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The transition state region of the Li-HF system is theoretically studied via infrared excitation of the
ground state of the complex in the reactant valley. The absorption spectrum shows intense peaks for
which LiF is produced with high efficiency ('90%), while the reaction has a very low cross section
during the collision at the same energies. The reason is that the resonances reached through optical
excitation are in the vicinity of the transition state. ©1998 American Institute of Physics.
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Transition state spectroscopy~TSS! of bimolecular reac-
tions provides direct information on the short lived res
nances at precise energies at the region where chem
change occurs and, therefore, on the mechanisms gove
these processes. Negative ion photoelectron spectrosco1,2

and spectroscopy of weakly bonded complexes of
reactants3–10 are two kinds of experimental TSS studie
Much attention has been paid to the TSS experimental s
ies on M-HX systems (M5alkali or alkaline earth atom
X5halogen atom! because they usually present a van d
Waals well in the reactants valley, from which the system
promoted to an electronically excited state of the metal at
as it is the case of Ca-HCl and Ca-HBr.5,6 The excited com-
plex evolves towards the products channel in the presenc
several electronic states, which are often connected by n
adiabatic couplings. Moreover, the theoretical modeling
such dynamics is, nowadays, very difficult since it involv
the calculation, within spectroscopic accuracy, of several
cited electronic states, with their mutual nonadiabatic c
plings.

In the ground electronic state, however, most of the st
ies on the reactivity of these systems correspond to
HX1M collision. Due to the contribution of many partia
waves to the collisional total reaction cross section, the
perimental detection of resonances is complicated, and t
are the structures associated to the transition state of sig
cant interest. However, these systems are good candidate
TSS studies on the ground electronic state via infrared
sorption from a bound complex for several reasons. F
most of these systems present a deep well in the reac
channel, which makes possible the formation of a comp
between reactants. Second, these reactions are envisag
the transfer of an electron of the alkali atom to the halog
atom11 ~‘‘harpoon’’ mechanism! at precise configurations
Such rapid electronic transfer produces a sudden chang
the dipolar moment on the ground electronic state and ma

a!Permanent address: Departamento de Quı´mica Fı́sica, Facultad de Ciencia
C–XIV, Universidad Auto´noma de Madrid, 28049 Madrid, Spain.
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possible the vibrational excitation. These two conditions
commonly valid for a wide variety of systems where t
‘‘harpoon’’ mechanism is applicable, and therefore, the
frared excitation of the dimer complex can be used to a
lyze the transition region.

Moreover, these systems show a very important
hancement of the reactivity with the initial vibrational exc
tation of the HX reactant, fromv50 to 1, as it is the case fo
K-HCl,12 Ba-HF,13 Ca-HF,14 and K-HF.15 These reactions
are mostly endothermic or nearly thermoneutral and pres
a late barrier, that explains the effect of the initial vibratio
of the reactants on the efficiency of the reaction.16,17Thus, an
excitation of the HX vibration during the infrared transitio
of the complex can lead the system close to the transi
state region.

In this work we envisage the study of Li-HF as a prot
type of these systems since it is the lightest one and a h
quality potential energy surface~PES! has recently been
published18,19 which yields reaction cross sections in goo
agreement with the available experimental data on the c
sion process.20 This PES is based on accurateab initio
points21 and has two wells, in the reactant and products ch
nels, respectively. The ground bound state of the comple
located in the entrance channel at'2109 cm21 below the
HF(v50, j 50) asymptote and a contour plot of it is pre
sented in Fig. 1~a!.

The photoinitiated reaction dynamics is studied in t
framework of the first order perturbation theory for elect
dipole transitions, the transition operator beingd–e, wheree
is the polarization vector of the incident light whiled is the
electric dipole moment on the ground electronic state. T
initial wave packet is formed by applyingd–e to the ground
eigenstate of the complex, ofJi total angular momentum
and projecting on the finalJ, to consider aJi→J transition.
The wave packet is represented on reactant Jacobi co
nates as described in Ref. 19, using a body-fixed frame
which the z-axis lies along theR vector, the distance be
tween the Li atom and HF center of mass, and the HF in
nuclear distancer is in thex-z plane.

Thed body-fixed Cartesian components are calculated
1 © 1998 American Institute of Physics
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the same level of accuracy as theab initio points21 used to fit
the PES.19 As expected, the two components in the bod
fixed plane present a sharp change due to the crossing
tween covalent and ionic states, responsible for the elec
transfer. This fact complicates the fit of these component
an analytic function over the entire space defined by the
ternal coordinates,r , R, and g. For this reason, the fit ha
been performed only in the region where the ground stat
the complex is localized and the result is shown in Fig. 1~b!
for the main componentdz .

The largest slope in the electric dipole moment is alo
the HF internuclear distance. The initial wave packet th
obtained presents a significant excitation on the HF vib
tion, Fig. 2~a!, and it is located in the neighborhood of th
transition state, in Fig. 2~b!. The main component of the
wave packet corresponds to the ground state, with a p
ability of '72%, that remains bound during the time evo
tion. In order to avoid numerical difficulties during th
propagation, the first 7 bound levels of the complex are s
tracted from the initial wave packet, to perform the tim
integration. Those bound states are calculated in a variati
way using a large basis set~of 4000 functions!.

The total absorption spectrum,s(E), is obtained as the
Fourier transform of the autocorrelation function, and is p
sented in Fig. 3~a!. It consists of an intense band with tw
major peaks about 0.08–0.18 eV above the HF(v50, j
50) asymptote. Since the ground bound state energy of
complex is'20.26 eV, this band corresponds to a tran
tion of '0.34– 0.44 eV, which is lower than that of free H
'0.5 eV. Therefore, this band is mainly associated with
excitation of one vibrational quantum in the HF vibratio
mode. In addition, a second band was found at 0.4–0.65
i.e., '0.4 eV above the first band, of much lower intens
and that corresponds to av52 excitation of the HF vibra-

FIG. 1. ~a! Contour plot of the probability density of the ground state of t
complex with Ji51 ~each contour is a tenth of the previous one!; ~b!
dz(r ,R,g) ~in atomic units! component forg5106°. Distances are in ang
stroms.
Downloaded 27 Mar 2013 to 161.111.22.69. This article is copyrighted as indicated in the abstract.
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tional mode. The reduction of the frequency of this mo
within the complex, as compared to the one of free HF, c
be explained by looking at Fig. 2~b!, where the width of the
well for the HF vibration increases as HF gets closer to
Li atom. The other two internal vibrations are also excit
since the dipole moment components show signific
changes alongR andg. An interesting point is that this band
shown in Fig. 3~a!, is close to the reaction threshold approx
mately at 0.068 eV~which corresponds to the saddle poi
energy,20.021 eV, plus the zero point energy19!.

The partial cross sections,sv j
HF(E), on each of the HF(v,

j ) asymptotic states are calculated by the method propo
by Balint-Kurti et al.,22 using reactant Jacobi coordinate
while the partial cross sections on the LiF(v8, j 8) asymptotic
states are obtained using product Jacobi coordinates. The
sorption spectrum obtained in the two cases are in very g
agreement. In order to converge the partial cross sections
propagations in the two sets of Jacobi coordinates were
formed until 3 ps, so that'98.3% of the wave packet is
absorbed. The wave packet is not completely absorbed
cause small components on some bound states, above
first seven already subtracted, remain in the initial wa
packet. In addition, the sum over all the partial cross s
tions, in reactants and products, is equal, within 1%, to
total absorption spectrum.

The reaction cross section obtained as the sum ove
final LiF(v8, j 8) states, in Fig. 3~a!, accounts for
'88% – 92% of the total absorption probability and L
products are mainly populated in thev850 and 1 states, the
v852 population being nearly negligible. The LiF popul
tion in v850, although being the dominant one atE
50.08 eV, with a normalized weight of 92%, decreas
monotonically with energy, to nearly 65% forE50.18 eV.
The rotational distribution of LiF(v850), in Fig. 3~b!, is

FIG. 2. ~a! Contour plot of the probability density of the initial wave pack
for theJi51→J50 transition~each contour is a tenth of the previous one!,
and ~b! contour plot of the PES~in eV referred to HF(v50, j 50)) at g
573°. Distances are in angstroms.
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also quite smooth, showing a slight increase of rotatio
excitation with energy, the most populated level beingj 8
'10 in all energy intervals. The weak energy dependenc
the final LiF(v8, j 8) distribution and the fast convergenc
with time of the partial cross section on the products, in
cates that the dissociation in the products channel is es
tially a direct process. The initial wave packet mainly cor
sponds to av51 excitation in the HF vibrational mode. Th
mass of H is rather small as compared to that of F a
hence, the vibration of H with respect to that of LiF in th
initial wave packet is also inv51. Therefore, the square o
the overlap between the initial wave packet and the disso
tive continua describing the H-LiF fragmentation~which is
approximately proportional to the absorption cross sectio23!
shows two peaks as a function of energy associated to
two typical maxima associated to av51 state. The fact tha
the LiF products are rotationally excited is an evidence t
the initial wave packet has an important excitation in t
bending mode.

The situation is quite different for the HF(v50, j ) dis-
tribution which has a complicated structure with many n
row peaks associated to resonances, which also appear
the reaction probability in the Li1HF(v50) full collision
calculation recently reported using the same PES.19 The HF
is also rotationally excited, butsv j

HF(E)50 for j .7 in the

FIG. 3. Ji51→J50 transition.~a! Full line, absorption spectrum,s(E);
dashed line, total reaction cross section,sLiF(E); and ~b! final rotational
distribution of LiF(v850) obtained assv50,j

LiF /( j 8sv50,j 8
LiF ~the higher con-

tour is of 0.12 and the increment is of20.02 in the population normalized
to 1!.
Downloaded 27 Mar 2013 to 161.111.22.69. This article is copyrighted as indicated in the abstract.
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energy interval considered because of the high rotatio
constant of HF ('21 cm21).

The scene changes in the course of a full collision,
which the reaction probability, in Ref. 19, is of the order
10%–20% for different initial rotational states of HF(v
50) andJ50. However, at higher energies and forv51 the
collision is very efficient,24 the reaction probability atJ50
being of the order 80%–90%. This factor of'4 between the
reaction probabilities obtained betweenv50 and 1 increases
to 10–50 when comparing cross sections since the numbe
partial waves contributing forv51 is larger as a conse
quence of the higher energy. This important enhancemen
the reactivity is in excellent agreement with the experimen
data available for related systems and is a consequence
late barrier.

The high efficiency of the reaction in the photoinduc
process is therefore explained in similar terms. The HF d
tance is slightly longer in the complex formed in the well
the reactants valley, 0.939 Å, than for free HF, 0.921
while at the transition state it is 1.301 Å. Excitation of th
mode promotes reaction with high efficiency. However, d
ing the approach of the reactant in a collision it does
seem probable that the HF vibration gets excited, and
needs to be initially prepared inv51 to achieve a high re-
action efficiency.

The experimental detection of the products is howe
complicated because during the formation of the complex
a supersonic expansion some reactive collisions take pl
However, such collisions are produced in the high dens
regime and, therefore, the LiF products are expected to
quite cold. This inconvenience disappears in some rela
systems for which the reaction in endothermic for initialv
50 and the reactants need to be vibrationally excited to p
duce the reaction, as it is the case of Ca-HF.14,25
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