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bstract

In this work three-dimensional potential energy surfaces of the first five singlet states of OHF are developed based on fits of more than 10,000
ighly accurate ab initio points. An approximate treatment is presented for the calculation of the anisotropy parameter describing the electron
ngular distribution photodetached from a molecular anion. This method is used to calculate the angle-resolved photoelectron spectra in the
hotodetachment of OHF−. The wave packet formed in the neutral OHF system is placed at the transition state region, and yields the formation of
H + F and HF + O products. The results are compared with the recent experimental measurements published by Neumark [D.M. Neumark, Phys.
hem. Chem. Phys. 7 (2005) 433]. The intensity found at low electron kinetic energy including these five states and the three lower triplet states

s found to be low. To analyze the effect of higher electronic states more excited 1�−, 3�+ and 3� states are calculated at collinear geometry. The
greement with the experimental data improves, thus demonstrating that the correct simulation of the photodetachment spectrum at 213 nm involves

t least 12 electronic states. All the structures of the experimental spectra are semiquantitatively reproduced finding an overall good agreement. It
s concluded that the main problem of the simulation is in the intensity and anisotropy parameters. An alternative to their calculation would be to fit
heir values to reproduce the experimental results, but this would require to separate the contribution arising from different final electronic states.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Chemical reactions involve a drastic change in the electronic
tructure from reactants to products. The adiabatic potential
nergy surfaces (APESs) involved can be viewed as resulting
rom the diagonalization of a Hamiltonian matrix represented in
crude basis of “diabatic” states correlating to the asymptotic

tates of reactants and products, and their mutual crossings create
arriers along the minimum energy paths (MEP). Such singu-
ar regions, or transition states (TSs), act as bottlenecks for the
eaction, determining mechanisms and many of the properties
f the measured quantities.

The nature of the reactive TS were first studied in molecular
eam studies [1] under single collision conditions, studying the

ffect of pre- and post-collision variables such as quantum state
pecification, angular and rotational polarization. Very valuable
nformation of the TS was indirectly obtained with the help of
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E-mail address: oroncero@imaff.cfmac.csic.es (O. Roncero).

e
c
t
o
c
f
d

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.01.027
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heoretical dynamical simulations and ab initio calculations of
he intermolecular potential, giving rise, for example, to the so-
alled Polanyi rules [2–4].

Several spectroscopic techniques have been developed to
btain more direct information about the structure and dynamics
t the TS, giving rise to the so-called transition state spectroscopy
TSS) [5–7]. Recently, the development of ultrafast lasers also
llows probing of the dynamics in real time [8,9], and if the pulse
s properly designed it may be used to control the outcome of the
eaction [10,11]. Moreover, some promising new directions in
he field of TSS fill the gap between gas and condensed phases,
hrough the study of solvation effects in mass selected clusters
7,12–14] or heterogeneous chemistry on metal surfaces [15].

In these spectroscopic studies, the TS is reached via photon
xcitation from a specific precursor, usually a van der Waals
omplex between the two reactants [7,16–27] or a stable nega-
ive ion [6,28–33]. Using van der Waals complexes as precursors,

ne alternative developed by Wittig and co-workers [7,26,27]
onsists in photodissociating one of the reactants ejecting one
ragment towards the second partner at restricted geometry con-
itions, imposed by the structure of the initial van der Waals

mailto:oroncero@imaff.cfmac.csic.es
dx.doi.org/10.1016/j.jphotochem.2007.01.027
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recursor. In a second possibility, one of the partners within
he complex is promoted to excited electronic states where
he reaction takes place, as first done by Soep and co-workers
16–20], and lately applied by Polanyi and co-workers [21–23]
nd González-Ureña and co-workers [24,25]. These complexes
re typically formed by a halide molecule (RX) and a metal
tom (M), which acts as chromophore. In the case of com-
lexes of alkali atoms, the measured electronic spectra have been
ell reproduced by theoretical simulations [34–36]. Reaction
ynamics involve non-adiabatic transitions towards the ground
lectronic state, as recently simulated for Li–HF [37], and prod-
ct detection in the ground state is complicated. In complexes
ontaining alkali-earth atoms, however, the MX products are
lectronically excited and are more easily detected because they
uoresce. Nevertheless, the higher number of excited states and

heir complicated sequence of curve crossings appearing in this
ast case, makes their theoretical simulation very difficult.

On the other hand, TSS studies from an anion as a precur-
or are feasible if it is stable and its equilibrium geometry is
imilar to the TS of the neutral system of interest. Thus very
nteresting information about the TS on the ground electronic
tate and some dynamical resonances linked to it (otherwise very
lusive to detect), has been obtained from photoelectron detach-
ent spectra for many benchmark reactions such as OH + H2

nd F + H2, recently reviewed [38]. Reactions involving open
hell reactants and products are particularly interesting because
hey are very common in atmospheric and interstellar chem-
stry. The presence of several electronic states, crossing along
he reaction path with significant non-adiabatic effects, compli-
ates the interpretation of the results: the selection rules involved
n electric dipole transitions, angular distributions and rotational
olarization of products make of TSS studies a source of data to
nravel the dynamics.

This is the situation of the O(3P, 1D) + HF(1�+)→
H(2�) + F(2P) reaction, whose MEP for some of the states

nvolved are shown in Fig. 1, for collinear geometries. This
eaction can be considered a model system of the more gen-
ral reactions involving halogen atoms that play an important
ole in the catalytic ozone destruction cycle [39]. The reac-
ion involving chlorine atoms has been the most widely studied
40–50], typically in single adiabatic potential energy surfaces
APES).

Experimental information about OHF was obtained in the
hotoelectron detachment spectroscopic studies performed by
eumark and co-workers [51]. In these experiments the OHF−

nion, of linear equilibrium configuration, is excited by detach-
ng an electron, and several electronic states of the neutral OHF
ystem are reached in the region of the TS. For this reason sev-
ral theoretical simulations [51,52] restricted to collinear OHF
eometries and the ground electronic state were performed.

Later, three-dimensional PESs for the ground triplet 1 3A′′
tate [53] and two first excited triplet states, 2 3A′′ and 1 3A′,
ere obtained [54]. The simulated photodetachment spectra
55], obtained using these three three-dimensional APESs of
he lower triplet states, and four two-dimensional PESs for sin-
let states, reproduced qualitatively rather well all the structures
f the experimental photoelectron detachment spectrum [51].

fi
d

h

ig. 1. Collinear minimum energy paths for the states that correlate with
(2P) + OH(2�) asymptotic limit (top panel). Asymptotic energy curves cor-
esponding to the F + OH, O + HF and H + FO rearrangements (bottom panel).

The exploration of non-adiabatic mechanisms has become
ccessible by two new sets of photodetachment spectroscopy
xperiments, which allow the probing of conical intersections as
as already been reported for other systems [56–58]. In one case,
eumark published [38] the photoelectron spectra recorded

ome years before [59] at two angles with respect to the polar-
zation vector of the incident light. The analysis of these data can
elp to separate the contribution arising from different electronic
tates, as will be treated in detail in the present work. Moreover,
ince the initial wave packet is sitting on the top of the two
onical intersections [60], these spectra provide direct spectro-
copic data about the region of the crossings. Second, Continetti
nd co-workers [61,62] have detected in coincidence the elec-
ron and neutral fragments. Since, the formation of products
equires that the wave packet passes through the conical inter-
ections, such kind of experiments would provide information
bout non-adiabatic transitions induced by conical intersections
n the reaction dynamics.

In addition, the reaction cross-section simulated for the
H + F collision on the excited adiabatic triplet states was found

o be too low [54]. Thus, with only the ground triplet state
ontributing to the reaction the simulated rate constant is too
mall with respect to the experimental one [63]. This could
e attributed to inaccuracies of the APESs. However, the high
uality of the ab initio calculations and the accuracy of the

ts indicate that this is probably not the only reason for the
isagreement.

Very recently, new-coupled diabatic potential energy surfaces
ave been proposed to describe the first three triplet states and to
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Table 1
icMRCI + Q geometry and energy of stationary points of the ground 1 1A′′
electronic state calculated with several basis sets

rOH rHF θ Energy

AVTZ
Reactants 1.8389 – – 0.000
Products – 1.7346 – 0.545
M1 1.8387 4.2700 180.0 −0.049
M2 3.6376 1.7455 180.0 0.388
TS 2.2371 2.0509 134.0 0.995

AVQZ
Reactants 1.8338 – – 0.000
Products – 1.7280 – 0.516
M1 – – – –
M2 3.6353 1.7397 180.0 0.361
TS 2.2291 2.0534 180.0 0.998

AV5Z
Reactants 1.8327 – – 0.000
Products – 1.7270 – 0.513
M1 – – – –
M2 3.6336 1.7385 180.0 0.360
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ccount for the non-adiabatic effects. The angle-resolved photo-
lectron spectra were simulated, finding rather good agreement
ith the experimental data reported by Neumark [38] at 213 nm

nd high electron kinetic energy. For low kinetic energy, how-
ver, it is necessary to include the singlet states as shown in a
ollinear geometry in previous studies [55].

In this work, the three-dimensional PES of the first five singlet
tates of OHF are calculated, correlating to O(1D) + HF(1�+)
nd F(2P) + OH(2�) asymptotes, as described in Section 2. The
ngle-resolved photoelectron spectra simulated using a wave
acket treatment are described in Section 3. Finally, some con-
lusions are extracted in Section 4.

. Ab initio three-dimensional potential energy surfaces

The total dissociation limit of these five electronic sin-
let states corresponds to O(3P) + H(2S) + F(2P) because of the
voided crossing between the potential energy curves connect-
ng with O(1D) + HF(1�+) and O(3P) + HF(3�) channels. This
rossing can be seen in the bottom panel of Fig. 1, where the
symptotic curves for the three channels, HF, OH and FO, are
hown.

All ab initio electronic structure calculations were carried out
ith the MOLPRO suite of programs [64] in Cs symmetry. The
asis sets used are the correlation-consistent polarized valence
riple zeta basis sets of Dunning and co-workers [65,66] aug-
ented with diffuse functions for F, O and H atoms, denoted

ug-cc-pVTZ or AVTZ. These extra diffuse functions were opti-
ized to reproduce the lowest state of the anion.
First, full valence state-average complete active space cal-

ulations (SA-CASSCF) [67,68] are performed. This includes
ll molecular orbitals arising from the valence atomic orbitals
14 electrons in 9 orbitals) that, with the AVTZ basis set (115
ontracted Gaussian functions), results in 302 and 238 config-
ration state functions (CSFs) for the 1A′ and 1A′′ symmetries,
espectively. The two lowest a′ CASSCF molecular orbitals
approximately, 1s orbitals on fluorine and oxygen atoms) have
een optimized, but maintaining them doubly occupied. The
tates included in the SA-CASSCF calculation are six 1A′,
ve 1A′′, five 3A′ and five 3A′′. This choice was already dis-
ussed in a previous paper and was used for the calculation of
he excited triplet states [54] and it ensures the correct asymp-
otic degeneration of all the calculated states that correlate with
(2P) + OH(2�) and O(1D) + HF(1�+) dissociation limits. In
ddition, at collinear geometries, the A′ and A′′ states correlat-
ng to the � or � doublets become degenerate (with a numerical
rror of ≈2 meV).

After the SA-CASSCF calculation, internally contracted
ultireference configuration interaction (icMRCI) calculations

69,70] were performed. Finally, the Davidson correction (+Q)
71] was applied to the final energies in order to approximately
ccount for unlinked cluster effects of higher excitations.
.1. Triatomic ab initio calculations

Internal coordinates rHF, rOH and OHF bond angle (θ) are
sed in all the ab initio calculations. The general grid consisted

v
w
p
1

TS 2.2284 2.0543 132.8 0.994

nergies in eV and distances in a0.

f 25 values for rHF (1.2–15.0a0), 25 values for rOH (1.3–15.0a0)
nd 10 values for the angle (0–180◦), corresponding θ = 180◦
o collinear OHF and θ = 0◦ to both collinear HOF and OFH
tructures. Moreover, as done for the triplet surfaces, additional
oints along the MEP, obtained using preliminary fits to the
eneral grid, were computed. This iterative procedure allows an
ccurate description of the important regions of the surfaces, like
Ss, intermediate wells and, in general, the energetically low-

ying regions. A total of ≈20,000 points was obtained for each
f the three 1A′ potential energy surfaces and ≈10,000 points
or the two 1A′′ ones.

In order to estimate the effect of higher angular momentum
unctions in the potential energy surface (PES), some calcula-
ions have been performed with several extended AVnZ basis
ets of Dunning and co-workers [65,66]. For each surface, ener-
ies and geometries of the stationary points as well as of the
eactants and products have been optimized with n = 3–5. For
xample, for the ground 1A′′ state, the computed relative ener-
ies and optimized geometries are compared in Table 1. The
nergy difference between the AVTZ and AV5Z results is only
bout 0.01 eV, and the geometry difference is, in general, lower
han 0.03a0 for the distances or 0.1◦ for the OHF angle. Similar
esults are found for the other states. So, in general, the inclu-
ion of higher angular momentum functions in the basis sets
hows that the AVTZ basis provides results of sufficient accu-
acy. On the other hand, the icMRCI + Q calculations with the
VQZ and AV5Z basis sets involve a great number of contracted
r uncontracted configurations, making the calculation of the
hole surface at those levels computationally too expensive.
It is also interesting to indicate that the calculated

alue obtained for the O(3P)→O(1D) excitation energy

ith the AVTZ basis set is 16,080 cm−1, which com-
ares rather well with the experimental data [72–77] of
5,868 cm−1. This experimental value is corrected for spin-
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rbit splittings since the ab initio calculations do not include
hem.

.2. Global potential energy surfaces

The icMRCI + Q energies for the five singlet electronic states
ave been fitted using the procedure developed in Refs. [78,79].
many-body expansion:

OHF =
3∑
A

VA +
3∑

AB

V
(2)
AB(rAB)+ V

(3)
ABC(rAB, rAC, rBC)

s used to represent the PES.
Each two-body potential is written as a sum of short- and

ong-range terms, V
(2)
AB = Vshort + Vlong, with:

short = c0
e−αrAB

rAB
(c0, α > 0)

long =
L∑
i

ciρ
i
AB; ρAB(rAB) = rABe−β

(N)
AB rAB (βAB > 0)

here the ci (i = 0, . . ., L) are linear fitting parameters, and α

nd β
(N)
AB (with N = 2) are non-linear fitting parameters. The

ariables ρAB are modified Rydberg functions that depend
n the internuclear distances and tend to zero when the cor-
esponding distance goes to zero or to infinity. In all the
lectronic states considered, the root mean square (rms) errors
f the fitted diatomic potentials from ab initio values are 1.6
nd 7.2 meV for OH and HF fragments, respectively. For the
+ FO rearrangement channel, however, 1 1A′ and 1 1A′′

tates correlate with the ground FO(2�) state while 2 1A′
nd 2 1A′′ states correlate with the excited FO(2�) state
nd the 3 1A′ state with FO(2�+). FO diatom is energeti-
ally not accessible in the energy range of interest. Even so,
he highest rms of the FO is 6.1 meV, for the ground state.
he F + OH and O(1D) + HF channels are accurately described
y all the surfaces. The experimental equilibrium geometries
vibrational frequencies) are rOH = 1.8326 a.u. (3738 cm−1) and
HF = 1.7327 a.u. (4138 cm−1). The agreement between calcu-
ated, fitted and experimental values is very good, as shown in
able 2.

The three-body term is expressed as the expansion:

(3)
ABC(rAB, rAC, rBC) =

K∑
ijk

dijkρ
i
ABρ

j
ACρk

BC

n the same type of Rydberg functions as above with N = 3.
he linear parameters dijk (i + j + k≤K) and the three nonlin-

ar parameters β
(3)
AB, β

(3)
AC and β

(3)
BC determined by fitting to the

ast equation the corresponding calculated ab initio energies for
very state after subtraction of the total two body contributions.
he overall root mean square errors of the fitted PESs is always

elow 43 meV (≈1 kcal/mol). In general, the maximum errors
Emax) in the fit of the surfaces are located in repulsive regions,
eing the highest error of 41 meV for the 1 1A′′ potential energy
urface.

m
b

d

rc length, s, for the five singlet states that correlate with O( D) + HF( � )
symptotic limit. Zero of energy corresponds to F(2F) + OH(2�) channel. For
he 1 1A′ state, ab initio points are also included.

.3. Topological characteristics

Information about the main topological characteristics of
he five surfaces is obtained visualizing their three-dimensional

EP, in Fig. 2. They were obtained following the gradient
xtremal path [80,81] as a function of the arc length, s, defined as
he sum of the displacements ds between two consecutive points
f the surface in terms of the three internuclear distances [81].
y convention, we take ds positive from the saddle point toward

he O + HF channel and negative toward the OH + F channel.
herefore, s = 0 corresponds to the saddle point for each PES.

In each surface, geometry optimization of the stationary
oints has been performed for the analytical fits as well as for
he ab initio calculations. In addition, to check the accuracy of
he fits, a normal mode analysis has also been performed in the
eighborhood of all fitted and calculated stationary points. Nor-
al modes are denoted as (υ, n, b) and, in most of the cases, can

e approximately assigned to the OH (υ) and HF (n) stretching
nd O–H–F (b) bending motions. In a few cases, this assignment
s not so clear. Geometries, energies and harmonic frequencies
f the fitted surfaces are given in Table 2 for the five states, where
1, M2 and TS denote a well in the F + OH region, a well in the
+ HF region and the TS, respectively. In some cases, frequen-

ies are not presented due to some convergence problems in the
alculation of the second derivatives. The agreement between
tted and ab initio values, shown in Table 2, is very good. The

ost interesting characteristics of all the surfaces are discussed

elow.
The most noticeable feature, as shown in Fig. 2, is the very

eep well (M1) presented in the ground 1 1A′ state and located



S. Gómez-Carrasco et al. / Journal of Photochemistry and Photobiology A: Chemistry 190 (2007) 145–160 149

Table 2
Geometry and energy of the calculated (icMRCI + Q) and fitted adiabatic stationary points for the five singlet potential energy surfaces

Point Property 1 1A′ 2 1A′ 3 1A′ 1 1A′′ 2 1A′′

MRCI Fit MRCI Fit MRCI fit MRCI Fit MRCI Fit

OH re 1.8389 1.8396 1.8389 1.8396 1.8389 1.8396 1.8389 1.8396 1.8389 1.8396
ωe 3718 3724 3719 3723 3717 3723 3718 3723 3719 3723
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
V0 0.230 0.231 0.230 0.231 0.230 0.231 0.230 0.231 0.230 0.231

HF re 1.7346 1.7373 1.7340 1.7373 1.7344 1.7373 1.7346 1.7373 1.7346 1.7373
ωe 4162 4081 4160 4081 4162 4081 4161 4081 4160 4081
V 0.535 0.541 0.531 0.542 0.537 0.541 0.545 0.542 0.547 0.542
V0 0.793 0.794 0.789 0.795 0.795 0.794 0.803 0.795 0.803 0.795

TS rOH 2.8566 3.1254 2.2015 2.2182 2.2303 2.2312 2.2371 2.2590 2.1995 2.2698
rHF 1.8280 1.8060 2.0796 2.0783 2.0586 2.0405 2.0509 2.0599 2.0799 2.1422
θ 83.4 76.3 180.0 180.0 180.0 180.0 134.0 132.6 180.0 180.0
ωυ 698i 571i – 590 – 493 2399i 2286i – 527
ωn 3393 3407 – 3570i – 4143i 435 354 – 3768i
ωb 493 435 – 783 – 745 1616 1523 – 922
V 0.377 0.375 1.442 1.461 1.779 1.773 0.995 1.008 1.451 1.474
V0 0.661 0.650 – 1.816 – 2.153 1.271 1.266 – 1.855

M1 rOH 1.8300 1.8279 1.8389 1.8529 1.8387 1.8428 1.8387 1.8313
rHF 3.4792 3.4902 4.3184 4.7126 4.2700 4.0988 4.2696 4.3860
θ 50.9 50.5 180.0 180.0 180.0 180.0 180.0 180.0
ωυ 3773 3760 3727 3460 3729 3585 3729 3680
ωn 1395 1254 87 64 94 108 94 119
ωb 907 906 173 248 119 74 122 233
V −2.119 −2.111 −0.038 −0.032 −0.049 −0.036 −0.043 −0.042
V0 −1.742 −1.744 0.220 0.217 0.203 0.202 0.209 0.208

M2 rOH 3.6682 3.7654 3.6376 3.6389
rHF 1.7591 1.7637 1.7455 1.7549
θ 61.1 55.7 180.0 180.0
ωυ 543 759 – 170
ωn 4004 4002 – 4198
ωb 414 395 – 266
V 0.331 0.323 0.388 0.390
V0 0.639 0.643 – 0.694

In most of the cases (see text) (υ, n, b) notation corresponds to the harmonic normal modes for the OH and HF stretching and O–H–F bending, respectively. Distances
a (V) i
M ctively

i
e
c
w
e
g
e
t
H
r
1
q
fi
s
T
1
i
o
a

u
9
i
g
[

s
w
f
b
r
f
a

d

re given in a.u., angle θ(O–H–F) in degrees, frequencies in cm−1 and energies
1 and M2 refer to the well minium in the OH + F and HF + O channels, respe

n the F + OH region, that corresponds to the most stable geom-
try of the system. It has energy of ≈2.1 eV below the F + OH
hannel. Experimental information of this well is available. This
ell, corresponding to the insertion of the oxygen atom, is a gen-

ral feature of the HOX (X = halogen) systems. It presents a bent
eometry (see Table 2) with a fitted OHF angle of 50.5◦. The
xperimental value is 51.4◦ [82]. The rOH distance is very close
o that of the free diatom but the rHF is larger than that of the free
F. The fitted rOH and rHF distances are 1.8279 and 3.4902 a.u.,

espectively. The corresponding experimental values [82] are
.8249 and 3.4616 a.u., showing a very good agreement. Fre-
uencies have real values indicating that it is a minimum of the
tted PES. The accuracy of the fits is assessed in the compari-
on between fitted and calculated frequencies shown in Table 2.
he calculated frequencies are 3773 cm−1 (≈the OH vibration),

395 cm−1 (≈the HF vibration) and 907 cm−1 (≈the bending),
n very good agreement with the available experimental data
f 3764, 1396 and 917 cm−1 of Ref. [82]. These results are
lso very close to those obtained by Ramachandran et al. [77]

a
i
O
s

n eV. V0 is V plus the zero point energy. TS refers to the transition state, while
, appearing in some of the surfaces described.

sing a AVTZ basis set and a CCSD(T) method: 3746, 1390 and
15 cm−1. Also, this PES has been used recently for describ-
ng the O(1D) + HF reactive collision leading to results in rather
ood agreement with the currently available experimental data
83].

The ground 1 1A′ state presents a second minimum, much
hallower than the previous one. It is located in the O + HF region
ith a rHF distance of 1.7637 a.u., very close to the value of the

ree molecule, and a much longer rOH distance. It has also a
ent equilibrium structure. In this case, ωn≈ 4000 cm−1, cor-
esponding to the HF stretching, approaches to the vibrational
requency of the free diatom. It has an energy of ≈0.300 eV
bove the F + OH limit, as can be seen in Fig. 2.

The TS of this surface has a bent geometry with the rOH bond
istance much longer than the rHF one and an energy of 0.375 eV

bove the F + OH channel. A normal mode analysis gives an
maginary frequency (ωυ ≈ 600i cm−1) that corresponds to the
H elongation. The inclusion of the zero point energies at the

tationary points along the MEP from O(1D) + HF to F + OH
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hannel, gives an effective “barrier” to reaction of −0.144 eV,
.e., there is no energy threshold to reaction, as can be seen in
able 2.

In contrast to the ground 1 1A′ state, the first 2 1A′ and the
econd 3 1A′ excited states have a collinear global MEP. The

1A′ just presents a collinear shallow minimum in the F + OH
egion, with the rOH distance close to the bare OH equilibrium
eometry and a very much elongated rHF distance. In fact, the
igher vibrational frequency, corresponding to the OH stretch-
ng, approaches that of the free OH diatom. The 3 1A′ potential
nergy surface does not present any minimum. Reaction barri-
rs of both surfaces have a very high energy, 1.461 and 1.773 eV
bove the F + OH asymptote, respectively. Normal mode analy-
is gives one imaginary frequency per surface corresponding, in
oth cases, to the HF stretching. At these collinear geometries,
he bending modes are, of course, doubly degenerate.

On the other hand, the ground 1 1A′′ state presents two wells at
oth sides of the saddle point, one in the OH + F entrance channel
nd the other one in the HF + O exit channel, as can also be seen
n Fig. 2. Both wells have a collinear geometry. Their geometries
nd frequencies are given in Table 2. However, its TS has a bent
eometry and it is placed≈1 eV above the F + OH channel. The
maginary frequency corresponds to the OH stretching.

In the last place, the 2 1A′′ excited state has a collinear global
EP. It just presents a shallow well in the F + OH region. Note

n Fig. 2, that the MEPs of this state and the 2 1A′ state are
egenerate, since both are collinear and they correlate with a
oubly-degenerate state, 1� or 1�, in this adiabatic approach
see Fig. 1).

Fig. 3 displays contour plots of the PES of the five states for
hree angles. The insertion well in the 1 1A′ is clearly visualized
n the lowest panel (θ = 60◦) of the corresponding column.

As found for the triplet surfaces reported in previous papers
53,54], the singlet surfaces also cross each other several times
long the MEP, as displayed in the top panel of Fig. 1. It is well
nown that these conical intersections will affect dramatically
o the dynamical behaviour either in photoinitiated processes or
ollisional events. However, these crossings are not well repro-
uced with the procedure used to fit the surfaces. Fig. 4 shows
detail of the collinear energy paths for the three 1A′ states.
oints represent the ab initio calculations and solid lines repre-
ent the fitted surfaces at these calculated points. From the ab
nitio points, it can be seen that 1 1A′ and 2 1A′ states cross at both
ides of the saddle point while 3 1A′ only cross in the F + OH
egion. However, the fitted surfaces do not describe the cusps of
he conical intersections, as displayed in Fig. 4. This feature is
ot so important for the ground surfaces of both symmetries, A′
nd A′′, since their MEP, i.e., their more important dynamical
ow-lying regions, are non-collinear. For example, note the good
greement between the ab initio MEP, represented by points, and
he global MEP, in solid line, for the ground 1 1A′ state, shown
n Fig. 2. The same behaviour was found for the triplet surfaces.
n order to solve it, an energy-based method of diabatization has

een recently proposed [60] for the three lowest triplet surfaces.
hree-dimensional coupled diabatic energy surfaces have been
btained using an interpolation procedure describing correctly
he typical cusps at crossings.

t

s
m

ig. 3. Contour plots of the five singlet potential energy surfaces as a function
f rOH and rHF, for three angles. The energy contours are −2.1, −1.5, −1.0,
0.5, 0.0, 1.0 and 3.0 eV.

. Photodetachment simulation

After the electron photodetachment of an anion, the neu-
ral molecular fragment is produced in one or several electronic
tates. In some cases, an unstable region of the PES is reached,
o that the neutral system dissociates. When the equilibrium
eometry of the parent anion is close to the TS region, the ini-
ial wave packet evolves towards reactants and products. This is
he situation of the system under study for which the processes
nvolved can be summarized as:

HF−(2�)+ hν→ O(3P,1D)+ HF(1�+)+ e

→ F(2P)+ OH(2�)+ e

here there are open shell species in the two rearrangement
hannels. It is therefore necessary to include most of the elec-

ronic states of OHF correlating with those of the products.

The complexity of such fragmentation process makes impos-
ible an exact simulation with currently available methods. The
ost common approximation [6,28,84] considers the separation
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Fig. 4. Detail of the collinear minimum energy paths as a function of the arc
length, s, for the three lowest 1A′ states that correlate with O(1D) + HF(1�+)
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symptotic limit. Zero energy corresponds to F(2F) + OH(2�) channel. Solid
ines correspond to the fits and points are the ab initio calculations.

f the fast ionization process from the subsequent, and rela-
ively slower, reaction dynamics of the neutral fragments. The
otal wave function, for a total energy E describing the electron
jected along the direction k (with a kinetic energy ε = k2/2me)
nd the neutral fragments in a final state (characterized by a
ollection of quantum numbers denoted by α), is written as:

Ffα
Ek =

√
2N + 1

8π2

∑
f ′

DN∗
μΩN

(Q̂)ΦNfα

f ′ (Q)|Λ′; k〉 (1)

here collective quantum numbers are defined as F≡N, μ and
≡Λ, ΩN. N is the total angular momentum of the neutral frag-
ents described by Wigner rotation matrices [85] DN∗

μΩN
(Q̂)

with projections μ and ΩN on the space-fixed and body-fixed
rames, respectively, Q̂ being the three Eulerian angles relating
he two frames) and Φ

Nfα

f ′ (Q) are functions depending on the
nternal nuclear degrees of freedom Q. Λ denotes a particular
Λ′; k〉 electronic function, which is expanded in partial waves
s [86–89]:

Λ′; k〉 =
∑
�mλ

i�e−iσl(k)Y�m(k̂)D�∗
mλ(Q̂)|Λ′; ϕε�λ〉 (2)

here �, m, λ denotes the angular momentum of the photo-
lectron and its projections along the space and molecular fixed

-axes.

∣∣Λ′; ϕε�λ

〉
is the total electronic function, constructed

rom the OHF electronic function,
∣∣Λ′〉, and the continuum

ave function of the ejected electron, ϕε�λ. Finally, σl(k) is the
oulomb phase shift and hereafter will be neglected because the

nteraction between the electron and the neutral fragment vanish
t moderately short distances.

k
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The initial bound state of the anion is expressed in the Born-
ppenheimer approximation as:

JiMi
fi
=
√

2Ji + 1

8π2

∑
Ωi

D
Ji∗
MiΩi

(Q̂)ΦJifi
Ωi

(Q)|Λi〉 (3)

here |Λi〉 is the electronic function of the anion, which in the
quilibrium configuration is linear and is then characterized by
he projection of the orbital angular momentum on the internu-
lear vector. Here, Ji, Mi, Ωi are the total angular momentum
f the entire system and its projections on the space and body
xed axes, and fi≡Ki, υi, Λi (Ki refers to a rotational sublevel
nd υi denotes the initial vibrational state of the anion).

The photoelectron angular distribution (PAD) following
esonance-enhanced multiphoton ionization (REMPI) is a sub-
ect of current interest due to the recent development of
xperimental techniques [90–92]. Here, however, we shall con-
ider the excitation by a single photon to produce the ionization.
onsidering a first order perturbative approximation for elec-

ric dipole transitions induced by photons of energy hν, the
atrix elements between the initial and final wave functions

re expressed as:

Ψ
Ffα
Ek |d · e|ΨFi

fi
〉 =

∑
�m

∑
p

∑
JM

(2J + 1)

×
√

(2Ji + 1)(2N + 1)(−1)p(e)−pY∗�m(k̂)

×
(

N l J

μ m −M

)(
Ji 1 J

Mi p −M

)

×〈Jifi||d||J�Nfα〉 (4)

ith J = N + � being the total angular momentum of the neutral
ystem plus the ejected electron, with projection Ω on the body-
xed z-axis. e is the polarization vector of the incident photon
ith projection p along the space-fixed z-axis, and the reduced

ransition moments of the electric dipole operator are given by:

Jifi||d||J�Nfα〉 =
∑
Ωi

∑
f ′

∑
λΩ

∑
q

(
N � J

Ω′N λ −Ω

)

×
(

Ji 1 J

Ωi q −Ω

)
ile−iσ�

∫

×dQΦ
Nfα∗
f ′ (Q)〈Λ′; ϕε�λ|dq|Λi〉ΦJifi

Ωi
(Q)

(5)

Assuming linearly polarized photons (p = 0) absorbed by a
andomly oriented anion, the differential cross-section, for neu-
ral products in the Nfα final state and the electron ejected in the
ˆ ≡ (Θ, φ) direction with energy ε, is given by [93–95]:

∂σJifi,Nfα(hν, ε)

∂k̂
=
∑∑

(2Ji + 1)−1|〈ΨFfα
Ek |d · e|ΨFi

fi
〉|2
μ Mi

= σJifi,Nfα(hν, ε)

4π
[1+ βJifi,Nfα(hν, ε)P2(cos Θ)] (6)
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t does not depend on the azimuthal angle because of the cylin-
ric symmetry and the dependence on Θ presents the typical
econd order Legendre polynomial distribution, governed by the
nisotropy parameter, βJifi,Nfα(hν, ε) while the dependence on
he electron kinetic energy is essentially in the partial cross-
ection term, σJifi,Nfα(hν, ε). These two quantities take the
orm:

σJifi,Nfα(hν, ε)

=
∑
�,J

(2Ji + 1)(2N + 1)(2J + 1)

3
|〈Jifi||d||J�Nfα〉|2,

βJifi,Nfα(hν, ε) =
√

5

6

1

σJifi,Nfα

∑
�,�′

∑
J,J ′

(2Ji + 1)(2N + 1)

×(2J + 1)(2J ′ + 1)
√

(2�+ 1)(2�′ + 1)

×(−1)�+�′−N−Ji

{
J 1 Ji

1 J ′ 2

}

×
{

�′ j′ N

J � 2

}(
�′ � 2

0 0 0

)

×〈Jifi||d||J�Nfα〉〈Jifi||d||J ′�′Nfα〉∗ (7)

These expressions can be further simplified if some approx-
mations are considered in the reduced matrix elements of Eq.
5), namely:

1) The Born-Oppenheimer and Coriolis decoupling approxi-
mations are considered so that the summations on Ωi, Λ′
and Ω′N disappear in Eq. (5).

2) The 〈Λ′; ϕε�λ|dq|Λi〉 electric dipole moment, in Eq. (5),
are evaluated at the equilibrium nuclear configuration and
considered to be independent on Q.

With these two approximations, the total cross-section, in Eq.
7) can be separated in two parts as:

Jifi,Nfα(hν, ε) = T Jifi,Nf SJifi,Nfα (8)

ith T Jifi,Nf depending on the electronic part, including the
election rules for rotational transitions:

Jifi,Nf =
∑
�Jλλ′

(2J + 1)

(
N � J

ΩN λ −Ω

)(
Ji 1 J

Ωi q −Ω

)

×
(

N � J

ΩN λ′ Ω′

)(
Ji 1 J

Ωi q′ Ω′

)

×〈Λ; ϕε�λ|dq|Λi〉〈Λ; ϕε�λ′ |dq|Λi〉∗ (9)

ith Ω = ΩN + λ and q = ΩN + λ−Ωi. The second part,
Jifi,Nfα, only depends on the nuclear part, taking the form:
Jifi,Nfα = (2Ji + 1)(2N + 1)

3

∣∣∣∣
∫

dQΦ
Nfα∗
f (Q)ΦJifi

Ωi
(Q)

∣∣∣∣
2

(10)

t
T
e
a
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nalogously, the anisotropy parameter also simplifies, depend-
ng only on the electronic and rotational part as:

Jifi,Nf (ε) =
√

15/2

T Jifi,Nf

∑
��′

∑
JJ ′

(2J + 1)(2J ′ + 1)

×
√

(2�+ 1)(2�′ + 1)(−1)�+�′−N−Ji

×
{

J 1 Ji

1 J ′ 2

}{
�′ J ′ N

J � 2

}(
�′ l 2

0 0 0

)

×
∑
λλ′

i�−�′e−i(σ�−σ�′ )
(

N � J

ΩN λ −Ω

)

×
(

Ji 1 J

Ωi q −Ω

)(
N �′ J ′

ΩN λ′ Ω′

)

×
(

Ji 1 J ′

Ωi q′ Ω′

)
〈Λ; ϕε�λ|dq|Λi〉

×〈Λ; ϕε�′λ′ |dq|Λi〉∗ (11)

In this approximation, either T Jifi,Nf or βJifi,Nf depend on
he final state of the neutral products. Thus the total differential
ross-section is written as in Eq. (6) as:

∂σJifi (hν, ε)

∂k̂
=
∑
N,f,α

∂σJifi,Nfα(hν, ε)

∂k̂

=
∑
N,f

T Jifi,Nf SJifi,Nf (hν, ε)

4π

×[1+ βJifi,Nf P2(cos Θ)] (12)

here SJifi,Nf (hν, ε) is the total cross-section for a given rota-
ional transition expressed as:

Jifi,Nf (hν, ε) =
∑
α

SJifi,Nfα(hν, ε) (13)

.1. Anisotropy factor

The calculation of the T Jifi,Nf and βJifi,Nf parameters is
erformed with a variation of the independent electron approx-
mation [88,96], based on a treatment previously developed for
he evaluation of the electric dipole transition moments [55]. The
lectronic wave function of the OHF− anion and the OHF neutral
ystem are expressed as a linear combination of configurations
s:

Λ〉 =
∑

i

CΛ
i Di (14)

here the coefficients are calculated using a MRCI method with

he MOLPRO package [64] at the linear equilibrium geometry.
he configurations Di are represented by Slater determinants
xpressed in terms of the same molecular orbitals for OHF−
nd OHF. The two degenerate 2� states of OHF− correspond
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ssentially to a single configuration:

|Λi〉 ≈ |1σ22σ23σ24σ25σ21π2
11π2
−16σ22π2

12π1
−1|

or |1σ22σ23σ24σ25σ21π2
11π2
−16σ22π1

12π2
−1| (15)

The electronic wave functions of the different states of OHF,
owever, present several configurations. Since OHF has one
lectron less than, the wave function of the OHF + 1e system
s formally built by including in each configuration an orbital,
ε�λ, corresponding to the ejected electron. Thus, the config-
rations of the OHF + 1e can be viewed as monoexcitations,
iexcitations, etc., of the reference configurations describing
HF−(2�). In a crude approximation, an electron is detached
y promoting it from an occupied orbital, λi, of the OHF−(2�)
tate, towards a dissociative orbital, ϕε�,λ, leaving the rest of
he electrons in the same orbitals they were. Such direct excita-
ions correspond to monoexcited configurations. After the first
lectron departs, the rest of electrons quickly reorder among
ifferent configurations, yielding to the different electronic
tates of OHF. Such reordering would change a second elec-
ron from one of the orbitals, thus yielding to a higher order
xcitations.

The electric dipole operator is monoelectronic. Its matrix
lements between two configurations, Di and Dj , differing
n more than one orbital are zero [97]. This condition is
xpressed by introducing the delta function δ

n
ij
exc,1

, where n
ij
exc

s 1 if the configuration of the OHF (with n) electrons is
ontained in that of OHF− (with n + 1 electrons). Thus, the

lectric dipole moment between the total electronic wave func-
ions is approximated by the mono-electronic matrix elements
nvolving the initial molecular orbital of the anion, |λi〉, and
he final continuum orbital describing the ejected electron,

t
T
w

ig. 5. Top panels: contour plot of the amplitude of the 6σ (left) and 1π (right)

HF = 2.46 a.u.). The origin is at the nuclear center of mass, with the three atoms lying
xpanded in associated Legendre polynomials, Plλ(cos Θ).
d Photobiology A: Chemistry 190 (2007) 145–160 153

ϕε�,λ〉, as:

Λ; ϕε�λ|dq|Λi〉≈
∑

i

∑
j

δ
n

ij
exc,1

C
OHF−(2Π)
i C

OHF(Λ)
j 〈ϕε�,λ|dq|λi〉

(16)

A second approximation used in this work consists in assum-
ng a sudden approximation to avoid the calculation of the
issociative orbital, such that:

〈ϕε�,λ|dq|λi〉|2 ≈ δλi,λ

∫
dx|〈Y�λi |λi〉|2 (17)

here x denotes the radial electronic coordinate.
The configurations of the different electronic states of OHF

ere analyzed previously, as shown in Table 1 of Ref. [55], find-
ng that the transitions involve the excitation from the following

olecular orbitals:

λi = 6σ to reach OHF final electronic states |Λ〉= 1 3A′′, 1 3A′
(correlating to the linear 3� doubly degenerate states), and
1 1A′, 1 1A′′ (correlating to the linear 1� doubly degenerate
states);
λi = 1π to reach OHF final electronic states |Λ〉= 2 3A′′ (cor-
relating to the linear 3�−), and 2 1A′, 3 1A′, 2 1A′′ (correlating
to the linear 1� doubly degenerate states, and the 1�+). (The
3 1A′(1�+) also involves smaller components from the 2π

orbital which will be neglected for simplicity).
Since, there is a single orbital for each final electronic state,
he integral in Eq. (16) can be separated as a common factor.
he sum over the coefficient products, in Eq. (16), has a similar
eight for all the states considered, so that in the present case

orbitals of OHF−(2�) at linear equilibrium geometry (with rOH = 2.04 and
in the x-axis. Bottom panels: square of the coefficients of the molecular orbitals
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are obtained by Fourier transforming the autocorrelation func-
tion, Eq. (19), and expressed in terms of the electron kinetic
energy, ε. The conversion between the OHF energy, EOHF,
and ε is obtained from the energy conservation condition as
54 S. Gómez-Carrasco et al. / Journal of Photochemis

e will consider that:

Λ; ϕε�λ|dq|Λi〉 ≈ δλi,λ

√∫
dx|〈Y�λi |λi〉|2 (18)

herefore, the electric dipole moments between the initial
nd final electronic states only depends on the two molecu-
ar orbitals involved in the transition in these approximations.
hese two orbitals are shown in the top panels of Fig. 5, and

heir decomposition in spherical waves, equivalent to the elec-
ronic integral of Eq. (18) are given in the corresponding bottom
anels.

Finally, the T Jifi,Nf and βJifi,Nf factors do not depend any
onger on the final Λ states but only on λi. They are calculated
sing Eqs. (9) and (11), and shown in Fig. 6, for Ji = 0. It can be
een that the major contribution arise for N = 1, and that βJifi,Nf

resents a strong dependence on ΩN.

.2. Cross-section

The cross-section, SJifi,Nf (hν, ε) in Eq. (13), determines how
he differential cross-section depends on the electron kinetic
nergy, and in a time-dependent treatment is calculated as:

SJifi,Nf=(ΩNΛ)(hν, ε) = 1

πh̄
Re

∫ ∞
0

dt e−iEt/h̄

×〈ΨJifiNΩNΛ(t)|ΨJifiNΩNΛ(t = 0)〉
(19)

Jifi,NΩNΛ (t) is the wave packet at time t, describing the
eaction dynamics of the neutral OHF system, evolving in an
lectronic state |Λ〉 of the neutral OHF system.

The initial wave packet ΨJifi,NΩNΛ (t = 0) corresponds to the
nitial rovibrational state of the anion, ΨJiMi

fi
in Eq. (3). In the

resent case, we consider Ji = 0 and N = 1, with ΩN = 0 and 1. The
hree-dimensional PES used corresponds to the OHF−(X2A′)
reviously reported [98], and correlates with a 2� doubly degen-
rate state at collinear geometry. This PES for the anion is in
ery good agreement with recently published curves for the
ollinear geometry [99]. Renner–Teller couplings are neglected,
ince the first excited 2A′′ state showed a small splitting of
300 cm−1 [98]. In the adiabatic representation chosen, with
= 0, the ground rovibrational level presents a dominant helic-

ty for Ωi = 0, while those states with large Ωi 
= 0 contributions
ave a much larger energy.

For the singlet states studied here the main fragmentation
hannel is OH(2�) + F(2P), both of open-shell character. How-
ver, in an adiabatic description, Λ is not well defined and its
alue will be neglected, i.e., Λ = 0. The Λ value is only used to
istinguish among them by their behaviour at collinear geome-
ry. Thus, the usual Hamiltonian for triatomic systems in Jacobi
oordinates is used here with: r, the OH internuclear vector,

nd R, the vector going from the OH center-of-mass to the
atom, with γ being the angle between them. A body-fixed

rame is defined by three Eulerian angles (φ, θ, χ), with the
hree atoms in the x–z plane, and the z-axis pointing along the R
ector.

F
t
(
t
o

d Photobiology A: Chemistry 190 (2007) 145–160

The wave packet is then represented as [100–102]:

Jifi,NμΩNΛi =
∑

Ω′
N

,Λ′,j

ΦNΛ′
Ω′

N
,j

(r, R)

rR
W

Nμi

Ω′
N

Λ′ (20)

here the angular functions are eigensolutions of the inver-
ion operator of spatial coordinates (with eigenvalue i) and are
efined as:

Nμi

Ω′
N

Λ
=
√

2N + 1

16π2(1+ δΩ′
N

Λ′,0)
[PjΩ′

N
(γ)DN∗

μΩ′
N

(φ, θ, χ)|Λ′〉

+isΛ′ (−1)NPj−Ω′
N

(γ)DN∗
μ−Ω′

N
(φ, θ, χ)| −Λ′〉] (21)

here DN∗
μ−Ω′

N
are Wigner rotation matrices [85] and PjΩ′

N
are

ormalized associated Legendre functions [103]. sΛ is the parity
f the electronic wave function under reflection through the x–z
ody-fixed plane.

The numerical details of the wave packet propagation are
escribed in Refs. [98,55]. The 10 individual spectra con-
idered (corresponding to the five singlet states whose PES
ere described above, and ΩN = 0 and 1), shown in Fig. 7,
ig. 6. Intensity factor, T (top panels) and anisotropy parameter, β obtained in
he independent electron model in a sudden approach for the 6σ (left) and 1π

right) orbitals of OHF−(2�) at linear equilibrium geometry, as explained in the
ext. Here, Ji = 0 and λ, the projection of the departing electron, is equal to that
f the molecular orbital excited.
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= hν + EOHF− −EOHF− ≈ 2.44 eV−EOHF for the wavelength
f 213 nm.

Since, the experimental resolution is 8 meV [51], the auto-
orrelation functions are multiplied by a e−Γ t/h̄ exponential
unction, with Γ = 8 meV. This factor does not affect signifi-
antly to the spectra corresponding to the excited states of the
A′ and 1A′′ symmetries considered because they do not present
otential wells and the dissociation is direct and the autocorre-
ation functions go to zero very fast.

The 1 1A′ and 1 1A′′ potentials present wells supporting some
ound states and resonances. The difference between these two
ases is that while for 1 1A′′ recurrences appear at long times
and are washed out by the exponential function), for 1 1A′
ecurrences appear at short dynamics giving rise to the resonant
tructures appearing in the spectra, as can be seen in Fig. 7.

The large differences between the results obtained for ΩN = 0
nd 1 (right and left panels of Fig. 7, respectively) were explained
efore for the three lower triplet states [60]. The initial wave

acket created is expanded as a superposition of spherical har-
onics, which behaves as YjΩ(γ)∝ sinΩ γ when γ→ 0 or π.
hus, initial wave packets with ΩN = 1 components do not
xplore collinear configurations, while those with ΩN = 0 com-

ig. 7. Absorption spectra obtained for the electronic and rotational
= 1← Ji = 0 transition. The simulation is performed for an excitation wave-

ength of 213 nm, using ε = 2.44 eV−EOHF with the OH + F threshold situated
t ε = 1.025 eV as indicated by the arrow.
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onents do. This difference at collinear geometries explain the
ifferences observed between left and right panels in Fig. 7.

.3. Differential cross-section

Once SJifi,Nf (hν, ε), T Jifi,Nf and βJifi,Nf are known, the
otal differential cross-section can be evaluated using Eq. (12).
ssuming Ji = 0, it would be required to calculate SJifi,Nf (hν, ε)

or N = 0, l, . . ., 5 or 6, at which the intensity factor T Jifi,Nf

ecomes nearly zero, as it is seen in Fig. 6. However,
Jifi,Nf (hν, ε) is expected to slightly depend on N. Here we
hall use the results obtained for N = 1 as a good approximation
or all possible N values used in the decomposition of the initial
rbitals.

Also, for the triplet states we shall use the calculations of Ref.
60]. However, in that work a cruder axial recoil approximation
as used to estimate βJifi,Nf (valid for photodissociation but
ot for photoionization) in which the transitions were separated
n parallel (Λ + λ−Λi = 0), with β = 2, and perpendicular tran-
itions (Λ + λ−Λi =±1), with β =−l. Such assumption is not
alid as can be seen in Fig. 6, and for this reason here the results

J f ,Nf J f ,Nf
re presented again but using the corrected T i i and β i i

arameters. In the approximations done to obtain to Eq. (18),
hese two parameters do not depend on the final electronic state
f the neutral OHF system, but only on the molecular orbital

ig. 8. Angle-resolved spectra at Θ = 0 and π/2 for singlet and triplet states
eparately.
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i excited in the photodetachment process. Since, the orbitals
xcited to arrive to triplet states are the same than for the singlet
tates considered here, the same T Jifi,Nf and βJifi,Nf are used,
hown in Fig. 6.

The results obtained for singlet and triplet states are pre-
ented in Fig. 8, clearly showing that the triplets are the only
ontributing for ε > 1 eV. However, for ε < 0.5 eV, only singlet
tates contributes. In the intermediate region both sets of states
re important.

The spectra for singlet and triplets are simply added and the
esults are shown and compared with the experimental results
btained at 213 nm [38] in Fig. 9. All the structures are rea-
onably well reproduced but the relative intensities obtained for

= π/2 are appreciably in disagreement with the experimental
ata. For, Θ = 0 the agreement between the simulated and mea-
ured spectra is very good above 0.7 eV, but the intensity is too
ow at electron kinetic energies below this energy.

These failures in reproducing the relative intensities of the
eaks are mainly attributed to, first, the crude approximations
sed to evaluate T Jifi,Nf and βJifi,Nf and, second, to the contri-
ution of higher energy states, specially at low electron kinetic
nergy. In fact, there are four more states correlating to the

2 2
H( �) + F( P) asymptote, that may contribute, as can be seen
n Fig. 1 for collinear geometry: the doubly degenerate 3� state,
nd the 3�+ and 1�− states. These two possible sources of error
re analyzed below.

ig. 9. Total angle-resolved spectra at Θ = 0 and π/2. The experimental result
f Neumark [38] is also presented for comparison.
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ig. 10. The same than for Fig. 9, but using βJi=0,fi,N,ΩN=0,λi=6σ = −1 and
Ji=0,fi,N,ΩN=1,λi=6σ = 2.

.4. Sensitivity on T Jifi,Nf and βJifi,Nf

The main approximations performed concerns how these two
arameters are evaluated. The fact that they are separable from
he SJifi,Nf (hυ, ε) cross-sections is questionable, but perhaps
he crudest approximation consists in considering that electronic
ntegrals involved in T Jifi,Nf and βJifi,Nf only depends on the
nitial molecular orbital excited and not on the final electronic
tates, i.e., the sudden approximation expressed in Eqs. (18) and
17). However, to go beyond this approximation, the calculation
f the continuum functions of the ejected electron is required,
epending or not on the rest of the electrons. This is far from the
cope of this work.

In order to check how sensitive is the differential cross-
ections on these quantities here we shall simply modify the
Jifi,Nf values. We shall use βJifi,Nf = −1 for ΩN = 0, and
Jifi,Nf = 2 for ΩN = 1, irrespective of the value of λi and N,
nd the resulting spectra is shown in Fig. 10. With this modifica-
ion the narrow peak appearing at≈0.8 eV and Θ = π/2 increases
ignificantly. This clearly demonstrates that the angle-resolved
pectra are very sensitive to these two parameters quantities.

An alternative would be to fit these parameters to the experi-

ental values. For such purpose it would be convenient to have

vailable data for some more angles. Moreover, the total spectra
oes not allow to separate the contribution from different final
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tates, and hence produce non-unique fits. For doing that the
ontribution from different groups of states need to be separated
s, for example, detecting the neutral fragments in coincidence
ith the electrons [33,61,104]. In the present case, for exam-
le, the detection of O + HF products below the opening of the
(1D) + HF rearrangement channel would allow separate the

ontribution arising from the triplet states.

.5. Higher energy states contribution: two-dimensional
alculations

In order to analyze the contribution of the higher energy elec-
ronic states, a study for collinear geometry is described below,
ollowing the study performed in Ref. [55]. All the states shown
n Fig. 1 have been calculated at a collinear OHF geometry and
he corresponding contour plots are shown in Fig. 11. The excited
�−, 3�+ and 3� correlates to the O(3P) + HF(3�) asymptote, at

uch higher energy because HF(3�) is repulsive. At the OHF−

quilibrium configuration, 3� and 3�− states are clearly at lower
nergy than the rest of the states, whose energy is very similar.

ig. 11. Contour plots of the PES of the electronic states of OHF for collinear
eometry. The contours are −2.1, −1.5, −1, −0.5, 0 and 1.3 eV with respect
o the OH + F asymptote. Initial wave packet is also plotted. The broader black
ines indicate the conical intersection seams: between 3� and 3�− in the lower-
ight panel, between 1� and 1� in the panel of the 1� PES, and between 1�

nd 1�+ in the panel of the 1�+ PES.
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ig. 12. Absorption spectra to the different OHF electronic states calculated
sing the collinear PESs.

The similarity between the 1�−, 3�+ and 3� PESs is notable.
he energy differences are very small, of≈0.1 mEh, and deserve
ome comments. These states correlate to the bound OH(2�)
roducts, while for the other two rearrangement they correlate
o repulsive states: the HF(3�) for all of them and OF(2�−,
�+, 2�) for 1�−, 3�+ and 3� states, respectively. Nearly all
iatomic dissociative potentials can be well approximated by a
ard wall PES in which the interaction is zero for distances larger
han 1–1.5 a.u. Then, when the OF and HF distances are larger
han these values, the three-dimensional PES is well approxi-

ated by the OH(2�) curve, common for all of them, explaining
heir similarity.

The spectra, in Fig. 12, are calculated using the same proce-
ure used for the three-dimensional results, with the difference
hat the PES is considered to be isotropic, so that only j = 0 solu-
ions are included. The spectra for the excited states, 1�, 1�,
�+, 1�−, 3�+ and 3� are all very similar, all contributing at the
ame electron kinetic energy. The dynamics, however, are not so

imilar, because for the first singlet states, 1�, 1�, 1�+, the wave
acket explores the two rearrangement channels, and the spectra
ive direct information of the TS region. For the 1�−, 3�+ and
� excited states, the O + HF asymptote is clearly closed at the
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ig. 13. Same as Fig. 9 but adding the approximated contribution of the excited
tates 1�−, 3�+ and 3�, as explained in the text.

nergies of interest, and the wave packet directly dissociates in
H(2�) + F(2P) fragments.
The inclusion of the 1�−, 3�+ and 3� states contribution in

he total photoelectron spectrum clearly increases the intensity of
he total spectrum at low electron kinetic energy. Therefore, the
eason for the disagreement between simulated and experimental
ngle-resolved spectra is attributed to these not included states.

The spectra of the 1�−, 3�+ and 3� states are very similar
o those of the 1�, 1�, 1�+ states. An estimation of their contri-
ution at full dimensionality can easily be done by considering
hat the spectra of the 1�− and 3�+ are equal to those of the
�+ while that of 3� to the 1�. The 3� state is not expected
o present a well, or at least not so deep as that of 1� state.
herefore, this analogy yields an overestimation of the peaks
ssociated with the resonances appearing in Fig. 7. However,
ince the Λ values are the same, the selection rules are anal-
gous to those described previously. Thus, the angle-resolved
pectra shown in Fig. 9 are corrected by multiplying by two the
ontribution of the 1� state and by three the contribution of the
�+ state. The corrected spectra in Fig. 13 shows a much better
greement with the experimental results, specially for low elec-

ron kinetic energies where the intensity increases with respect
o that presented in Fig. 9. A better agreement could be obtained
f the PESs of the 1�−, 3�+ and 3� are calculated and their spec-
ra calculated. However, it seems probable that the disagreement

t
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d
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etween the experimental and simulated intensity at the peaks
f the spectra are due to inaccuracies in the modelization of the
Jifi,Nf and βJifi,Nf factors, as discussed above.

Also, Renner–Teller effects in the parent OHF− anion should
e included as well as the use of properly diabatized states of
HF to assign properly the Λ quantum number. Finally the

ransition dipole moments should be better calculated and their
ependence on the internal degrees of freedom included.

. Conclusions

In this work the three-dimensional potential energy surfaces
f the first five singlet states of OHF have been developed. Those
tates correlate with the OH(2�) + F(2P) and O(1D) + HF(1�+)
earrangement asymptotes. The 1 1A′ state presents a deep
ell, at bent geometry, corresponding to the stable system. The

ovibrational levels calculated in this well are in very good
greement with the available infrared and microwave spectra
xperiments.

A simple approximation is presented for the calculation of
ngle-resolved photoelectron spectra, in which a geometry and
nisotropy parameters are calculated independently from the cal-
ulation of the total cross-section. This last term is calculated
sing a wave packet method. This method is applied to sim-
late the angle-resolved photoelectron spectra obtained in the
hotodetachment of OHF−.

A recently proposed adiabatic PES for the ground adiabatic
evel of the parent OHF− anion [98] is used, which at collinear
eometry is a 2�, and the Renner–Teller effects have been
eglected. The ejected electron is assumed to be either σ and
, whose contributions were recently fitted [60] to reproduce

he angle-resolved spectra [38] in the energy region correspond-
ng to the triplets. In this work, the contribution of the first
inglet states were calculated and added to the angle-resolved
hotoelectron spectra. It is found that the simulated intensity is
elatively low for electron kinetic energy when compared with
he experimental one obtained at the wavelength of 213 nm.

Higher energy states correlating to the OH(2�) + F(2P), as
an be seen in Fig. 1, have been calculated at collinear geome-
ry. The contribution of all the states at this restricted geometry
ave been considered, concluding that also the higher 1�−, 3�+

nd 3� states have a significant contribution to the low electron
inetic energy region of the spectra.

Since at a collinear geometry all the spectra calculated are
ery similar for the higher excited states, the contribution of the
�−, 3�+ and 3� states were included in the three-dimensional
imulation by considering that they are very similar to some of
he five singlet states previously calculated. Thus the calculated
ngle-resolved photoelectron spectra simulated become much
loser to the experimental one [38], reproducing most of the
tructures.

The main disagreements are attributed to the approximation
ade to estimate the intensity and anisotropy parame-
ers, T and β , respectively, which needs to be
mproved. Other effects that should be included are the three-
imensional PESs of the 1�−, 3�+ and 3� states, the neglected
enner–Teller effects in the anion and the diabatization of the
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inglets to better describe the dynamics. This last aspect is cur-
ently being addressed.

The recorded photoelectron spectra at the wavelength of
13 nm for electron kinetic energy lower than 1 eV arise from
he contribution of at least 12 electronic states, because the
H(2�) + F(2P) rearrangement channel opens. The 12 elec-

ronic states correlating to this asymptote makes difficult to
xtract information about the TS region of any of them and it is
ecessary to measure some more detailed quantities for doing
t.

Below the opening of this channel only the triplet states con-
ribute, but then all the dynamics yield the HF(1�+) + O(3P)
earrangement channel, and little information about the reaction
ynamics can be extracted. This is the situation in the pho-
oelectron, photo-fragment coincidence measurements recently
eported by Deyerl and Continetti [61] at 258 nm. In these exper-
ments detailed information about the fragmentation dynamics is
xtracted by the measurements of translational energy disposal
f mass selected neutral fragments. O(3P) or O(1D) fragments
an be easily separated by their large difference in energy. There-
ore, detecting electrons in coincidence with O atoms at higher
nergies will provide information of the reaction dynamics in the
riplet states above the HF(1�+) + O(3P) channel opening. More-
ver, if even higher energies are used, yielding products in the
(1D) + HF(1�+) asymptote, the contribution from the singlet

tates can also be extracted. Combining this technique with the
ngle-resolved detection of electrons could then provide unique
nd valuable information about the reaction dynamics near the
onical intersections appearing in this system.
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