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Wave packet simulations of the photodetachment spectrum of OHF2 are performed on several
electronic adiabatic states, two triplets and four singlets of neutral OHF. The transition moments to
these six states have been approximated using theab initio electronic wave functions of OHF2 and
OHF calculated at the equilibrium configuration of the parent anion. In a first step, two-dimensional
simulations of the spectrum are performed on new two-dimensional potential energy surfaces
~PESs! of the neutral in a OHF collinear geometry. The resulting simulated spectrum is in rather
good agreement with the experimental one, reproducing all the structures from 0 to 2.5 eV electron
kinetic energies. At energies below 0.5 eV, all calculated states, singlets and triplets, contribute to
the total spectrum. At higher energies, however, only the triplet states participate. In a second step,
to improve the description of the spectrum, three-dimensional wave packet simulations of the
spectrum are performed, getting an excellent agreement with the experiment. The collinear3S2 and
3P states split in two3A9 and one3A8. New adiabatic PESs are used in this work for the 23A9 and
1 3A8 states, while the one recently proposed was used for the ground 13A9. It is found that the
minimum energy paths of the3S2 and 3P states cross twice at collinear geometry, so that at the
transition state the ground state corresponds to3P, while 3S2 is the lowest state otherwise. Such
conical intersections are expected to give rise to importantS-P vibronic effects, requiring a
complete three-dimensional model of coupled diabatic states to improve our understanding of the
reaction dynamics in this kind of systems. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1807375#

I. INTRODUCTION

There is great interest to study the dynamics of the O
1HX ~X5halogen atom! reactions because of their contribu-
tion to the catalytic ozone destruction cycle.1 Among them,
O1HCl has been the most widely studied2–16 but OHF con-
stitutes a convenient benchmark because its relative simplic-
ity makes easier the calculation of the many electronic states
involved. Recently, we have studied the reactive OH1F
collision17,18 on a new three-dimensional potential energy
surface of the 13A9 electronic state. The final vibrational

distributions of HF products and rate constants obtained17

were in rather good agreement with the available experimen-
tal data.19,20

It was found18 that below the kinetic threshold~due to
the bending zero-point energy at the transition state region!,
the reaction is mediated by resonances. These resonances are
found not only in wave packet simulations but also in qua-
siclassical trajectories as a manifestation of pretty stable pe-
riodic orbits. Above this threshold the reaction dynamics is
direct. Such resonances also appear in the theoretical simu-
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lations of the photodetachment spectrum and in Ref. 21 they
were interpreted as heavy-light-heavy-type resonances due to
the van der Waals wells in the two rearrangement channels of
the 13A9 state. Some of these resonances are grouped in
regions where the experimental spectrum22 shows bands.
However, this assignment seemed to be doubtful. In addition,
in previous two-dimensional simulations of the photodetach-
ment spectrum,22,23 these resonances do not appear.

The two rearrangement asymptotes, F1OH and O1HF,
correspond to open shell systems, in which there are several
degenerate states. In the F(2P)1OH(2P) dissociative limit
there are 24 electronic potential energy surfaces~PESs!. The
first three triplets, triply degenerate, correlate with O(3P)
1HF(1S1). There are also some other singlet states which
correlate with the O(1D)1HF(1S1) asymptote. All of them
may contribute to the photodetachment spectrum, but until
now only the ground triplet and the first singlet states have
been taken into account.22,23

The purpose of this work is to determine the contribution
of each of the electronic states associated to the OH(2P)
1F(2P) asymptote, without considering spin-orbit effects.
The spin-orbit splittings of F(2P), O(3P), and OH(2P) are
50, 28, and 15 meV, respectively, small as compared with the
larger separation between the experimental bands in the ex-
perimental photodetachment experiment,22 of the order of
0.5 eV. The inclusion of spin-orbit terms would split the
states involved in quantities of this order,'50 meV, leading
to an additional average in the spectrum which would tend to
wash out the bands of the spectrum. The transitions among
spin-orbit sublevels could add some interesting features to
the reaction dynamics at the transition state, but the photo-
detachment spectrum, at least for the experimental resolution
now a days available,22 would remain essentially the same.
For this reason, the neglect of spin-orbit effects is considered
to be rather good. For reactive collisions, however, such ef-
fects could have a larger effect, as, for example, in affecting
the partition function among different sublevels.

The transition dipole moments are modelized using the
calculated electronic wave functions of the OHF2 anion at
the equilibrium geometry. The spectrum is then simulated,
first, using two-dimensional PESs for the first six electronic
states, reaching a rather good agreement with the experimen-
tal data of Bradforthet al.22 Second, the spectrum is simu-
lated for the first three triplet states using new three-
dimensional surfaces, getting an even better agreement with
the experiment. For the 13A9 state we take the spectrum
already calculated in Ref. 21 in a recent PES,18 while for the
2 3A9 and 13A8 states new PESs are used. Finally, the coni-
cal intersections between these states are described and the
role of S-P vibronic effect is discussed.

II. METHOD FOR PHOTODETACHMENT PROCESS
CALCULATION

The photodetachment processes of the OHF2 anion,

OHF2~2P!1hn→O~3P,1D !1HF~1S1!1e

→F~2P!1OH~2P!1e,

are rather complicated to be simulated exactly because they
involve the fragmentation in three fragments in different re-
arrangement and electronic channels. The most common
approximation24–26 relies on the time scale difference be-
tween the detached electron dynamics and the subsequent
reaction dynamics of the neutral fragments: since the elec-
tron departs very rapidly as ans wave, it is assumed that it
does not strongly affect the neutral subsystem. The conser-
vation of the total energy imposese5hn1EOHF22E, where
e is the electron kinetic energy,E is the total energy of the
OHF neutral fragments, andEOHF2 is the energy of the par-
ent anion state. Because all dependence on the kinetic energy
of the departing electron will be neglected,e becomes an
external parameter depending on the energy of the incident
photon and the total neutral energy. Thus, the photodetach-
ment spectrum as a function of the electron kinetic energy
can be alternatively expressed in terms of the energy of the
neutral.

Furthermore, assuming a first-order perturbative treat-
ment for electric dipole transitions between an initial elec-
tronic state of the anion,xa

2 , and a final electronic state of
the neutral,xa8,e , the spectrum can be obtained in a wave
packet treatment as

ska,a8~E!5
1

p\
RE

0

`

dteiEt/\^Cak
JMpa8~ t50!uCak

JMpa8~ t !&,

~1!

where Cak
JMpa8(t) is the nuclear part of the wave packet,

expanded as

Cak
JMpa8~r ,R,t !5(

V
WMV

Jp ~f,u,x!FakV
Jpa8V~r ,R,g,t !,

~2!

where FakV
Jpa8V(r ,R,g,t) are coefficients depending on the

internal coordinates which are obtained by numerically inte-
grating the time dependent Schro¨dinger equation using the
PES of thea8 final electronic state of OHF.WMV

Jp are linear
combinations of Wigner rotation matrices with well defined
parity under inversion of spatial coordinates,p, for a total
nuclear angular momentumJ. M andV are the projections of
the total angular momentum in the space-fixed and body-
fixed z axes, respectively, which are related by a rotation
parametrized by~f,u,x! Euler angles. Such angles are de-
fined by the election of the body-fixed frame. In the present
case two sets of Jacobi coordinates are used, for reactants
and products, but in the two cases the three atoms lie in the
x-z plane. The two Jacobi vectors arer , theAH internuclear
vector, andR, which joins theAH center of mass to theB
atom, with g being the angle between them. Thez axis is
defined parallel toR. AH corresponds to OH or HF mol-
ecules for reactant and product Jacobi coordinates, respec-
tively.

Assuming that the ejected electron departs with zero or-
bital momentum, the electronic orbital angular momentum
does not change in the photodetachment process. The elec-
tron does only carry spin angular momentum, thus allowing
transitions between doublet states of OHF2 towards both
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singlet and triplet states of the neutral OHF. In this regard,
for final triplet states there are four possible transitions
among spin projections, 1←1/2, 21←21/2, and 0←61/2,
while for singlet states only the last two transitions are pos-
sible. Because of this, the absorption intensity is multiplied
by Na852(S11), S being the electronic spin of the final
electronic state.

Using an adiabatic approximation, the initial wave
packet is defined to describe a givenJ8←J rotational electric
dipole transition as27,28

Cak
JMpa8~ t50!5(

V8
WM8V8

J8p8 ^WM8V8
J8p8 uda8e,a"euwk

JMpa&,

~3!

where wk
JMpa corresponds to thek vibrational state of the

OHF2 anion in thea electronic state. The ground electronic
states of OHF2 are2P in collinear geometry, which split in
2A8 and 2A9 states as the system bends as shown
previously.21 However, in the present treatment, Renner-
Teller effects are neglected and the two states are considered
to be uncoupled and degenerate.

In Eq. ~3!, e is the polarization vector of the incident
photon whileda8e,a is the electric dipole transition moment
between the initial electronic state of OHF2, xa

2 , and the
final electronic wave function of OHF times the departing
electron. These matrix elements are considered to be inde-
pendent of the nuclear degrees of freedom in the localized
region of the initial vibrational state of the anion, and inde-
pendent of the kinetic energy of the departing electron. With
this restriction being applied to a linear equilibrium configu-
ration, the electric dipole moment can be approximated by

da8e,a~r ,R,g!'da8,a~r e ,Re ,ge!ud ,

as a multiplicative constant plus a geometric factor, whereud

is a unit vector which coincides with the molecularz axis in
parallel transitions (La85La) or with x, y axes in perpen-
dicular transitions (La85La61), whereLa is the projec-
tion of the electronic orbital angular momentum on thez
axis.

With all these approximations, the total photodetachment
cross section for producing electrons at energye is obtained
as

s~e5hn1EOHF
2 2E!

5(
k

(
a

(
a8

Na8ud
a8,a~r e ,Re ,ge!u2ska,a8

0
~E!, ~4!

whereska,a8
0 (E) is given in Eq.~1! but with a initial wave

packet in Eq.~3! where the numericalda8,a(r e ,Re ,ge) fac-
tor is removed, leaving the geometry factors introduced
through the Clebsch-Gordan coefficients.

III. ELECTRIC DIPOLE TRANSITION MOMENTS

The equilibrium configuration of the anion corresponds
to a linear geometry withr OH51.08 Å andr FH51.30 Å with
the hydrogen between the two heavier atoms.21 At this ge-
ometry a complete active space self-consistent field
~CASSCF! calculation on the OHF2 system is performed to

obtain the molecular orbitals. These orbitals are used to build
the wave functions of OHF2 and OHF, which are of crucial
importance in the treatment that follows, and are shown in
Fig. 1. The first fours orbitals correspond essentially to
linear combinations of the 1s and 2s atomic orbitals of F and
O. 5s/6s orbitals are bonding/antibonding molecular orbitals
in which the 2pz of F and O and 1s of H atomic orbitals of
the three atoms participate. Finally, 1px/2px bonding/
antibonding orbitals are localized essentially on the F/O at-
oms.

The electronic wave functions are obtained for OHF2

and OHF using a multireference configuration interaction
~MRCI! method,29 and they are linear combinations of the
form

xb5(
i

Ci
bDi , ~5!

where each configuration is represented by a Slater determi-
nant Di expressed in terms of the same set of molecular
orbitals for OHF2 as for OHF. All the calculations were
performed using theMOLPRO package.29 It turns out that the
two degenerate2P states of OHF2 correspond to nearly one
single configuration, either

x
2Px

2
5u1s22s23s24s25s21px

21py
26s22px

12py
2u ~6a!

or

x
2Py

2
5u1s22s23s24s25s21px

21py
26s22px

22py
1u, ~6b!

in very good agreement with previous results.22

In contrast, the electronic wave functions of the different
states of OHF usually include several configurations. Now,
the problem is to build a wave function corresponding to
OHF plus one electron in the continuum (OHF11e). Such
wave functions are approximated by including a singly oc-
cupied dissociative orbitalsd in each configuration, as it is
shown in Table I. Thus the configurations of the (OHF
11e) joint system can be viewed as monoexcitation biexci-
tations, etc., of the reference configurations describing
OHF2(2P). In a crude approximation, it can be considered
that an electron is detached by promoting it from an occu-
pied orbital of the OHF2 state, let us call itl0, towards the
dissociativesd orbital, leaving the rest of the electrons in the
same orbital they were. Such direct excitations would lead to
monoexcited configurations of (OHF1e), with nex51. Af-
ter the first electron departs, the rest of electrons quickly
reorder among different configurations, yielding to the elec-
tronic states of the neutral OHF in which more configura-
tions appear as can be seen in Table I. Such reordering would
change a second electron from one of the orbitals of the OHF
core. Thus, these configurations would correspond to higher
order excitations, i.e.,nex>2, with respect to the reference
configurations of OHF2 in Eq. ~6!.

The electric dipole operator is monoelectronic and its
matrix elements between configurations differing in more
than one molecular orbital, which must be orthonormal, are
zero.30 In the wave function of (OHF1e), those configura-
tions j corresponding to monoexcitations,nex

j ,i51 ~with re-
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spect to configurationi of the anion wave function!, do con-
tribute to the electric dipole matrix element, because they are
‘‘bright’’ configurations directly reached in the photon exci-
tation. However, those (OHF1e) configurations withnex

j ,i

>2 do not contribute to the electric dipole matrix element,
because they are not directly excited, but reached through a
‘‘dark’’ reordering mechanism. An example is shown in
Table I. Whennex

j ,i51, the electric dipole matrix elements
between the initial and final configurations reduce to the in-
tegral between the dissociative orbitalsd and the orbital
where the detached electron was in OHF2, l j

0. Thus the
electric dipole matrix elements become

da8,a5(
j

(
i

dn
ex
j ,i ,1Cj

a8~OHF!Ci
a~OHF2!^sduqul j

0&,

~7!

whereq is the position vector of an electron. Now, assuming
that sd is nearly constant in the molecular region because it
corresponds to low electron kinetic energy,^sduqul j

0& can be

considered to be nearly independent of the particularl j
0 or-

bital. Then, with this simple approximation, the electric di-
pole moments can be approximated by

da8,a}(
j

(
i

dn
ex
j ,i ,1Cj

a8~OHF!Ci
a~OHF2!. ~8!

Thus, the allowed transitions are from the OHF2(Px,y)
states towards the OHF(S1,S2,Px,y ,Dx,y) states, and the
numerical values are shown in Table I. It is seen that the
P←P excitations mainly correspond to the promotion of one
electron from as orbital, whileD, S←P transitions typically
involve the promotion fromp orbitals.

In the anion, the charge in excess is distributed among
the O and F atoms, leaving the hydrogen atom nearly neutral
~with a small positive effective charge! in the middle. Such
result is obtained from a Mulliken charge density analysis
and it can be illustrated by plotting the electronic density
difference of the OHF2 anion, obtained by subtraction of the
electronic density of isolated neutral atoms from that of the

FIG. 1. Molecular orbitals obtained with the CASSCF
method for OHF2, and used for the MRCI wave func-
tions of both OHF and OHF2 systems to evaluate the
transition matrix elements. They correspond to collinear
OHF nuclear configuration.
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OHF2 anion, as shown in Fig. 2. This figure has to be taken
as merely informative, since it depends on the electronic
state of neutral atom being chosen in a open O(3P) or F(2P)
shell. This has been done to obtain density differences with a
proper symmetry with respect to thex-z plane. Comparing
this density difference to the shapes of the promoted nuclear
orbitals, in Fig. 1, provides a simple picture of the nature of
the electronic transition involved for each final electronic
state of OHF.

IV. TWO-DIMENSIONAL SIMULATIONS

Aside from the electronic selection rules, the nuclear
Frank-Condon factors will determine whether or not a given
final electronic state contributes to the spectrum in a given
energy interval. For this purpose, independent two-
dimensional wave packet calculations were done for each
individual final electronic state, all of them correlating with
OH(2P)1F(2P). The zero of energy is referred to OH(v
50)1F. The triplets correlate with O(3P)1HF(1S1) prod-

uct channel, which is at'21.5 eV. The singlets, however,
correlate with O(1D)1HF(1S1) products which are at
about 0.5 eV. The collinear minimum energy path between
reactants and products is summarized in Fig. 3. Until now,
only the3P and1D excited states had been computed19 and

TABLE I. Electronic states of the (OHF1e) system,a8, expressed in terms of the dominant configurations,
with a coefficient larger than 0.1. The excitation order of the configurations with respect to the2Px and 2Py

states of the OHF2 anion are also given. Finally, the corresponding transition dipole moment,da8,a, is shown
in the last column, calculated according to the method explained in the text.

a8 u5s1px1py6s2px2pysdu Cj
a8 nex(

2Px) nex(
2Py) da8,2Px da8,2Py

3S2 2 1 2 2 2 1 1 '21/& 2 1 1/& 21/&
2 2 1 2 1 2 1 '1/& 1 2

3Px 2 2 2 1 1 2 1 0.95 1 2 '1 0

3Py 2 2 2 1 2 1 1 0.95 2 1 0 '1

1Px 2 2 2 1 1 2 1 0.95 1 2 '1 0

1Py 2 2 2 1 2 1 1 0.95 2 1 0 '1

1Dx 2 2 1 2 2 1 1 '1/& 2 1 1/& 1/&
2 1 2 2 1 2 1 '1/& 1 2

1Dy 2 1 2 2 2 1 1 '21/& 2 1 1/& 21/&
2 2 1 2 1 2 1 '1/& 1 2

1S2 2 2 2 2 1 1 1 20.29 1 1 '0.35 '0.35
2 1 2 2 2 1 1 0.64 2 1
2 2 1 2 1 2 1 0.64 1 2
2 1 1 2 2 2 1 20.18 2 2

1S1 2 2 1 2 2 1 1 0.64 2 1 '0.5 '0.5
2 1 2 2 1 2 1 20.64 1 2
2 2 2 2 0 2 1 0.18 1 2
2 2 2 2 2 0 1 20.18 2 1

FIG. 2. Electronic density difference of OHF2 at its equilibrium configura-
tion. The difference is obtained by subtracting the density associated to the
free neutral atoms from that of the OHF2 anion.

FIG. 3. Collinear minimum energy path~in eV! for several electronic states
of OHF including asymptotic rearrangement channels.
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used in the photodetachment simulations,22 but these PESs
were not too accurate. Later on, Dixon and Tachikawa23 im-
proved the3P PES at collinear configurations. Very recently,
we have simulated the photodetachment spectrum on a three-
dimensional PES~Ref. 21! of the 3A9 state.

The PES for two triplet states and four singlet states
have been calculated at collinear configuration, and their
contour plots are shown in Fig. 4. These PESs have been
generated by bidimensional spline interpolation31 of ab initio
calculations in a grid of points for collinear OHF configura-
tions defined as 1.1<ROH<7.2 and 1.3<RHF<6a0 , using
42 and 17 points, respectively, not equally spaced. Details of
the ab initio calculations are discussed in Ref. 18. In this
case, aC2v point group has been used, which allows the
clear identification of the symmetry of the electronic states.

The two-dimensional wave packet calculations are done
in reactant Jacobi coordinates using the same three-
dimensional calculations described elsewhere,21 but assum-
ing that the potential is isotropic, thus only including OH
rotational functions withj 50. The wave packet is repre-
sented in a 2563512 bidimensional radial grid of equidistant
points, in the intervals 0.4<r<9 Å and 0.75<R<20 Å, re-
spectively. The time integration is performed up to 5–10 ps,
using a Chebyshev propagator32,33 with a time step of 0.25
fs. Such small time step is required to calculate the spectra

which are distributed in a rather broad energy range. After
each time step the wave packet is absorbed at the edges of
the grid by multiplying it by a Gaussian damping function
beyondr abs56 Å, andRabs513 Å. The exponential coeffi-
cients of the Gaussian functions were optimized to avoid
reflections.

The three triplet states, two degenerate3P and one3S2,
correlating with the O(3P)1HF(1S1) asymptote, cross each
other along the minimum energy path~MEP!: 3P has lower
energy at the saddle point, but the two wells, in the reactant
and products channels, belong to the3S2 state. The seam
crosses twice the collinear MEP before and after the saddle
point approximately in a perpendicular way, and it is shown
in the panel for3P and3S2 of Fig. 4.

As shown in Fig. 5 the calculated spectra for the3P and
the3S2 states are quite different. In fact, the spectrum of the
3P state does not show any resonant structure and is formed
by several broadbands, in pretty good agreement with that
obtained by Dixon and Tachikawa.23 The resonant structure
is present in the spectrum obtained for the3S2 state, which
supports the two wells. At the equilibrium OHF2 configura-
tion, the vertical excitation to3P is at much lower energy
than that of3S2, by '0.3 eV. However, the initial wave
packet overlaps significantly with the regions of the two
wells of the3S2 state, due to the spreading of the ground
vibrational state in OHF2. These crossings will strongly af-
fect the spectra obtained for the three-dimensional adiabatic
surfaces, as will be discussed below.

FIG. 4. Contour plots of the PES calculated for several electronic states of
OHF at collinear configuration. Plotted are the four singlet and the two
relevant triplet states~see also Fig. 3!. The contours are21.4,20.6 ~shown
as dashed lines!, 0, 0.8, and 2 eV for triplets and 0.1, 0.5, 1.3, and 3 eV for
singlets. All energies are referred to the F1OH minimum at the asymptote.
The initial wave packet is also shown in all panels, placed in the region of
the transition state. In the bottom panels, the intersection seam between the
3S2 and 3P states is shown as a thick line: inside/outside this line the
3P/3S2 state has lower energy.

FIG. 5. Calculated photodetachment spectra for triplet electronic states of
OHF in collinear configuration as a function of the electron kinetic energy
~lower scale! and the internal OHF energy~upper scale! for ~a! 3P and ~b!
3S2 states.
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Downloaded 06 Jul 2009 to 161.111.180.128. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



The four singlet states correlating with the O(1D)1HF
asymptote, also absorb but at higher OHF energies as can be
seen in Fig. 6. At lower energies F1OH(2P) is the only
open dissociation channel. It is only above 0.5 eV that the
O(1D)1HF channel opens. The experimental peak at low
kinetic energies, labeled by F,22 is therefore attributed to all
these singlet states and also to the3S2, to some extent.
Unfortunately, at the experimental wavelength used, 213 nm,
the whole spectrum of these states cannot be accessed. This
is the reason why the theoretical simulations present ampli-
tude at ‘‘negative kinetic energy.’’ It would be interesting to
increase the excitation energy of the incident photon to ac-
cess these states. Alternatively, these states can be reached in
photodissociation experiments from the deep well in the1A8
state~minimum at FOH internal angle'60°! as performed
for OHCl.34–36

In order to compare with the experimental spectrum, the
total spectrum averaging over all final electronic states, ac-
cording to Eq.~4!, is computed and shown in Fig. 7. The
agreement with the experimental spectrum22 is excellent, re-
producing all the bands labeled from A to F in decreasing
order with respect to the electron kinetic energy. Bands A to
D correspond to HF vibrational statesv50, 1, 2, and 3,
respectively, in the three3P and3S2 electronic states. Band
A is attributed to only3S2: no wonder that Dixon and
Tachikawa23 did not find it using only the3P state. Band D
is modified by the opening of the OH(v50), which is not
too clearly seen in the two-dimensional model. Band E is due
to a narrow peak of the3P. When compared to the experi-
mental one, it is by far too narrow and too intense. However,
when performing three-dimensional calculations these two

structures are very much modified, becoming broader and
less intense, in better agreement with the experiment, as will
be discussed below. Peak F has contributions from all the
electronic states and it is therefore difficult to assign. The
new bands appearing, labeled here G and H, are due to sin-
glet states and could be measured by using shorter wave-
length excitation lasers.

V. THREE-DIMENSIONAL SIMULATIONS FOR
TRIPLET STATES

As noted above, it is necessary to perform a three-
dimensional model to better describe the photodetachment
spectrum. In this work we focus on the triplet states joining
the OH(2P)1F(2P) and HF(1S1)1O(3P) asymptotes, be-
cause they are the lower states which are responsible for the
spectrum above 0.5 eV electron kinetic energies.

For the ground 13A9 adiabatic state the photodetach-
ment spectrum has been previously calculated and its fea-
tures assigned21 using a recently developed three-
dimensional PES.18 Here, this spectrum will be used for
comparing the other two excited triplet states spectra, 23A9
and 13A8. Global PESs for these two last states have been
recently proposed and will be presented elsewhere.37 Here
they are used to obtain their contribution to the photodetach-
ment spectrum and will only be briefly described. Also, all

FIG. 6. Calculated photodetachment spectra for singlet electronic states of
OHF in collinear configuration as a function of the electron kinetic energy
~low scale! and the internal OHF energy~upper scale!.

FIG. 7. Calculated photodetachment spectra obtained after averaging over
all final electronic states according to the transition matrix elements and
multiplicity, as explained in the text. The experimental spectrum of Brad-
forth et al. ~Ref. 22! is also shown for comparison.
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the details of the wave packet calculations performed to ob-
tain the spectra and their assignment have been presented in
Ref. 21.

Some aspects of the topology of the 3D adiabatic PESs
for the three triplet states are given in Fig. 8. The minimum
energy paths are shown in the bottom panel and the variation
along the reaction coordinate of the corresponding internal
geometric parameters of the triatom in the other panels. The
most important result is that while the adiabatic ground PES
1 3A9 has a bent transition state this structure is linear for the
excited triplet PES. The 13A9 shows two wells, in the reac-
tant and product channels, respectively. Also, it presents the
lower saddle point, at bent geometries. These wells give rise
to the appearance of many resonances in the corresponding
photodetachment spectrum, in Fig. 9~a!. Above the OH1F
dissociation threshold, the resonances of the 13A9 spectrum
are of HLH character, with the light H atom oscillating be-
tween the two heavier atoms and exploring the transition
state region, as deeply discussed in Ref. 21. The importance
of these HLH resonances is that they, too, mediate the reac-
tion in the OH1F collisions at low energies.18

The interest of these features of the 13A9 spectrum is

that, at collinear geometries, the wells correspond to the3S2

state while the saddle point correspond to the3P state. That
is, the HLH resonances and the reaction dynamics in general
correspond to motions on two conical intersections whose
seam is shown in Fig. 4. As the system bends the3S2 inter-
acts with the3P states through aS-P vibronic mechanism38

producing the three adiabatic states, with the ground one
showing a well for bent configurations. Thus, the bent char-
acter of the saddle point of the 13A9 is explained by this
S2-P vibronic effect. To illustrate these effects, in Fig. 10,
the dependence of the PESs of the three adiabatic states with
the angle are shown for different distances, chosen to lie
approximately along the reaction minimum energy path.

The other two adiabatic states, 23A9 and 13A8, are lin-
ear at the transition state region as well as in most of the
surfaces, as explained by theS2-P vibronic effect, and do
not show wells. As a result, the corresponding photodetach-
ment spectra, in Fig. 9~b!, do not show narrow resonances in
contrast with the 13A9 state, in Fig. 9~a!. As discussed in
Ref. 21, the different bands of the individual spectra are due
to different HF vibrational levels. The spectrum for 13A9
thus looks like that for3S2 in the collinear model, while
those for 23A9 and 13A8 are connected to that of3P, in
Fig. 5. The major differences arise at electron kinetic energy
below 0.5 eV, and will be discussed below.

The initial wave packet is placed on top of the saddle
point, as shown in Fig. 4. As a consequence, the oscillator
strength of 13A9 and 13A8 corresponds to that of the3P,

FIG. 8. Variation of the potential energy~i.e., minimum energy path or
MEP! ~bottom panel! and the internal coordinates~remaining panels! along
the reaction coordinate for the three-dimensional PESs of the triplet adia-
batic states of OHF.

FIG. 9. Calculated photodetachment spectra for triplet electronic states of
OHF using the fitted three-dimensional adiabatic surfaces as a function of
the electron kinetic energy~lower scale! and the internal OHF energy~upper
scale! for ~a! 1 3A9 and ~b! 1 3A8 and 23A9 states.
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while that of 23A9 coincides with that of the3S2. Using the
dipole moments of Table I and according to Eq.~4!, the total
spectrum obtained only for the three-dimensional triplets is
shown in the bottom panel of Fig. 11. In order to better
compare with the experimental result of Bradforthet al.,22

the contributions from the two-dimensional singlets, shown
in the preceding section, are included. The agreement with
the experimental data of Bradforthet al.22 is excellent, show-
ing nearly the same sequence of peaks.

At this point, it should be noted that the narrow reso-
nances do not appear in the experiment. This is expected
because of the lower energy resolution and rotational average
washes out such narrow structures. To simulate such effect,
the total spectrum, in the bottom panel of Fig. 11, is convo-
luted with a Gaussian function. The result is shown in the top
panel of Fig. 11 together with the experimental spectrum.
The agreement in the sequence of bands, in position and
intensity, is pretty good up to peak E. The position of peak F
is not properly described because it corresponds to a two-
dimensional simulation: if the angular zero-point energy is
included, the spectrum will shift to higher OHF energy, and
thus to lower electron kinetic energy. To improve the descrip-

tion of that peak, three-dimensional simulations on the sin-
glet states are required.

To conclude this section, it should be stressed out that in
the present simulation there is only one parameter that has
been adjusted: since the dissociation energy of OHF2 is not
known, the relation between the electron kinetic energye and
the total energy of the neutral OHF system,E, has been fitted
as ~in eV! e5hn1EOHF22E50.952E.

VI. NONADIABATIC DYNAMICS AT CONICAL
INTERSECTIONS

Up to here, the overall features of the experimental spec-
trum are pretty well assigned. The total absorption spectrum
is however a rather averaged quantity, so that it becomes
rather insensitive to some peculiarities of the dynamics. In
particular, the role of resonances is not clear in the experi-
ment, and higher resolution would be desired to observe
them.

Another important aspect is to what extent the reaction
dynamics is adiabatic or not. It has been shown that there are

FIG. 10. Potential energy cuts as a function of the OHF angle for several
distances along the minimum energy path of the triplet states of OHF: 1 is
1 3A9, 2 is 23A9, and 3 is 13A8. The two conical intersections occur at
r OH'1, r HF'1.59 Å, and atr OH'1.05, r HF'1.2 Å, before and after the
saddle point, respectively.

FIG. 11. Calculated photodetachment spectra obtained after averaging over
all final triplet electronic states, using three-dimensional PESs and according
to the transition matrix elements and multiplicity, as explained in the text.
The experimental spectrum of Bradforthet al. ~Ref. 22! is also shown for
comparison in the top panel. The convoluted spectrum, thinner line of top

panel, is obtained with a Gaussian,e2E2/G2
, G522 meV.
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several crossings between the3S2 and the3P states at col-
linear configurations, giving rise to the ground adiabatic sur-
face. In this situation, it is well known that vibronic effects
are going to play an important role in the spectrum and dy-
namics.

In order to get an idea of such effects, in Fig. 12 the
spectra obtained by doing two-dimensional wave backet cal-
culations on the adiabatic surfaces at collinear geometry are
shown. These spectra, on the adiabatic two-dimensional sur-
faces, are compared with those of Fig. 5, which can be con-
sidered to be on the diabatic two-dimensional representation.
Since both of them correspond to collinear geometry, these
states belong to different irreducible representations and
there is no coupling between them. The spectrum of the adia-
batic 13A8 is in nearly perfect agreement with that of the
diabatic 3P. The major differences arise for the adiabatic
3A9 states, which correspond to a mixture between the two
diabatic surfaces. As a consequence, the spectra obtained for
these states also correspond to a mixture. When the two
spectra are added to get the total spectrum, the agreement is
rather good, thus explaining why the agreement obtained
with the adiabatic three-dimensional PESs is so good. How-
ever, for electron kinetic energies between 0 and 0.5 eV, the
resonances in the two representations, diabatic and adiabatic,
appear clearly at very different positions.

When the system bends the diabatic surfaces are
coupled. It is expected that when considering a three-
dimensional model of diabatic coupled states the spectrum

will become closer to that obtained in the adiabatic picture.
However, it is important to determine to what extent the
dynamics is going to be diabatic or adiabatic. In particular,
the HLH resonances described in the 13A9 are due to the
presence of the wells and explore the transition state region.
Since, the wells ‘‘belong’’ to the diabatic state correlating
with 3S2 state, while the lower barrier appears in the3P
diabatic states, these HLH resonances are expected to be
very sensitive to the vibronic couplings in the vicinity of the
conical intersections of this kind. A three-dimensional model
of coupled diabatic states is now in progress to study such
kind of S2-P vibronic effects.

Moreover, the singlet states also show some crossings,
specially in the entrance channel. Those states should also be
modelized in a three-dimensional scheme of coupled diabatic
states, in a case where there are six states correlating with
1D, 1P, 1S1, and 1S2 at collinear geometries. The influ-
ence of those states in the photodetachment spectrum only
affects low electron kinetic energies. However, their interest
lies in the reactive collisions and in the photodissociation
from the deep well of the1A8 state at bent geometries, as has
been studied for related systems like OHCl near the disso-
ciation threshold using overtone-overtone double resonance
spectroscopy.34–36

VII. CONCLUSIONS

This work is devoted to a complete theoretical simula-
tion of the photodetachment spectrum from the OHF2 anion
towards several electronic states of the neutral OHF frag-
ments. Noad hocparameters has been used, except the dis-
sociation energy of the anion. The2P electronic states of the
precursor anion are considered to be degenerate and un-
coupled: the inclusion of Renner-Teller effects describing the
splitting of the 2P states at bent geometries is left for a
forthcoming paper.

Several electronic states of the neutral OHF system have
been considered. In the first stage, the electronic states are
calculated at collinear geometry including:3S2, 3P, 1D,
1P, 1S1, and 1S2. The transition dipole moments have
been approximated using a method in which theab initio
wave functions are included. Using a wave packet method,
the photodetachment spectrum is simulated getting a rather
good agreement with the experimental data of Bradforth
et al.22 The major disagreement concerns the relative inten-
sity of the different bands, but the number and position of
bands are clearly reproduced.

Since for electron kinetic energies above 0.5 eV only the
triplet states contribute to the total photodetachment spec-
trum, three-dimensional calculations of the spectra on the
three adiabatic triplet states were performed using the PESs
recently proposed.17,18The simulated spectrum improves, be-
coming in excellent agreement with the experimental one.

At collinear geometry the3P state crosses twice the
3S2 one, which clearly asks for the necessity of building a
three-dimensional diabatic potential model with, at least,
three coupled triplet states to properly account for the reac-
tion dynamics in the vicinity of these conical intersections. It
has been shown that the resonances, appearing above the
OH1F threshold on the 13A9 state, correspond to the light

FIG. 12. Calculated photodetachment spectra for triplet electronic states of
OHF using the fitted adiabatic surfaces but at collinear OHF configuration as
a function of the electron kinetic energy~lower scale! and the internal OHF
energy~upper scale! for ~a! 1 3A9 and ~b! 1 3A8 and 23A9 states.
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H atom oscillating between the two wells, and passing over
the transition state region. Since this region is the result of
the vibronic interaction occurring specially in the vicinity of
the conical intersection seams, those resonances should be
delocalized among different diabatic states.

In particular, it has been found recently18 that those HLH
resonances mediate the reaction in the OH(2P)1F(2P)
→HF(1S1)1O(3P) collision at energies below 0.15 eV, for
the lower adiabatic surface. It is therefore expected that the
nonadiabatic dynamics near the conical intersections de-
scribed in this work is going to be important. Moreover, the
reaction cross sections for the 23A9 and 13A8 adiabatic
states show the presence of a threshold of about 0.3 eV. It is
therefore important to determine if nonadiabatic couplings
may contribute to significant electronic transitions which
could give a reaction probability at lower energies. For that
purpose a three-dimensional model of coupled diabatic states
is required, and is now in construction.

Photodetachment spectra have been calculated for the
first four singlets, too. They may contribute to the region of
lower kinetic energy of the electron, peak F in the measured
spectrum.22 On the other hand, these states also present sev-
eral crossings which may also produce interesting conical
intersections as well. These states correlate with the higher
HF1O(1D) asymptote, but, at the wavelength of 213 nm,
this channel is only open with negligible kinetic energy of
the electron. If the absorption to these states could be con-
firmed it might be interesting to increase the photon energy
to have better access to them. In fact, these states could be
directly accessed by direct photodissociation experiments
from the deep well in a bent configuration in the ground1A8
electronic state.
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12F. J. Aoiz, L. Bañares, J. F. Castillo, M. Mene´ndez, and J. E. Verdasco,

Phys. Chem. Chem. Phys.1, 1149~1999!.
13K. Nobusada, H. Nakamura, Y. Lin, and B. Ramachandran, J. Chem. Phys.

113, 1018~2000!.
14T. Xie, D. Wang, J. M. Bowman, and D. E. Manolopoulos, J. Chem. Phys.

116, 7461~2002!.
15T. Xie, J. M. Bowman, K. A. Peterson, and B. Ramachandran, J. Chem.

Phys.119, 9601~2003!.
16B. Ramachandran and K. A. Peterson, J. Chem. Phys.119, 9590~2003!.
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