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Transition state spectroscopy of the excited electronic states of Li–HF
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In this work the LiHF(A,B,B8←X) electronic spectrum is simulated and compared with the
experimental one obtained by Hudsonet al. @J. Chem. Phys.113, 9897~2000!#. High levelab initio
calculations of three2A8 and one2A9 electronic states have been performed using a new atomic
basis set and for a large number of nuclear configurations~about 6000!. Four analytic global
potential energy surfaces have been fitted. The spectrum involved very excited rovibrational states,
close to the first dissociation limit, at high total angular momentum. Two different methods have
been used, one based on bound state and the second one on wave packet calculations. Different
alternatives have been used to simulate the relatively high temperatures involved. The agreement
obtained with the experimental spectrum is very good allowing a very simple assignment of the
peaks. They are due to bending progressions on the three excited electronic states. A simple model
is used in which only rotational degrees of freedom are included, which simulates the spectrum in
excellent agreement with the experimental one, providing a nice physical interpretation. Moreover,
the remaining theoretical/experimental discrepancies have been attributed to nonadiabatic effects
through the extension of this model to a diabatic representation of excited coupled electronic states.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1618223#
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I. INTRODUCTION

Reactivity involves a reordering of the electronic stru
ture when evolving from reactant to products. Even in
case of a single Born–Oppenheimer state, the ground e
tronic state can be viewed as resulting from the diagonal
tion of a Hamiltonian matrix represented in a crude basis
the ‘‘diabatic’’ electronic states characterized by t
asymptotic states of the reactant and product fragments
correlate to. Thus, the barriers appearing in the minim
energy path between reactants and products can be i
preted as a result of a crossing among different electro
states. Such singular region, or transition state, acts a
bottleneck for the reaction, determining the reaction mec
nism and many of the properties of the measured ma
tudes. However, because in this region the electronic st
ture suffers a sudden change and nonadiabatic coupling
usually large, it is important to include several states a
nonadiabatic effects to understand and simulate the reac
mechanism at electronic level.

For these kind of studies, systems composed by an a
or alkaline earth atom~M! with RX halides~with X being a
halogen atom and R5H, CH3, etc.! can be considered a
prototypes: the ground electronic state is the result of a cr
ing between one/several covalent states and one/several
states correlating with the M*1XR reactants and with the
(M1X2!*1R products, respectively. Therefore th
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M*1XR→~M1X2!*1R reactions are envisaged as t
transfer of an electron of the alkali atom to the halog
atom1,2 ~‘‘harpoon’’ mechanism! at precise configurations
where the curve crossing occurs and it is interesting to
termine how nonadiabatic terms affect the reaction dyna
ics. After the pioneer work of Taylor and Datz,3 a large
amount of experimental cross beams studies on these
tems was done in 1960s,4 the so-called ‘‘alkali age.’’ Thus,
there is a wealth of experimental information about the
fluence of the excitation~electronic,5,6 vibrational,7–13 and
rotational14–17! of the reactants on these systems under c
lision conditions. In contrast, there are only a few stud
devoted to simulate nonadiabatic effects.

Another important feature of these systems is the pr
ence of van der Waals wells in the entrance channel du
the strong dipole electric fields of the reactants. Thus, i
possible to form the complex among the reactants and
mote the system to excited electronic states, and monitor
appearance of reactant and/or products. After the first exp
ments by Soep and co-workers on Ca–HX systems,18–22

there have been several other studies on related system
the groups of Polanyi,23–27 González-Ureña,28–30 etc. More
recently also time resolved experiments31,32 have opened the
possibility of following the evolution of the reaction in rea
time and also to ‘‘control’’ the course of the reaction b
properly designed excitation pulses. These kind of res
provide detailed information about the excited electro
states and about the nonadiabatic couplings governing
transitions between the different electronic states correla
to different final states of products.

il:
8 © 2003 American Institute of Physics
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10089J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 Excited states of Li–HF
Among all these systems LiHF can be considered a
benchmark model system because of its relative simplicity
has 13 electrons, which allows relatively accurateab initio
calculations, only one single electronic state of LiF produc
is one of the lightest systems with three different atoms,
still presents a very rich dynamics. Aside from the expe
mental problems related to its study, there are several w
on the Li1HF collisions,33–38 and the LiHF(A,B,B8←X)
electronic absorption spectrum has recently been meas
by Polanyi and co-workers.26 On the theoretical side, there
an increasing number ofab initio studies to characterize th
potential energy surfaces~PESs! on the ground39–43 and
more recently also on the excited44,45,42electronic states, and
many theoretical studies to simulate the collision, us
quantum39,40,46–49as well as classical50,37 methods on the
ground electronic state. Also some theoretical studies h
been devoted to the spectroscopic study of the transition s
by infrared excitation on the ground electronic state.51–53

However, there are only a few and approximate dynam
studies about the nonadiabatic dynamics of this system
pecially devoted to the electronic predissociation decay fr
the excited electronic states.44,54,42

The aim of this work is to fully characterize the ele
tronic absorption spectrum of LiHF(A,B,B8←X) recently
measured by Polanyi and co-workers.26 Nonadiabatic dy-
namics will be left for a forthcoming work. An importan
accuracy improvement on the PESs is obtained with res
to a previous study.45 In Sec. II, theab initio electronic struc-
ture calculations will be described and in Sec. III the analy
fits generated to the global PESs will be compared with p
vious ones, when available. In Sec. IV the methods use
simulate the absorption spectra are briefly described.
results are compared with the experimental spectrum of
lanyi and co-workers26 and a complete assignment is di
cussed. Finally, some conclusions are established in Sec

II. AB INITIO ELECTRONIC STRUCTURE
CALCULATIONS

A. Electronic basis set, atomic and diatomic energies

The interest of this work focuses on the ground and fi
excited states of LiHF, correlating to Li(2S)1HF(X 1S1)
and Li(2P)1HF(X 1S1) dissociation limits. It is also im-
portant to properly describe the Li11HF2 and Li11H2F
ionic configurations since they are responsible for the cu
crossing leading to the LiF products in the ground Bor
Oppenheimer electronic state. The saddle point appears
result of the crossing between the Li11HF2 ionic state and
a covalent configuration correlating to Li(2S)1HF(X 1S1)
~see Fig. 1!. In addition, following the arguments of Zeir
and Shapiro in a diatomics-in-molecules model for t
system,55,56 the Li11HF2 state is strongly stabilized by
resonance phenomena with another ionic configuration,1

1H2F, at very precise angular configurations, which e
plains the bent character of the saddle point. This cross
takes place at a quite short distance, where the attrac
Coulombic interaction between ions of opposite sign co
pensates for the high asymptotic energies of the isolated i
Li1 and HF2. When the two ions approach each other,
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energy decreases until it cuts, not only with the grou
Li( 2S)1HF(X 1S1) covalent configuration, but also with
the excited Li(2P)1HF(X 1S1) ones. These crossings tak
place at much longer distances and therefore the use of
good atomic basis sets to properly describe the polariza
of the electronic clouds is very important. Just as an
ample, the crossings of the energy curve of the ionic F2Li1

state with those of the covalent configurations correlating
F(2P)1Li( 2S) and F(2P)1Li( 2P) are shown in Fig. 2,
which take place at'13 and 150 a.u., respectively.

As a result, special attention was paid to determining
atomic basis set. The electronic basis set used in theab initio

FIG. 1. Minimum energy path diagram for theX, A, B8, andB electronic
states of Li–HF~ordered in energy!.

FIG. 2. Energy levels of the LiF(1S) states for the first electronic state
correlating to the F(2P)1Li( 2S), F(2P)1Li( 2P) and F2(1S)1Li1(1S)
asymptotes, with the internuclear distance in logarithmic scale.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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10090 J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 Aguado et al.
calculations consisted of an extended basis for the lith
atom of size (15s,11p,4d,1f )/@14s,10p,3d,1f #, and the
aug-cc-pVTZ basis set of Dunninget al.57,58 for the hydro-
gen and fluorine atoms, augmented by several diffuse fu
tions whose exponents were optimized to accurately re
duce excited energies of the lithium atom, as well
ionization potential~IP! and electron affinities~EA! of the
three atoms. The lithium basis set was obtained by using
starting point a combination of two different basis sets. F
the inner electrons, part of the basis set used by Yarkon
study LiHCl59 was used, and for the outer ones, the diffu
functions of the basis set of Boutalib and Gade´a.60 This basis
was later optimized to reproduce the excited states
lithium. The atomic spectrum for Li is reproduced in Table
with a residual error for the excited Rydberg states, IP a
EA lower than650 cm21. For the fluorine and hydroge
atoms the most important quantities are the EA, shown a
in Table I, which in the present calculations have resid
errors lower than 150 cm21.

The ab initio spectroscopic magnitudes for differe
electronic states of the LiF, HF, and LiH diatomic fragmen
show a rather good agreement with the experimental d
especially those magnitudes related to the first excited e
tronic states more directly involved in the triatomic syste
under study.

B. Triatomic ab initio calculations

For the LiHF system the three lowest states of2A8 sym-
metry (X 2A8, A 2A8 andB 2A8), as well as the lowest stat
of 2A9 symmetry (B8 2A9) have been calculated. TheX 2A8
ground state correlates adiabatically with the reactants’
products’ ground states:

Li ~2S!1HF~X 1S1!→LiFH~X 2A8!

→ H LiF~X 1S1!1H~2S!

LiH ~X 1S1!1F~2P!
. ~1!

TABLE I. Calculated and experimental excitation energies, ionization
tential ~IP!, and electron affinities~EA! of the atoms. The experimenta
values were taken from Ref. 82.

Atom
MRCI1Q

(cm21)
Expt.

(cm21)
Error

(cm21)

Li
. . . 2s 2S→...2p 2P 14 950.3 14 903.5 146.8
. . . 2s 2S→...3s 2S 27 176.0 27 205.9 229.9
. . . 2s 2S→...3p 2P 30 911.2 30 924.1 212.9
. . . 2s 2S→...3d 2D 31 251.6 31 282.2 230.6

IP 43 442.6 43 486.2 243.6
AE 4 957.1 4 982.1 225.0

F
IP 139 098.3 140 525.9 21 427.6
EA 27 277.7 27 430.9 2153.2

H
1s1 2S→2s1 2S 82 268.5 82 300.8 232.3
1s1 2S→2p1 2P 82 292.7 82 300.8 28.1

AE 5 972.5 6 079.0 106.5
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The excited states, nevertheless, correlate adiabatically
the same reactants limit corresponding to the lithium exci
state Li(2P)1HF(X 1S1) if RHF,3.5 a.u. or with severa
HF excited states Li(2S)1HF(C 1P) or Li( 2S)1HF(b 3P)
if RHF.3.5 a.u.~see Fig. 2 of Ref. 44!:

Li ~2P!1HF~X 1S1! if RHF,3.5 a.u.

Li ~2S!1HF~b 3P! if RHF.3.5 a.u.J
→LiFH~A 2A8!→ HLiF~b 3P!1H~2S!

LiH ~X 1S1!1F~2P!
, ~2!

Li ~2P!1HF~X 1S1! if RHF,3.5 a.u.

Li ~2S!1HF~C 1P! if RHF.3.5 a.u.J
→LiFH~B 2A8!→ HLiF~A 1P!1H~2S!

LiH ~a 3S1!1F~2P!
, ~3!

and

Li ~2P!1HF~X 1S1! if RHF,3.5 a.u.

Li ~2S!1HF~b 3P! if RHF.3.5 a.u.J
→LiFH~B8 2A9!→ HLiF~b 3P!1H~2S!

LiH ~X 1S1!1F~2P!
. ~4!

On the other hand, note that because the excited st
share several dissociation limits, there are conical inters
tions corresponding to theC2v→Cs displacement, which
makes the LiHF2P correlate adiabatically with the LiHF
2A8 and2A9.

All electronic calculations were carried out using th
MOLPRO suite of ab initio programs.61 The potential energy
surfaces, as well as the electric dipole and transition mom
functions, have been computed using internally contrac
multireference configuration interaction~MRCI! wave
functions62,63with single and double excitations. All configu
rations that contribute more than 5% to the complete ac
space self-consistent field~CASSCF! wave function are used
as reference configuration in the MRCI calculation. T
Davidson size consistency correction64 (1Q) was applied.

State average multiconfiguration~SA-MC! orbitals were
obtained with all the configurations that contribute more th
5% to the state average CASSCF~SA-CASSCF! and to pre-
liminary MRCI1Q calculations. The lowest 1a8 molecular
orbital (;1s orbital on fluorine! has been kept frozen in a
calculations ~but optimized doubly occupied at th
CASSCF!. In the entrance channel, the four electronic sta
of interest are well separated from other electronic exci
states. However, in the products region the ionic-coval
curve crossing~see Figs. 1 and 2! causes strong orbita
changes and makes difficult the CASSCF optimization. T
strong change may lead to discontinuities in the poten
energy surfaces. To avoid this problem, in all the calcu
tions, all the configurations contributing for the ground ele
tronic state in any geometry have been included. In addit
all configurations contributing to the excited electronic sta
in the reactant channel have also been included. After
curve crossing all the excited electronic states correlate w
the LiF excited states, which are very high in energy. The
fore, in the energy range of interest, it is not important

-
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FIG. 3. Transition electric dipole moment components for theA,B,B8←X transitions~in a.u.!
en
S.

a

h
de
-
C

u-
s
d
.
th
s,

an

te

iv
s
se
l
in

cu-
r-
on-

e

A

e
l

an
e of
. In
ver-
ies,

are
the

the

e

include new configurations to properly describe the high
ergy, which avoids the possible discontinuities of the PE

All calculations were performed using theCs group, as
usual. In order to consider theP degeneration~calculated in
Cs asA8,A9), we have selected the active space to maint
the asymptotic degeneracy of the 2p lithium orbitals, includ-
ing 11 electrons in 10 active orbitals (2a829a8, 1a9
22a9), and optimizing the2A8 and2A9 states together. This
makes the states ofP symmetry practically degenerate, wit
a negligible difference at the CASSCF level, and of the or
of 20 cm21 (0.1mEh) for MRCI1Q energies. The main ref
erence configurations in the SA-MC as well as in the MR
calculation are

cn5u~1a8!2~2a8!2~3a8!2~4a8!2~1a9!2~5a8!2~na8!1u

with n56, 7, 8, and 9, for the2A8 states, and

cm5u~1a8!2~2a8!2~3a8!2~4a8!2~1a9!2~5a8!2~ma9!1u

with m52 and 3, for the2A9 state. These reference config
rations are the most important in the nuclear geometrie
interest in this work. Nevertheless we have used 23 an
reference configurations forA8 and A9 states, respectively
The reference configurations give a final contribution to
MRCI wave function of more than 97% for all the root
with a maximum number of contracted~uncontracted! con-
figurations of the order of 1 400 000~5 800 000! and 380 000
~2 000 000! for the 2A8 and2A9 symmetries, respectively.

The ab initio calculations have been performed on
extended geometry grid, that covers the nuclear region
interest. For the grid we have used bond coordina
(RHF,RLiF ,u5LiF̂H), in the range:

RHF51.1– 10a0 ~at 35 intervals!,

RLiF52.0– 20a0 ~at 30 intervals!,

u50 – 180° ~at 30 intervals!.

Because the number of points of this grid is excess
~31 500!, calculations were performed on a selected sub
of about 6 500 points. The selection of the points was ba
on previous calculations,45,44 always keeping the main goa
of describing the van der Waals well and the saddle po
regions.
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C. The LiHF transition dipole moment

The transition electric dipole moments have been cal
lated using the MRCI wave functions, in the region of inte
est, being approximately expressed as a simple sum of m
odimensional functions as

da
XY~r ,R,g!5da,e

XY1da,r
XY~r !1da,R

XY ~R!1da,g
XY ~g!, ~5!

whereX refers to the ground electronic state (X 2A8), andY
to the excited states—A(2A8), B(2A8), or B8(2A9). In this
expressionr andR reactant Jacobi vectors are used, wherr
is the HF internuclear vector andR joins the HF center-of-
mass to the Li atom, withg being the angle between them.
body-fixed frame is used in which thez axis lies alongR and
the three atoms are in thex–z plane. Finally,a5x,y,z and
da,e

XY5da
XY(r e ,Re ,ge) corresponds to the minimum of th

well of the X(2A8) state. In Eq.~5!, the monodimensiona
da,r

XY(r ) functions have been described by

da,r
XY~r !5(

i 51

3

ai exp@2bi~r 2r e!
2ci#,

where theai ,bi ,ci parameters have been fitted for eachXY
transition and each Cartesian componenta, with ci being
normally integers. Similar expressions holds for theR andg
cases.

Note that the calculated transition dipole moments c
change sign from one geometry to a different one becaus
a phase change of one of the wave functions involved
order to avoid this sign change, we have calculated the o
lap between the wave functions at the different geometr
and corrected the sign when necessary.

The transition dipole moments obtained, see Fig. 3,
important for the three final electronic states according to
usual selection rules imposed by their symmetry:X–A and
X–B correspond to transitions in thex–z plane, while the
X–B8 is out of the plane withdy being the only nonzero
term. In order to compare with our previous results on
X–A transition dipole moments~Fig. 5 of Ref. 44, where
there is a mistake in the tics:g should vary from 60° to 180°
instead of from 30° to 100°!, we have selected in Fig. 3 th
same sign criteria.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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If the four states considered here would be appro
mately described by electronic configurations built as
simple product of a function for lithium atom in the2S or 2P
states and the HF(1S1) functions, the transition selectio
rule will correspond to those of the isolated lithium atom.
such case, considering a monoelectronic atom,B8←X will
be the only allowed transition. However, clearly this is n
the situation here. The reason is that the electronic struc
is much more complicated because of the crossing with
ionic Li1 – HF2 configurations, which are the responsible f
theA,B←X transitions in the region of the wells. In additio
to the avoided curve crossing in Fig. 1 giving rise to t
product channel, there are some other curve crossing an
conical intersections among the excited electronic states

The three excited electronic states,A 2A8, B 2A8, and
B8 2A9 in theCs point group, correlating with the excited2P
state of lithium become the2S1 and 2P states in theC`v
point group. This split of the2P state is responsible of
conical intersection, as shown in Fig. 4~a! for collinear con-
figurations corresponding to the equilibrium HF distance.
short LiF distances (RLiF,4 a.u.) theB 2A8 and B8 2A9
states are degenerate, and at longer LiF distances (RLiF

.4 a.u.) theA 2A8 andB8 2A9 are the degenerate ones. O
the other hand, we show, too, in Fig. 4~b!, the potential en-
ergy cut along the Jacobig angle for a configuration near th
minimum of theA 2A8 electronic state. This cut shows th
there is a change in the degenerate states going from
collinear geometry corresponding to Li–F–H ~g5180°! to
the other oneF–H–Li ~g50°!. The treatment of all these
crossings and the possible diabatization deserves a very
tailed study, which will be done in a forthcoming work.

III. GLOBAL POTENTIAL ENERGY SURFACES

Here each adiabatic PES is fitted independently. E
global PES~GPES! is obtained using the fitting procedur
developed by two of the authors~A.A. and M.P.!,65 briefly
described here. A modified many-body expansion is use

VLiHF5(
A

3

VA1(
AB

3

VAB
(2)~RAB!

1 (
L

Lmax

VABC
(3)L ~RAB ,RAC ,RBC!, ~6!

where several three-body terms (Lmax.1) are considered to
obtain a better fit.66 These three-body terms are expanded

VABC
(3)L ~RAB ,RAC ,RBC!5(

i jk

K

di jk
L rAB

i rAC
j rBC

k , ~7!

where the variablesrAB are modified forms of the Rydber
functions,

rAB~RAB!5RABe2bAB
(N)RAB ~bAB

(N).0! ~8!

and similarly forrAC and rBC . These functions depend o
the internuclear distancesRAB , RAC , or RBC , and tend to
zero when the corresponding distance goes to zero or to
finity. Such behavior avoids the appearance of artific
Downloaded 07 Jul 2009 to 161.111.180.128. Redistribution subject to AI
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minima at short distances and makes that the total PE
described, at long distances, by the sum of two-body ter
VAB

(2) , and atomic energies,VA .
The description of the two-body terms is done by d

composing asVAB5Vshort1Vlong, with

Vshort5cO

e2aRAB

RAB
,

Vlong5(
i

I

cirAB
i ,

where therAB functions are given in Eq.~8!.

FIG. 4. One-dimensional cut that shows several conical intersections~a!
Collinear cut alongRLiF with r HF fixed at 1.7a0 . ~b! Cut along the Jacoby
g angle.
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The linear parametersdi jk
L and the nonlinear paramete

bAB
(3)L are determined by fitting the calculatedab initio ener-

gies of the above-described triatomic. The diatomic equi
rium distance, dissociation energy, frequency, and anhar
nicity constant are compared with those obtained in previ
fits of the ground state of the LiHF system and vibration
energies for the ground electronic state of the three diato
fragments are compared with the ‘‘experimental’’ ones,
showing a rather good agreement. The rms error of the
different fits and in different energy ranges is shown in Ta
II, being lower than 180 cm21 in the energy range of interes
in this work.

The fit for each electronic state is done relative to
corresponding Li1HF asymptote at the minimum of the H
well. The ab initio Li( 2P←2S) excitation energy is large
than the experimental value by'50 cm21. In order to com-
pare with the experimental spectrum,26 here we use the ex
perimental value of 14 904 cm21. In addition, several calcu
lations allowed us to estimate the basis set superpos
error to be of the order of 100 cm21, for the A state which
presents the deepest well. In order to get a better agree
with the experimental spectrum, the GPES for theA state is
corrected as follows. Equation~6! is rewritten as,

VLiHF
A 5VLi* 1VHF~RHF!1WLiHF

A , ~9!

where

WLiHF
A 5VLiF1VHLi1 (

L

Lmax

VABC
(3)L ~RAB ,RAC ,RBC!, ~10!

and thisWLiHF
A is multiplied by a factor of'0.94 in order to

reduce the overestimated dissociation energy of theA state
well. This factor, together with the use of the experimen
Li( 2P←2S) excitation energy are the only two noab initio

TABLE II. Errors in cm21 of the GPES fits for theX, A, B, andB8 states
of LiHF with respect to the calculatedab initio points. The energy range
are referred relative to the minimum of HF of their corresponding Li1HF
asymptote.

Energy range Ngeom rms

X state
E,60 000 6104 399

16 000,E,20 000 272 352
8000,E,16 000 954 213

0,E,8000 2301 155
22000,E,0 1190 89

A state
E,30 000 4703 415

0.0,E,8000 1110 341
23000,E,0 930 251

26000,E,23000 976 180

B state
E,30 000 4812 810

0.0,E,8000 1690 317
23500,E,0 792 56

B8 state
E,30 000 5083 914

0.0,E,8000 1318 892
23500,E,0 1259 21
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parameters of the GPESs used in this work. In what follo
we will refer to this corrected version of theA state.

The GPES for the LiHF(X) presents a late barrier con
necting Li(2S)1HF(1S1) reactants with H(2S)
1LiF(X 1S1) products, while the HLi(X 1S1) products ap-
pear at much higher energies of'28 000 cm21. Also the
first electronic excitation of the H or LiF products is so hig
in energy that the GPESs for theA, B, andB8 states can be
considered to be nonreactive and their main feature is a
in the reactant channel. We shall then describe them s
rately comparing with the previous available surfaces in
following.

In Fig. 5 several contour plots of the GPES for th
LiHF(X 2A8) are shown as a function of ther , R, and g
Jacobi coordinates, focusing on the transition state reg
The stationary points are shown in Table III and compa
with some previous GPES for this state. They all show a w
in the entrance channel,'2000 cm21 deep at'110°, a late
barrier, with the HF distance rather elongated with respec
the free HF equilibrium distance, and a rather shallow wel
the H1LiF products channel. All the surfaces used in Tab
III show a very good qualitative agreement, but it is noto
ous the excellent agreement with the nowadays more a
rate APW-GPES produced for LiHF(X),43 and with the PESs

FIG. 5. Contour plots of the LiHF(X) PES as function of Jacobi coordi
nates. The energy contours start in 2000 and2500 with steps of 1000 and
500 for the top and bottom panels, respectively. Energy is in cm21 referred
to the minimum of HF well in the Li1HF asymptote.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 07 Jul 
TABLE III. Comparison of geometries and energies of the stationary points for severalab initio fitted LiHF
global PESs. Energies, in cm21, are relative to the Li(2S)1HF asymptote.

CSb CMc SRPAd JHTPe APWf Present

LiHF X 2A8
Reactants
r HF

a 1.76 1.73 1.74 1.733 1.736 1.741
Energy 0.0 0.0 0.0 0.0 0.0 0.0

Reactant van der Waals well
r LiF

a 3.68 3.59 3.552 3.56 3.555 3.558
r HF

a 1.78 1.76 1.775 1.76 1.758 1.756
u 109° 114° 107.4° 107° 104.8° 110.0°
Energy 21613 22100 22251 21940 21959 21942

Saddle point
r LiF

a 3.21 3.12 3.197 3.10 3.161 3.174
r HF

a 2.44 2.48 2.457 2.62 2.397 2.413
u 74° 74° 71.4° 72.8° 72.9° 73.4°
Energy 3469 2500 1880 1992 1783 2019

Product van der Waals well
r LiF

a
¯ ¯ 2.997 2.98 2.979 3.029

r HF
a

¯ ¯ 5.139 3.90 4.661 3.704
u ¯ ¯ 90.9° 68.4° 69.7° 63.7°
Energy ¯ ¯ 68 1210 540 948

Products
r LiF

a 3.03 2.95 3.00 2.955 2.959 2.970
Energy 0.13 0.17 661 1412 944 1501

LiHF A 2A8
Reactants
r HF

a
¯ ¯ 1.74 1.733 ¯ 1.741

Energya ¯ ¯ 16565 14905 ¯ 14950

Reactant van der Waals well
r LiF

a
¯ ¯ 3.160 3.34 ¯ 3.396

r HF
a

¯ ¯ 1.984 1.82 ¯ 1.868
u ¯ ¯ 180° 122° ¯ 125°
Energy ¯ ¯ 9143 9792 ¯ 9622

LiHF B 2A8
Reactant van der Waals well
r LiF

a
¯ ¯ 3.575 ¯ ¯ 3.535

r HF
a

¯ ¯ 1.750 ¯ ¯ 1.761
u ¯ ¯ 140° ¯ ¯ 149°
Energy ¯ ¯ 14 400 ¯ ¯ 11 764

LiHF B8 2A9
Reactant van der Waals well
r LiF

a
¯ ¯ 3.991 ¯ ¯ 3.642

r HF
a

¯ ¯ 1.719 ¯ ¯ 1.747
u ¯ ¯ 149° ¯ ¯ 131°
Energy ¯ ¯ 14 010 ¯ ¯ 11 638

aAll distances in bohr.
bReference 83.
cReference 84.
dReference 45.
eReference 42.
fReference 43.
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as
obtained by Burclet al.53 To check the accuracy of th
X-GPES for reactive collisions, which are very sensitive
the details of the potential, preliminary wave packet calcu
tions have been made for Li1HF(v50,1) reactive cross sec
tions, obtaining results in rather good agreement with th
performed using the APW-GPES.43

Figure 6 shows contour plots of theX, A, B, and B8
electronic states of LiHF withr fixed at the corresponding
equilibrium distances~see Table III!, being x5R cosg and
y5R sing. All the states present a rather similarr e , being
2009 to 161.111.180.128. Redistribution subject to AI
-

e

slightly larger than that of the free HF. The well of theA
state being the deepest one also presents a longerr e . The
equilibrium Re values, however, are shorter for theA state,
being rather similar among the rest of the electronic sta
Nevertheless, all the radial equilibrium distances are rat
similar among the different electronic states. The larger d
ference arises among the angular dependence of each
The equilibrium angles are 110°, 125°, 150°, and 130°
the X, A, B, and B8 electronic states, respectively. Suc
differences have important implications in the spectrum,
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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will be discussed in the following. Another striking feature
the small dependence of the PES as a function of the a
between the equilibrium angle and 180°. Such situation
especially apparent for the first excited state (A 2A8), as
shown in Fig. 4~b!: the difference between the minimum
130° and at 120° is only of 0.5 cm21, increasing up to abou
100 cm21 for 180°.

The stationary points of theA state are in rather goo
agreement with those of Jasperet al.,42 presenting a less
deep well than the present one. These authors do not re
analytical fits of theB andB8 states, and there is no detaile
description of these surfaces. Some semiquantitative ide
those two PESs can be extracted from Figs. 8 to 11 of R
42. A cut for Li–F–H bond angle of 110° andr HF

51.73 a.u., in Fig. 10 of Ref. 42, theB8 well seems to be
nearly as deep as that of theA state. By contrast, in this work
the B8 curve is in between theA andB potential curves, at
that configuration. We have performed several calculati
changing the atomic basis set, the chosen configurati
etc., and the relative position of the PESs remained ne
constant with the results described earlier in this work.
addition, theB andB8 PESs of Ref. 42 were obtained with
reduced number of configurations, as compared with
number used for theX and A states. Without more knowl
edge about the calculations of Ref. 42 and the exten
analysis performed in this work, we have to conclude t
our results are essentially correct.

The GPESs obtained in this work are considerably
proved with respect to the previous work for theA44 andB

FIG. 6. Contour plots of the LiHF PESs for theX, A, B, andB8 states in the
vicinity of the reactant channel well with the HF distancer frozen to its
equilibrium distance.x5R cosg and y5R sing. The energy contours are
25000, 24000, 23000, 21500, 21000, and 5000 cm21, referred to the
minimum of HF well in the corresponding Li1HF asymptote, and distance
in Å.
Downloaded 07 Jul 2009 to 161.111.180.128. Redistribution subject to AI
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andB8 states:45 the ab initio calculations are more accura
~because the improvement in the atomic basis set and
electronic configuration selected!, the number of calculated
points is larger, and the quality of the fit is also better. Fo
different files containing the fits, as FORTRAN subroutine
for the electronic states here considered are placed in
electronic depository EPAPS.67

IV. SPECTRA CALCULATIONS

A. Bound state calculations

Using reactant Jacobi coordinates in a body-fixed fram
as described earlier, the bound eigenstates for each of t
four electronic states,xa,s with a5X, A, B, and B8, are
expanded as

Ck
JMea~r ,R!5 (

vs jV
Avs jV

Jeak wv~r !

r

fs~R!

R
W MV

JeaYj V~g,0!,

~11!

where the angular functions, defined as

W MV
Jea 5A 2J11

16p2~11dV0)
@DM ,V

J* ~f,u,x!xa,s

1es~21!J1VDM ,2V
J* ~f,u,x!xa,s#,

correspond to a well-defined total angular momentum,J, and
parity under inversion of spatial coordinates,e. M andV are
the projections of the total angular momentum in the spa
fixed and body-fixed frames, respectively.DM ,V

J* are Wigner
rotation matrices,Yj ,V are normalized associated Legend
functions,68 andxa,s electronic wave functions~with eigen-
values of the sxz

bf operator, the reflection through the bod
fixed x–z plane!.

The potential-optimizedwv(r ) and fs(R) radial basis
set functions in Eq.~11! are solutions of a one-dimension
Hamiltonian obtained numerically using some reference
tential. The reference potential corresponds to the equ
rium configuration of all coordinates except that of intere
The HF stretch is by far the largest one for the two sta
~being'3500 and 2650 cm21 for theX, B, B8, andA states,
respectively, while it is 4000 for free HF!, and only a few
functions are required to get a good convergence~here v
50, . . . ,6 were used!. The frequency of theR mode is
much lower and many more functions are needed. The n
ber of fs(R) radial functions obtained with a single refe
ence potential is insufficient to converge the calculation
very excited states, close to the dissociation limit. To av
this problem, several reference potentials are used, and
corresponding functions are orthonormalized. Basis set fu
tions are added to converge eigenvalues up to21000 cm21

in the A state and up to 2048 cm21 for the B andB8 states
@being 2048 cm21 the first Li(2P)1HF(v50) dissociation
energy# so that the error is better than 1 – 2 cm21). In the
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Vibrational levels of LiHF obtained forJ50, andX, A, B and B8 electronic states. Energies are referred to the minimum of HF in t
corresponding Li1HF asymptotes, in cm21. The (v,n,b) approximated quantum numbers correspond to HF, Li–HF stretching, and L–HF bending, re
tively.

State,
nvib v n b X v n b A v n b B v n b B8

1 0 0 0 319.51 0 0 0 23575.55 0 0 0 2784.74 0 0 0 2967.78
2 0 0 1 615.10 0 0 1 23373.59 0 1 0 2373.13 0 0 1 2672.67
3 0 1 0 674.50 0 0 2 23095.13 0 0 1 2354.55 0 1 0 2633.29
4 0 0 2 871.72 0 1 0 23042.93 0 2 0 32.65 0 1 1 2351.67
5 0 1 1 943.49 0 1 1 22847.26 0 1 1 59.18 0 2 0 2322.75
6 0 2 0 992.98 0 0 3 22720.24 0 0 2 221.93 0 0 2 2267.38
7 0 0 3 1158.42 0 2 1 22592.43 0 3 0 424.93 0 3 0 253.96
8 0 1 2 1203.21 0 1 2 22506.96 0 2 1 458.74 0 2 1 233.29
9 0 2 2 1234.79 0 1 3 22358.22 0 1 2 631.10 0 1 2 52.94

10 0 3 0 1276.07 22316.32 0 4 0 801.30 0 4 0 213.70
11 0 4 0 1418.82 22171.75 0 3 1 842.79 0 0 3 227.12
12 1465.30 22097.10 0 0 3 902.09 0 3 1 238.58
ill
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c-
following, a comparison with wave packet calculations w
also serve as a test of the convergence of these calculat

In Table IV the first energy levels for the four electron
states andJ50 are shown together with their assignme
and the contour plots of the wave functions for some
them are shown in Fig. 7. Approximated quantum numbe
(v,n,b) are given which correspond to the HF vibratio
Downloaded 07 Jul 2009 to 161.111.180.128. Redistribution subject to AI
ns.

,
f
s,

Li–HF stretching, and Li–HF bending, respectively, a
are extracted from the analysis of the wave functions~see
Fig. 7!.

Concerning the ground electronic state, the first exp
mental evidence of the relatively deep well, of'2400 cm21,
in the entrance channel was provided by Loesch a
Stienkemeier36 from backward glory scattering. The spe
FIG. 7. Contour plots of the bound state amplitudes for the~a! X, ~b! A, ~c! B, and~d! B8 states in the reactant channel well with the HF distancer frozen
to its equilibrium distance.x5R cosg andy5R sing, in Å.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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troscopy experiments from this well, performed by Polan
and co-workers,26 confirm its existence and its simulation
the subject of this work. This well appeared in nearly allab
initio calculations and nearly at the same position, w
slightly different dissociation energies.39,41,42,40,69,53,43Bound
state calculations52 performed on the APRL-2 PES41 yielded
a D0'2100, v r'3500 ~estimated by infrared excitation t
the first HF overtone!, vR'353, andvg'396 ~all in cm21),
while using other surfaces Burclet al.53 obtained values of
D0'1855– 2033,vR'315– 363, andvg'362– 395 using
different PESs. In this work, using the new PES, we obt
D0'1729,vR'365, andvg'296, which are in rather good
agreement with the previous values but also with the m
accurate PES on the LiHF(X).43

There are few number of works on theA electronic
bound states. To our knowledge, there are only the adiab
PES of Aguadoet al.44 and coupled quasidiabatic PESs
Jasperet al.42 In this last surface there is no calculated bou
state and, as discussed earlier, the LiHF(A) PES of Ref. 44
has an equilibrium angle of 180° while the present one is
'125°. However, and because the new and old LiHF(A)
PESs present a very weak dependence with the angle
states are very similar and present a very similar struc
when we compare the corresponding panels of Fig. 7 w
those of Fig. 4 of Ref. 44. In the two cases thevg is nearly
half that ofvR so that the first excitation inR, ~0,1,0!, inter-
acts strongly with the second excitation ing, ~0,0,2!: odd
bending excitations are well separated and can be cle
distinguished, while even bending excitations always inter
with a stretching level, giving rise to a couple of mixe
bending/stretching states. The frequencies associated
each vibrational mode are, approximately,vg'202 cm21,
vR'526 cm21, and v r'3000 cm21, reduced from that of
free HF ('4000 cm21) and that estimated for the LiHF(X)
('3500 cm21).

The only previous PESs for theB andB8 states are those
of Ref. 45 and they are improved substantially here. Th
two surfaces must be degenerate at collinear configurati
but at bent geometries they differ substantially. Also the
surfaces are quite anharmonic. The most striking thing
that there are states very excited in bending and no
stretching, indicating that this motion is pretty well separa
from the others not only up to the energies shown but ne
up to dissociation, which is clearly not the case in theX
and A states. Not only, while thevR decreases slightly
with increasing energy, the energy separation among th
states with pure bending excitation increases, see Tabl
Such states will have important implications in the spectru
as we will see in the following and deserve some spe
attention.

If the potential shows a well, the bending eigenvect
usually show the typical vibrational energy spacing decre
with increasing energy. In contrast, in a free rotation,
rotational energy isB j( j 11), so that the energy spacin
increases with energy. The real situation is somehow in
mediate, as can be seen in Fig. 8, where the potentia
shown forr andR frozen to their equilibrium values, which
is a rather good approximation because of the net separa
among the different modes. As a result, the energy differe
Downloaded 07 Jul 2009 to 161.111.180.128. Redistribution subject to AI
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between these pure bending eigenvectors, also shown in
8, increases. In fact, the energy spacings between diffe
(0,0,b) bending excitations of theB andB8 states compared
with those quantities obtained using this simplified model,
Table V, are very good, up tob55. From this level, the first
dissociation energy, Li(2P)1HF(v50), opens and the

TABLE V. Energy differences between adjacent bending levels,E(0,0,b)

2E(0,0,b21) , in cm21, for J50 andB and B8 electronic states compare
with those corresponding to a monodimensional bending model with
distances frozen to their equilibrium values.

Exact,J50 bending levels 1d model bending levels

Level k (0,0,b) Spacing Levelb Spacing

B state
1 0 ¯ 0 ¯

3 1 430.19 1 448.95
6 2 576.48 2 613.22

12 3 680.16 3 713.19
4 780.11
5 828.77
6 866.20
7 896.80
8 923.69

B8state
1 0 ¯ 0 ¯

2 1 295.31 1 304.43
6 2 405.29 2 414.40

11 3 494.50 3 514.80
20 4 561.30 4 586.01
36 5 615.71 5 642.58

FIG. 8. Potential curves forR5Re and r 5r e for the B andB8 states as a
function of the angle and their first eigenvectors~placed at the eigenvalue!.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



ss

a

q
th

n

ne

m
-
t

as
t

e
tri
cz
h
o

ed

e-
c
,

ed

so
te

ing
uses
to

b-

s-

-

nd
ed

the
in-

ng
si-
r-

-
late
en-
ta-
ri-
e
-

the
nsi-

. In
for

-

e

ith

d

10098 J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 Aguado et al.
bound states become resonances. This fact will be discu
in more detail in the following.

In order to simulate the spectrum the line strength for
absorption fromCk

JMea eigenfunction in theX state to

Ck8
J8M8e8a8 in the A, B, or B8 states for an electric dipole

transition is given by

SJeka
J8e8k8a85S 12ee8ss8

2 D 2 2J11

3

3U (
vs jV

(
v8s8 j 8V8

Avs jV
JeakAv8s8 j 8V8

J8e8a8k8~21!VAVV8

3S J 1 J8

2V V2V8 V8
D Mq,aa8

vs jV,v8s8 j 8V8U2

, ~12!

where theAvs jV
Jeak are the coefficients of the bound state in E

~11! and linearly polarized light has been assumed, so
M5M 8 and S is independent of the particularM value. In
Eq. ~12!

AVV85~11dV,01dV8,02dV,0dV8,0!/A~11dV,0!~11dV8,0!,

and theMq,aa8
vs jV,v8s8 j 8V8 matrix elements~with q5V2V8 and

uqu<1) are given by

Mq,aa8
vs jV,v8s8 j 8V85E drE dRE d~cosg!

3Yj V* ~g,0!wv* ~r !fs* ~R!dq
aa8~r ,R,g!

3Yj 8V8~g,0!wv8~r !fs8~R!. ~13!

wheredq
XA(r ,R,g) are the tensorial components of the tra

sition electric dipole moments between theX and A,B,B8
electronic states referred to the body-fixed frame, obtai
from those expressed in Cartesian coordinates in Eq.~5!.

For low J, the projection of the total angular momentu
on thez body-fixed axis,V, is a rather good quantum num
ber. As an example, forJ51, there is always one dominan
value ofV with a weight larger than 99%. AsJ increases, the
Coriolis coupling becomes more efficient and this clear
signment is no longer valid. ForJ510 there is an importan
mixing, but there is always oneV with a dominant contribu-
tion larger than 50%. For these highJ the total number of
basis set functions increases so much that variational m
ods cannot be used to diagonalize the Hamiltonian ma
Instead, we use an iterative procedure based on the Lan
algorithm70 in two steps. The eigenvalues are obtained wit
non-orthogonal Lanczos procedure following the method
Cullum and Willoughby.71 The eigenstates are then obtain
iteratively using the conjugate gradient method.72,73 This
method is rather efficient for low excitation. However, it b
comes very time consuming when states near the disso
tion limits are required, as is the case here. Moreover
resonances above this limit are reached, this method is
longer valid and some alternative methods should be us

B. Wave packet method and spectra simulations

This method does not only allow one to calculate re
nances, but also facilitates the calculation of highly exci
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bound states, which becomes very difficult to calculate us
standard bound state methods. The wave packet method
grids which can be increased as desired without having
store and diagonalize large matrices.

Using a first-order perturbation treatment, the total a
sorption cross section for the absorption fromCk

JMea eigen-

function in theX state toCk8
J8M8e8a8 in theA, B, or B8 states

for an electric dipole transition is given by the Fourier tran
form of the autocorrelation function as

sJ8a8←J,k,a~\v!}
1

2p\ E
2`

`

dt eiEt/\

3^Cka
J8e8a8~r ,R,t50!uCka

J8e8a8~r ,R,t !&,

~14!

with \v5E2Ei and where the initial wave packet is de
fined as52

Cka
J8e8a8~r ,R,t50!5(

V8
WM8V8

J8e8a8~f,u,x!

3^WM8V8
J8e8a8ud"euCk

JMe8a&, ~15!

wheree is the polarization vector of the incident photon a
d is the electric dipole transition moment for the desir
electronic transitions.

The price to pay using wave packet methods is that
propagation should be performed up to very long times,
finity in principle, to resolve completely the structure deali
with bound states. To overcome this difficulty, each tran
tion will be ‘‘dressed’’ by a Lorentzian function, characte
ized by a half-width at half-maximumG, as done previously
for Na–HF74 and Li–HF.75 The width corresponds to elec
tronic predissociation broadening and, also, would simu
the rotational broadening of the spectrum. This last broad
ing must be considered because of the relatively high ro
tional temperature of the Li–HF complex obtained expe
mentally in the cross beams.25,26 In the present treatment th
inclusion of the width is performed by multiplying the auto
correlation function by a decaying exponential such that
expression of the spectrum associated with a single tra
tion, in Eq. ~14!, transforms to

sG
J8a8←J,k,a~\v!}

1

2p\ E
2`

`

dt eiEt/\ e2Gt/\

3^Cka
J8e8a8~r ,R,t50!uCka

J8e8a8~r ,R,t !&,

~16!

which allows one to stop the propagation at shorter times
this work the maximum time considered has been 20 ps
J,3 and 5 ps for higherJ’s. The details of the calculation
can be found elsewhere.41,48,52 Here convergence was ob
tained with a radial grid inr ,R composed by 323128, with
0.45<r<2 Å and 0.5<R<12 Å, and 30 Gauss–Legendr
points for the angleg. Finally, all possibleV projections are
included in the calculations.

To interpret the absorption spectrum we start w
the simplest transitions:A,B and B8 J50←X,J51.
For the cases ofA and B, the transitions considere
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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correspond to A,B,J50(v,n,b,Ve)5(v,n,b,V501)
←X,J51(0,0,0,02). ForB8 state, because of itsA9 symme-
try the total parity changes, and the transitions areB8, J
50(v,n,b,V502)←X,J51(0,0,0,11). The peaks appear
ing in the spectrum, in Fig. 9 are labeled with the order
quantum number. After inspection of Table IV it can be se
that in nearly all the cases, the peaks correspond to diffe
bending excitation levels for the three final excited electro
states. In the rest of the cases, the levels are pretty clos
excited bending levels. In fact in such situations, there is
interaction between pure zero-order stretching and ben
levels which give rise to ‘‘mixed’’ states. Therefore, the o
cillator strength is borrowed by the pure bending zero-or
component. This result can be understood by the topolog
the different PESs near the wells, as discussed earlier.
equilibrium distances are nearly the same in the four ca
the major difference being the equilibrium angle. As a co
sequence, since the dipole transition moment does
strongly vary in the Frank–Condon region, only pure ben
ing excitation states present appreciable overlap with
ground initial state.

It should be noted that the agreement between bo
state and wave-packet calculations is excellent up

FIG. 9. Absorption spectra for the~a! A,J50(v,n,b,Ve)5(v,n,b,V
501)←X,J51(0,0,0,02), ~b! B,J50(v,n,b,Ve)5(v,n,b,V501)
←X,J51(0,0,0,02), and ~c! B8,J50(v,n,b,V502)←X,J51(0,0,0,11)
transitions simulated using Eq.~12! as a function of wavelength. The labe
of the well correspond to thenvib ordering quantum number used in Tab
IV, where the assignment can be found~see also Fig. 7!.
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Li( 2P)1HF(v50) dissociation limit. The peaks appearin
in the B state above this dissociation limit, correspond
resonances and do not appear in the bound state calcula
For this reason in the theoretical spectrum obtained us
bound state calculations presented in the following there
no appreciable absorption intensity below 600 nm while
experimental one still shows several relevant peaks.

In order to assign those peaks, the bound compon
fn

(0) of the associated resonances is approximately extra
from the wave packet calculations76,77,52as

fn
(0)'RE

0

`

dt ei (En1 iGn)t/\ Cka
J8e8a8~r ,R,t !, ~17!

whereEn andGn are the approximate position and width
each resonance, respectively, and hereGn is taken as 1 cm21

for all of them. In Fig. 10 the contour plot of the probabilit
density of each resonance labeled in Fig. 9 is shown.
those peaks below the first dissociation limit, the structure
in perfect agreement with that of the bound state calculati
in Fig. 7, and correspond to a bending progression with
stretching excitation, either inr or R, as discussed earlie
For energies above the Li(2P)1HF(v50) threshold, this
bending progression is continued, so that also those pe
below 600 nm can be assigned. Moreover, such net sep
tion between the bending and stretching modes justifies w
those resonances are so long-lived: after more than 20 p
propagation there is no significant fragmentation toward
Li( 2P)1HF(v50) channel.

Because the simpleJ50←J51 rotational transition
considered in Fig. 9, for the case ofA and B electronic
states, only bound states withV50 are considered, i.e., onl
parallel transitions are included. When higher angular m
mentum are included, these transitions split in two, one p
allel and the other perpendicular. For theB8←X, however,
only the perpendicular transitions are possible. As a con
quence, several rotational transitions must be included to
ter simulate the spectrum. Moreover, in Fig. 9 only t

FIG. 10. Contour plots of the probability density associated to the bo
states and resonances obtained using the wave-packet method for L
(B,J50). Each number corresponds to those used in Fig. 9 to label
peaks of the spectrum. Distances in Å.
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FIG. 11. Absorption spectra for the~a! A,B or B8,J8
50,1,2,3←X,J50,1,2 transitions simulated using Eq
~12! and ~b! A,B or B8,J859,10,11←X,J510,e521
transitions simulated using the wave packet method
vibrational temperature of 250 K. Each transition h
been dressed with a Lorentzian with a width o
10 cm21. In the top panels the simulated total spect
are compared with the experimental result of Ref. 26.
the bottom panels the individual contribution to th
three final electronic states is presented.
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ground vibrational state is considered. However, the exp
mental spectrum of Hudsonet al.26 is obtained at high vibra-
tional and rotational temperatures. Therefore, to better si
late the spectrum transitions from different vibrational sta
of the X state should be included, assuming a Boltzman d
tribution. These two facts are included in the simulated sp
tra presented in Fig. 11. In Fig. 11~a!, all transitions fromX,
J50, 1, and 2 toA,B,B8 J850, 1, 2, and 3 are considere
using Eq.~12!, for which bound states have been calcula
to energies close to the dissociation energy for each of
four electronic states. In Fig. 11~b!, the transitions from
X,J510,e521, n51,2,. . . ,10 toA,B,B8,J59, 10, and 11,
that involve 30 different wave packet calculations are
ported. The peaks of theA band~above 850 nm! are pretty
well reproduced, and also those appearing below 700
which essentially correspond to theB state. The intermediate
region, between 700 and 850 nm, is the worst reproduc
having contributions from the three electronic states. In p
ticular, the intensity is too high about 740 nm and too lo
between 750 and 800 nm. The intensity at 740 nm decre
with increasingJ, while the contribution of theA state about
this wavelength increases.

At the high temperatures obtained in the experimen
spectrum,'200–300 K, pretty high total angular momentu
~up to J530 or more! must be included, and also high v
brational states of the initial Li–HF(X) complex. It is then
interesting to address the question of whether or not the
tensity discrepancies between 750 and 800 nm can be so
by properly accounting for the average over the initial st
distribution. ‘‘Exact’’ calculations of the bound states at hig
total angular momentum are feasible but it is very difficult
converge eigenstates close to the dissociation threshold
the other side, the wave packet method would require a la
number of independent calculations. As an alternative,
proximated bound calculations have been performed neg
ing the Coriolis coupling term~centrifugal sudden approxi
mation! so that for a given J, 2J11 independent
calculations have to be performed for eachV projection,
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individually. In this approach, bound state calculations ha
been performed forJ50,1,2,. . . ,30 for the four electronic
states and forV50,1,. . . ,7. Individual transitions, calcu-
lated using Eq.~12!, are ‘‘dressed’’ with a Lorentzian of vari-
able width. The average of different temperature of the co
plexes is performed assuming a Boltzmann distributi
Such simulations are presented in Fig. 12 for several te
peratures and widths. As in the previous case, increasing
temperature the intensity spreads and around 730 nm it
creases, improving the agreement with the experimenta
sults. However, the effect does not seem to be enough.

C. Nonadiabatic effects and interpretation
of the spectrum

There are several reasons which could explain this
agreement. First of all, the transition dipole moment could
too large between theX and B8 states. However, severa
results at different levels of calculations and basis sets in
cates that our results are rather insensitive to those facto

Second, theab initio energies and the global fits. In pa
ticular that of theB8 state. Previous calculations by Jasp
et al.42 reportedab initio points for theB8 state very close to
those of theA state. If so, the band corresponding to theB8
state would shift toward larger wavelengths, but probably
much. However, in the present calculations it was not p
sible to obtain such results, as discussed earlier. Also
could be the slope of the PESs around the Frank–Con
region. In this direction, detailedab initio calculations have
been performed in this region and several parametrizatio
the fits, obtaining pretty similar results to those report
here.

A third reason could be the nonadiabatic couplin
among the four electronic states. In the simulated spect
single width has been assumed for all the states. Howe
preliminary calculations78 using a time-dependent Golden
Rule approach79 in an adiabatic representation for whic
nonadiabatic couplings have been calculated, indicate
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 12. Simulated absorption spectr
in solid, as a function of the width and
vibrational temperature obtained usin
the bound state method in the centrifu
gal sudden approach, calculating a
bound states fromJ50 to J530, and
from V50 to V57 for theX, A, B,
and B8 electronic states. In dashe
lines is the experimental spectrum
from Ref. 26.
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the electronic predissociation~EP! rates are very much de
pendent on the vibrational and mainly on the electronic st
The rates for theA state are rather large, of the order of fe
wave numbers, one order of magnitude larger than the se
classical estimate by Jasperet al.54 in which a quasidiabatic
X–A model potential is used without calculating nonad
batic couplings. The situation of theB andB8 states is rather
different, because their couplings with the ground electro
state is either negligible or vanish. However, there is no
dication of such situation, and the widths of the vibration
levels of all the electronic states should be of similar ord

In fact, it should be taken into account that between 6
and 750 nm there is a high density of bound states of
three excited electronic states~see Fig. 11!. There are severa
crossings between theA andB states, Fig. 4, which sugges
the appearance of strong couplings between them, espec
as a function of the angle. In this situation, the rovibratio
levels of different electronic states will interact among the
giving rise to a broadening which may somehow distrib
the absorption intensity according to the experiment.
stated earlier, a crude simple model in whichR and r are
fixed to their equilibrium values leading to one effective i
ternal coordinate,g, is able to reproduce the main features
the spectrum. Here, forr e51.9 a.u. andRe53.41 a.u., the
angular nonadiabatic coupling between theA and B states
has been calculated using the finite difference method of R
80. These two states have been diabatized using the me
of Simah, Hartke, and Werner,81 giving rise to two new elec-
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tronic states, labeled asuZ& anduX&, in which thep orbital of
the Li atom has a fixed orientation with respect to the H
axes. TheB8 ~or equivalently uY&) state is not directly
coupled touZ& anduX& by symmetry. However, when takin
into account the nuclear motions such condition relax,
cause there are rotational functions with the two parities
der total inversion of spatial coordinates, which for the ele
tronic variables in the body-fixed frame transform in t
reflection through thexz plane. In order to fully describe this
coupling it is convenient to transform them to the electro
statesuL& with well-defined projection of the electronic or
bital angular momentum,L, through the well-known expres
sion

S uZ&

uX&

uY&
D 5S 1 0 0

0 21/& 1/&

0 i /& i /&
D S u0&

u11&

u21&
D . ~18!

In this new representation theu61& states are degenerate an
cross with theu0& state, as can be seen in Fig. 13.

Within the reduced dimensionality approach, the bou
states are expanded as

Ck~ r̂ ,R̂!5A2J11

8P2 (
j VL

Cj VL
k DMV

J* ~f,u,x!Yj ,V2L~g!uL&,

~19!

and calculations fromJ50 to 30 have been performed, ne
glecting the Coriolis couplings. Zero-point energy corre
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



le
ed
en
e
f

in
g

th

atic
ed,

ea-
hat
cond,
wo
the
en-
ac-
or-
ple,
erly

nce,

ially
dy
atic

m
aks
was
e
gn-

of
of
o be
ic

d H
as

ral
m,

l
ave
e

f
ove,
-
eri-

ri-

.

in
son
o-

e
one
alcu-
and
ree-

s
ures

on

on
e
,
on

10102 J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 Aguado et al.
tions were introduced by shifting the diagonal matrix e
ments of the Hamiltonian matrix by a value estimat
comparing to the full calculations in the adiabatic repres
tation. Individual line strengths were obtained as explain
before, ‘‘dressing’’ each line with a Lorentzian function o
20 cm21, and the spectrum was obtained after averag
over an initial Boltzman distribution at 250 K. The resultin
spectrum, in Fig. 14, is compared with that obtained in

FIG. 13. Potential energy curves, and couplings, of the excited electr
states in theL diabatic basis sets forr 51.9 andR53.41 a.u.

FIG. 14. Absorption spectrum obtained using the crude monodimensi
model in a diabatic basis set~top panel!, compared with that obtained in th
adiabatic representation~bottom line! neglecting nonadiabatic couplings
with G520 cm21 and 250 K. Also the experimental spectrum of Huds
et al. ~Ref. 26! is shown~middle panel!.
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adiabatic representation to analyze the effect of nonadiab
couplings, and with the experimental one. It can be observ
first, that this simple model is able to reproduce quite r
sonably the main features of the spectrum, confirming t
the bands can be assigned to bending progressions. Se
in the diabatic representation the relative intensity of the t
bands of the spectrum is better represented, confirming
hypothesis that to get a better agreement with the experim
tal results nonadiabatic couplings should be taken into
count. Of course, the frozen degrees of freedom are imp
tant to properly describe the density of states. As an exam
the density of states in between the two bands is not prop
described. Also, the first stretching excitation in theA state
cannot be obtained in this model and, as a conseque
some of the peaks near the maximum of theA band are not
present. However, the model is rather satisfactory, espec
when its simplicity is considered. A more detailed stu
about this and the electronic predissociation nonadiab
phenomena is now in progress.78

It is interesting to note, in the experimental spectru
below 650 nm, the fact that the spacing between the pe
increases with decreasing wavelength is surprising and it
first attributed to different initial vibrational states of th
LiHF(X) complex. In the present study, however, the assi
ment is different, being attributed to a bending progression
theB8 state, as found before.45 Even more, the sequences
peaks appearing in the spectrum can also be attributed t
mainly due to bending excitation in the different electron
states providing a very clear and simplified assignment.

V. CONCLUSIONS

A new atomic basis set has been determined for Li an
atoms which yields rather good atomic excitation energies
well as quite precise diatomic potential curves in seve
electronic states. In order to study the LiHF triatomic syste
about 6000ab initio points have been calculated in theA and
A8 representation of theCs point group. Four new globa
PESs, corresponding to the first four electronic states, h
been individually fitted, with rather low rms error. The thre
excited surfaces have been shifted by 50 cm21 to reproduce
the experimental Li(2P←2S) excitation energy. Because o
this shift, added to some other errors commented on ab
the PES of theA state was corrected by a multiplying pa
rameter which was introduced to better reproduce the exp
mental spectrum.26 This parameter together with the expe
mental Li(2P←2S) excitation energy were the only nonab
initio parameters introduced in the PESs presented here

With these new PESs, theA,B,B8←X absorption spec-
trum of the LiHF has been simulated, and the results are
very good agreement with the experimental data of Hud
et al.26 Very excited rovibrational states, near the first diss
ciation energy~below and above!, were needed to simulat
the spectrum. Two different methods have been used,
based in bound states and the second in wave packet c
lations. Each of the methods present its own advantages
problems. The simulated spectra present a very good ag
ment with the experimental one26 and several alternative
have been used to simulate the relatively high temperat
at which the complex was experimentally obtained.
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The structure of the spectrum was interpreted to be
sentially a bending progression, with nearly no excitation
the stretching modes. Moreover, the bending energy sep
tion of theB andB8 states increases with increasing ener
due to the shape of the potential as a function of the inte
angle. This fact has been nicely reproduced by a simple o
dimensional model. Also, because of this unusual ene
separation, the peaks at short wavelengths appearing in
experimental spectrum were first thought to be due to tr
sitions from different vibrational states of LiHF in th
ground electronic state. The simulation presented here, h
ever, allows one to interpret and assign all those peak
transitions to bending progressions in the excited electro
states, which energy spacings increase in theB andB8 cases.
The disagreement in the relative intensities of the band
the spectrum has been attributed to nonadiabatic eff
which are now being studied.78

It would be desirable to get some more experimen
data at lower temperatures to be able to separate the
vidual transitions and measure the lifetime of the individu
excited states. Also, we are currently studying the electro
predissociation from the excited electronic states to de
mine not only the lifetimes as a function of the excitation
the different vibrational modes, but also to determine
branching ratio between the two rearrangement chan
HF1Li and LiF1H, in the ground electronic state. This in
formation is expected to be crucial to understanding the
of nonadiabatic couplings in the reaction dynamics. Also,
introduction of these nonadiabatic couplings in the simu
tion of reactive scattering is expected to explain, at le
partially, the disagreement between theory and recent exp
ments performed by Loesch and co-workers.38
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