolecular axis, and terms off-
symmetric systems, however, thg=1/2, |o|=1/2 diabat is  diagonal inP are neglected. Such calculations give no infor-
quite different from any of the spin-free diabats. This is be-mation about parity splittings, and the rotational constants
cause an atomic state wi<1 cannot have an overall derived from them are approximate. Nevertheless, they pro-
quadrupole moment. The attractive electrostatic componentgde a useful starting point for investigating the level pat-
thus make no contribution to thg=1/2 diabat, and its an- terns.
isotropy stems solely from that of the Kr—HF potential. It is useful first to consider the pattern of bending levels,

The right-hand side of Fig. 3 shows the adiabatic suryncomplicated by the intermolecular stretch. The right-hand
faces obtained when spin—orbit coupling is included. Therg;qe of Fig. 4 shows the pattern of bending levels, obtained
are again two surfaces that correlate at long range witly giagonalizing the helicity decoupled matrix at a fixed in-
Br(*P3) and one that correlates with BiRy,). On the  termojecular distanceR=3.5A. The lowest level has
lowest adiabat, Br-HF has a single linear minimum p|_3> |t can essentially be regarded as a bending state of
670 cm ~ deep and a very shallow secondary minimum with, |inear molecule with bending quantum numbge=0, vi-
a depth of 275 cm! betweend=90° and 130°. This is fairly brational angular momentui=0 and|w|=3/2. For Br—HF

s[nllar oto CI-HClI, though without a secondary minimum at this state is bound by 471 ¢rh The next two bending states
6=180°. correspond to HF internal rotation states with vibrational an-

;I'he secopd adigb:?\t for Br-HF also correlate_s WithguIar momentunk= +1 and hencéP|=1/2 and 5/2, bound
Br (“P3) and is qualitatively similar to the second spin-free by 319 and 293 ciil,, respectively

adiabat, with a minimum 6 cit deep at the Br—FH struc-

turez. The _hlghes_t-ly_mg a(_j|a_bat, W.h'Ch. corr_e_lates Wlthl‘erential equations by propagating B rather than simply
Br(“P4), is qualitatively similar to its diabatig,=1/2, di . . oS ,

. ! .» . diagonalize the bending Hamiltonian at a fixed valueRof
||=1/2 counterpart, because the large spin-—orbit splitting Inl'he resulting coupled equations are solved numerically usin
Br prevents strong mixing of,=1/2 and 3/2. ng P q N y 9

a a log-derivative propagatdf. The methods used to solve the
coupled equations are described in detail in Ref. 35. The
Br—HF reduced mass is taken to be 15.960821where
m,=m,(**C)/12]. The coupled equations are propagated

We have used theouND prograni® to carry out helicity ~ from Ry;,=2.5A to R,,=8A, extrapolating to zero step

decoupled and close-coupling calculations of the boundize from log-derivative interval sizes of 0.025 and 0.05 A
vibrational-rotation states supported by the model potentialising Richardsor* extrapolation. Increasing the propaga-
for Br—HF. The methods used have been described in detaiilon range or decreasing the step size changes the eigenval-
in Ref. 2; they include all three surfaces and the couplingsies by less than 10 cm™*.

between them, as well as spin—orbit coupling. The total wave  Coupled channel helicity decoupling calculations were
function is expanded using rigid rotor functions for HF andcarried out for values ofP| ranging from 1/2 to 7/2. The
coupled angular momentum basis functions for the complexesulting energy levels are collected in Table 1ll. No bound
as a whole. The HF molecule is treated as a rigid rotor withstates with| P|>7/2 were found below the lowest dissocia-

The next level of approximation is to solve coupled dif-

IIl. BOUND-STATE CALCULATIONS
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TABLE lll. Energy levels(above and spectroscopic parametdtelow)  ||I. From the band energies of thEP|=3/2 states and
from helicity decoupled calculations for Br—HF. All quantities are given in their rotational constants a progression of Stretching levels
cm™%, with energy levels relative to the energy of BPg,,) + HF (j=0). . . . e

Derived spectroscopic parametdis cm * for E, B, D). Note that more 1S readily found. The assignment can be verified by compar-
significant figures than are given for the eigenvalues were used in the fits th1g the level pattern of the fixeR-calculation with the re-
obtain these values. sults from the helicity decoupled approximation. For the
|P|=1/2 and|P|=5/2 states the situation is less clear: in

both manifolds the first excited state is clearly a stretching

P J=1/2 J=3/2 J=5/2 J=7/2

=}

0 12 -290.446  -290.180 —289.736 —289.115 state but the higher levels begin to mix and stretch/bend
b e T Emon i combinadon staes appear
01 12 —190.020 —189.747 —189201 —188.652 The calgullated ground-state .rotatlonal conste_mt
(B=0.0887cm ) may be compared with that measured in
0 3/2 —435295 -434.854 -434.236  He droplet$® (0.0450 cm?l). Rotational constants in He
; gg :ggg';gi :222'232 :ggi'gig droplets are typically reduced compared to gas-phase values,
3 32 994002 -993706 —223166 and there is a strong correlation between the droplet:gas-
phase ratio and the gas-phase rotational constant ifsetfe
0 572 —262635  —262017  ratig here is 0.51, which is slightly greater than for the com-
1 5/2 -195.171  —194.582 -
parable complex N-HF, where the ratio is 0.4%.
n P E-E B D RY(A) (P P,) _It is also of interest tq calculate expec_tatlon values over
— radial and angular coordinates. Average intermolecular dis-
0 12 144937 00887 5810 =~ 346 0664 0271  (anceg(R) and angular expectation valu¢B;(cosé)) and
1 1/2 210.790 0.0854 1. 10 3.54 0.585  0.193 . .
01 12 237403 00913 85107 341 —0217 —0.009 (P,(cosb)) ~are reported in Table 1ll. In particular,
01 1/2 245361 00913 1410° 3.41 0.105 —0.183 (Pi(cos#)) is related to the dipole moment of the complex.
o ap 00882 3K 107 346 0875 0673 If induced dipoles are neglected, the predicted dipole mo-
1 3o 82200 00842 48107 356 0863 0.647 ment for Br—HF in its ground state is 1.21 D.
2 3/2 152433 0.0802 68107 3.66 0.846  0.613
3 32 211219 0.0772 1810°% 3.65 0.798  0.539
B. Close-coupling calculations
0 5/2 172224 0.0883 58107 3.46 0.709  0.325
1 52 239709 00842 78107 3.56 0.679  0.277 Helicity decoupling calculations neglect Coriolis cou-
2 5/2 295890 0.0805 14 10:2 3.46 0.623  0.208  plings and parity splittings in the energy levels. Such split-
01 5/2 329.367 00887 1710 3.48 0132 ~0.134 tings could be measured in microwave spectra or in high-
0 7/2 339.696 0.0884 82107 347 0.498 0.001 resolution infrared or ultraviolet spectra, so it is worthwhile

to investigate them. To do this, we have carried out close-
coupling calculations of the lowest few levels, as described
in Ref. 2. The close-coupling calculations were performed in
tion thresholdto Br (?P3,,) + HF (j=0)] at 0 cm L. Excita-  the space-fixed representation and produced the energy lev-
tion of the bending vibration taw,=1, with vibrational els shown in Table IV. We note that in the present calcula-
angular momentumk=+1, produces two states with tionsthen=1,|P|=1/2 andn=3, |P|=23/2 strongly perturb
|P|=1/2 and 5/2 at vibrational excitation energies of 144.9each other fod>5/2. Therefore, the spectroscopic constants
cm tand 172.2 cr?, respectively. These are the most likely for the n=1, |P|=1/2 state were derived from rotational
intermolecular vibrations to be observed as infrared combilevelsJ<5/2. In the case ofi=3, |P|=3/2 state only infor-
nation bands with the HF stretching fundamental. As men#mation on thel=3/2 andJ=5/2 levels were used to calcu-
tioned above, Kuppeet al!® have observed the HF stretch- late E—E, andB.
ing fundamental of Br—HF at around 3867.4 thso the The parity splittings behave differently foP|=1/2 and
present work suggests that combination bands should b&|=3/2. For|P|=1/2 the splitting varies asffJ+ 1/2) and
sought around 4012 and 4039 ¢hlit would be particularly ~ for |P|=3/2 as 2j(J—1/2)(3+1/2)(3+3/2).3" Table IV
interesting to locate these experimentally; as we have showshows the parity doubling parameters. The energy ordering
previously for F—HF the wave functions for these excited of the e/f parity states alternates as a function ofThe
statesand especially for theP| = 1/2 statg are concentrated P-type doubling is similar to\-doubling or )-doubling in
on the|w|=1/2 diabatic surface, and the frequencies woulddiatomic molecules. The splitting decreases fast with increas-
be quite sensitive to any underestimate of the well depth ang |P| and increases with increasidg For some|P|=1/2
T-shaped geometries. states, the parity doubling constants are comparable to the

To assist with the interpretation of the bound states in th¢otational constants. In such cases the parity doubling can
helicity decoupled approximation, rotational constants werdiave a substantial effect on the level pattern. As mentioned
calculated for the lower-lying states. They were determinedibove, the parity splitting for the=1, |P|=1/2 andn=3,
by fitting the energies to the standard energy formula as #|=3/2 are affected by a perturbation. Thus, no reliaiple
function of the total angular momentudn parameter for th@=3, |P|=3/2 can be determi'L%Sd.

_ 2 202 The existing He droplet spectra of Br—FFare for
E()=E0)+BUU+1D=P)H=DOU+D=PH~  (7) |P|=3/2 states, where thB-type doubling is likely to be
The resulting spectroscopic parameters are shown in Tablenresolved. However, it would be very interesting indeed to
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TABLE IV. Energy levels(above and spectroscopic parametetwiow) The most physically realistic representation for visualis-
from close-coupling calculations for Br-HF. All quantities are given in jng the hound states is the adiabatic representation includ-
cm™%, with energy levels relative to the energy of BPg,,) + HF (j=0). . . bit l For thi | t f h
States marked witk*) are affected by a perturbation and are not taken into 'r'g Sp'”‘?f I. coupling. For this, our . owest surface has a
account to derive spectroscopic parameters from. Derived spectroscopic pinear equilibrium geometry, BrH—F, with a well depth of
rametersiin cm™1). Note that more significant figures than are given for the 670 c¢cm L. The lowest bound state has a binding energy of
eigenvalues were used in the fits to obtain these val(fesFor n=3, 435 Cm_l with excited bending states 145 and 173—ém
P|=3/2 liable splitti t [ Iculat t L . . . :
[P|=3/2 no reliable splitting parametercould be calculatedsee text above it. These are the most likely intermolecular vibrations
n Parity |P|  J=1/2 J=312 J=5/2 JI=7/2 to be observable, either directly in the far infrared or in com-

bination with the HF stretch. We hope that the present work

0 e 1/2  -290.483 —290.256 —289.851 —292.270 o . T

0 f 1/2  -290409 —290107 —289628 288972 will stimulate efforts to observe infrared combination bands

1 e 1/2 —224.642 —224434 —223.798 —223.510 in helium droplet spectra and will encourage further work to

1 f 1/2  —224.549 —224.249 —223.057 —223.127 observe spectra of these fascinating species in unsolvated

0,1 e 1/2 —198.153 —198.053 -—197.767 —197.296 form.

0,1 f 1/2 —197.804 —197.356 —196.727 —195.916

0,1 e 1/2 —190.059 —189.821 —189.395 —189.784
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