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The pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) photoelectron spectrum of OCS in a cold supersonic
expansion has been measured in the region of the X˜ 1Σ+ f Ã+ 2Π and X̃ 1Σ+ f B̃+ 2Σ+ bands between
122 500 and 129 500 cm-1. The spectrum of the X˜ f A+ transition consists of extensive and strongly perturbed
vibrational progressions in the CO- and CS-stretching modesν3 andν1, respectively. The perturbations, which
arise from Fermi interactions between CS-stretching and bending levels, are revealed by (i) the observation
of several members of the bending progression, (ii) the very irregular spacings between the two spin-orbit
components of the stretching levels, and (iii) numerous anomalies in the vibrational intensity distribution. A
complete analysis of the spectrum is presented that takes the spin-orbit interaction, the Renner-Teller effect,
and Fermi interactions in the A˜ + ionic state into account. This analysis provides a fully satisfactory explanation
for the strongly perturbed positions of the vibrational levels of the A˜ + state and for the anomalous intensity
distribution of the photoelectron spectrum. The analysis also enabled the derivation of reliable information
on the bending levels and of a set of spectroscopic parameters describing the Renner-Teller effect in the Ã+

state of OCS+. Two closely spaced strong lines have been observed near the origin of the X˜ f B̃+ band. The
upper one was assigned to the origin of the X˜ f B̃+ transition by extrapolation of the autoionizing Rydberg
series.

1. Introduction

The photoelectron spectra of CO2, OCS, and CS2 in the region
of 10-20 eV have been extensively studied and compared.1-15

Next to uncovering many features of the vibronic energy level
structure of the first electronic states of the cations, these studies
have contributed to highlight important aspects of the photo-
ionization dynamics in these molecules. A comparison of the
He I photoelectron spectra of the three molecules is presented,
for example, in Figure 2 of ref 8. The photoelectron spectra are
dominated by four bands corresponding to transitions from the
X̃ 1Σ(g)

+ neutral ground state to the X˜ + 2Π(g), Ã+ 2Π(u), B̃+ 2Σ(u)
+ ,

and C̃+ 2Σ(g)
+ ionic states. These bands have represented an

important source of information on the cations, which has
complemented that obtained from optical spectra.16-23

The photoelectron spectra of CO2, OCS, and CS2 offer the
means to study the Renner-Teller effect in molecular systems
subject to both spin-orbit and Fermi interactions and to
investigate how these interactions influence the photoionization
dynamics. Photoelectron spectroscopic studies of these mol-
ecules have also been used to demonstrate the capabilities of
new photoelectron spectrometers and techniques and to study
fundamental aspects of molecular photoionization. Wang et al.,
for instance, demonstrated how rotational and Doppler broaden-
ing of photoelectron bands could be eliminated by recording
the spectra of samples in cold supersonic expansions.8 In their
classical study of the threshold photoelectron spectrum of CO2,
Baer and Guyon7 carefully analyzed the mechanisms that lead
to the production of electrons of near-zero kinetic energy in
the Franck-Condon gap between the X˜ + 2Πg and Ã+ 2Πu states

of CO2
+ and showed the importance of resonant autoioniza-

tion,24 which is a mechanism that is expected to be important
in all polyatomic molecules.

Of all photoelectron bands in these systems, the X˜ 1Σ+ f
Ã+ 2Π band of OCS is the least well-characterized. The band
is extremely congested, and many details of the vibronic energy
level structure of the A˜ + state have not been fully extracted
yet, not even in the latest high-resolution study by pulsed-field-
ionization zero-kinetic-energy (PFI-ZEKE) photoelectron spec-
troscopy.14 The dominance of the progressions in the stretching
modes was already recognized in earlier studies.1,2 Frey et al.,3

Delwiche et al.,4 and Potts and Fattahallah5 were the first to
partially resolve the spin-orbit doublets of the stretching levels
and to obtain reliable estimates of the stretching frequencies
and the spin-orbit coupling constant.

The determination of the bending frequency of the A˜ + state
of OCS+ has turned out to be a challenge, because the excitation
of bending levels has a very low intensity, as a result of
vanishing Franck-Condon factors. Estimates in the range of
340-380 cm-1 could nevertheless be made on the basis of the
position of the allowed 21

1 hot band.5,6,8,14 These estimates
differ from those that have been inferred from the attribution
of weak features to transitions out of the ground neutral vibronic
state to bending levels and range from 400 cm-1 (data taken
from ref 8) to 590 cm-1 (data taken from ref 6). Generally, the
bending frequency is difficult to determine, because the bending
levels are split into several components by the Renner-Teller
effect. For instance, the 21 level splits into four levels of
symmetry2Σ+, 2∆5/2, 2∆3/2, and2Σ-, and it is not easy to extract
the bending frequency from a partially resolved photoelectron
spectrum. Only in high-resolution spectra can the spectral
features be assigned unambiguously to members of the bending
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progression, and Chen et al. have proposed many assignments
of transitions to bending levels on the basis of the cor-
respondence between level positions calculated ab initio and
spectral features observed in the synchrotron PFI-ZEKE pho-
toelectron spectrum.14 However, the assignments often were no
more than tentative.

The present study was motivated by our interest in the
Renner-Teller effect and by the realization that the current
knowledge of the X˜ 1Σ+ f Ã+ 2Π band of OCS, and particularly
that of the bending levels of the A˜ + state of OCS+, could be
advanced by a high-resolution photoelectron spectroscopic study.
We exploit here an indirect source of information on the bending
levels that becomes accessible when the resolution is sufficiently
high that the perturbations of the stretching levels caused by
Fermi interactions with the bending levels can be detected: A
deperturbation analysis can then be used to characterize the
bending levels.

Although the resolution of better than 0.1 cm-1, which can
now be attained by photoelectron spectroscopy,25 would be
sufficient to resolve the rotational structure in the photoelectron
spectra of molecules with rotational constants comparable to
that of the Ã+ state of OCS+, we have not concentrated on the
rotational structure of the spectra. It is indeed known from
optical spectra20,22,23 and photoionization spectra26 that all
excited vibrational levels of the A˜ + state of OCS+ are predis-
sociative and have a natural width larger than the spacing
between the transitions to low rotational levels.

2. Experiment

The PFI-ZEKE photoelectron spectra have been recorded
using a narrow-bandwidth VUV laser system that was coupled
to a photoion/photoelectron time-of-flight mass spectrometer.
The laser system and the photoelectron spectrometer have been
described in refs 27 and 28, and only aspects specific to the
present study are briefly summarized here.

VUV radiation in the range 122 000-129 000 cm-1 was
generated by two-photon resonance-enhanced sum-frequency
mixing (νVUV ) 2ν1 + ν2) in krypton using the (4p)55p[1/2] (J
) 0) r (4p)6 1S0 two-photon resonance at 2ν̃1 ) 94092.96 cm-1.
The VUV wavenumber was scanned by tuning the wavenumber
ν̃2. Two dye lasers pumped by an injection-seeded Nd:YAG
laser were used as input beams to the nonlinear frequency up-
conversion process, and, when necessary, their wavenumber was
doubled and tripled inâ-barium borate crystals. The VUV
wavenumber was calibrated to an absolute accuracy of 0.5 cm-1

by measuring the laser-induced fluorescence spectra of molec-
ular iodine and the optogalvanic spectra of argon and neon.

The photoelectron spectra were recorded by monitoring the
pulsed-field ionization of high Rydberg states located just below
the successive ionization thresholds as a function of the VUV
laser wavenumber. Thus, the lines in these spectra correspond
to energy differences between the vibronic states of the ion and
the neutral ground state.

OCS was introduced into the spectrometer by means of a
skimmed supersonic expansion of a mixture of argon and OCS
(spectroscopic-grade purity) in a dilution ratio of 4:1. To avoid
the formation of Ar+ ions in the photoexcitation region, argon
was replaced by neon as the inert gas in the expansion above
the ionization potential of argon (127109.8 cm-1). To measure
the PFI-ZEKE photoelectron spectra, a sequence of two pulsed
electric fields was used, with a first discrimination pulse of 70
mV/cm and a second detection pulse of-220 mV/cm. The pulse
sequence was applied 5µs after photoexcitation. The first pulse
primarily served the purpose of eliminating electrons with

nonzero kinetic energy, and the PFI-ZEKE photoelectron spectra
were recorded by monitoring the electrons released by the
second pulse.

The full width at half-maximum (fwhm) of the observed
transitions amounted to∼5 cm-1 and was determined by the
unresolved rotational envelope of the vibrational bands (see
above). The rapid decay of the vibrationally excited levels of
the Ã+ state of OCS+ implies that dissociation of the ion core
has already occurred when the pulsed electric field is applied
and that the Rydberg electrons have remained attached to the
S+ fragments. The field-induced lowering of the ionization
thresholds was taken into account by adding 1.5 cm-1 to the
measured line positions, as estimated using the method described
in ref 25.

Because of strong ionization into the ionization channels
associated with the X˜ + ionic ground state, the ion density in
the photoexcitation region had to be monitored carefully and
kept to a level of<106 ions/cm3 to prevent artifacts associated
with the formation of plasmalike conditions.29 Under conditions
where the ion density becomes too large, electrons emitted with
low kinetic energy just above each threshold have a tendency
to remain trapped in the ion cloud and become partially released
when the pulsed electric field is applied, leading to an
undesirable broadening of the lines on their high-wavenumber
side. This potential artifact could be eliminated either by
reducing the VUV laser intensity or by applying a discrimination
pulse of sufficient amplitude and duration to eliminate all
trapped electrons.

Photoionization spectra of OCS have also been recorded
through the entire region between the A˜ + and B̃+ states. The
ions were extracted with an electric field of 430 V/cm and
accelerated toward a microchannel plate detector located at the
end of a time-of-flight (TOF) tube. In this energy region, both
OCS+ and S+ ions were produced by ionization and dissociative
ionization, respectively. Spectra of the different ionic products
(OCS+, S+) were obtained by placing temporal gates at the
corresponding positions in the TOF spectrum. Monitoring these
ions as a function of the VUV wavenumber led to the
observation of several Rydberg series converging on the ground
vibronic level of the B̃+ state.

3. The Renner-Teller Effect in the Ã+ 2Π State of OCS+

To model the vibrational energy level structure in the A˜ + 2Π
state of OCS+ and the intensity distribution in the photoelectron
spectrum of the X˜ f Ã+ transition, one must consider the
Renner-Teller effect, the spin-orbit interaction, and Fermi
interactions between stretching and bending levels simulta-
neously. The energy level structure of linear molecules in
electronic states of2Π symmetry subject to these interactions
has been discussed in general terms in refs 30 and 31. In CO2,
CO2

+, CS2, and CS2+, Fermi interactions can only occur
between the bending and symmetric stretching levels for
symmetry reasons. In OCS and OCS+, Fermi interactions are
possible, in principle, between the bending (ν2) and both CO
(ν3) and CS (ν1) stretching levels. However, in the A˜ + state of
OCS+, the strong mismatch between the CO-stretching wave-
number (∼2000 cm-1) and twice the bending wavenumber
(∼700 cm-1) renders the effects of the Fermi interactions
between the bending and CO-stretching levels negligible.
Therefore, we only consider here the Fermi interactions between
the bending and CS-stretching levels.

The vibrational energy level structure of the A˜ + state of
OCS+, as it was determined in the present study, is displayed
in Figure 1. The figure gives an overview of the main
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interactions between the bending and stretching levels that are
relevant for the understanding of the photoelectron spectrum
of the X̃ f Ã+ transition and serves here primarily to illustrate
the different contributions to the energy level structure and to
explain how transitions to the bending levels of the A˜ + state of
OCS+, which vanish in first approximation, gain intensity by
Fermi interactions with the CS-stretching levels. The three
columns on the left-hand side of Figure 1 indicate the

“unperturbed” positions of the bending and CS-stretching levels
expected for each progression associated with a given value of
V3 (the results displayed in the figure are forV3 ) 1).

Because the CS-stretching levels haveΠ vibronic symmetry,
only bending levels of theΠ vibronic symmetry can gain
intensity by Fermi interactions. This implies that only bending
levels associated with an even value of the polyad quantum
numberVp ) 2V1 + V2 (whereV1 andV2 represent the vibrational

Figure 1. Overview of the energy level structure in the Fermi polyads withVp ) 0, 2, and 4 of the A˜ + 2Π state of OCS+. The diagram corresponds
to the result of the final analysis of theV3 ) 1 progression of the photoelectron spectrum but, here, serves the purpose of showing the main
contributions to the energy level structure and to the spectral intensities. The first three columns (panels a-c) correspond to a calculation of the
energies of CS-stretching levels indicated by the bold horizontal lines and bending levels associated with (a)V1 ) 0, (b) V1 ) 1, and (c)V1 ) 2,
which neglect the effects of the Fermi interactions with the CS-stretching levels. When the Fermi interactions are considered, the energy level
structure displayed in the fourth column (panel d) results. The last column (panel e) graphically represents the relative intensity distribution expected
within each polyad for transitions out of the X˜ 1Σ+ ground state of OCS, under the assumption that only transitions to the CS-stretching levels carry
intensity. Under this assumption, only bending levels ofΠ symmetry (|K| ) 1) can gain intensity in the photoelectron spectrum, and bending levels
with |K| * 1 have been omitted from the figure, for simplicity. The labelsµ andκ are the usual labels for levels corresponding to the lower and
upper Renner-Teller potentials, respectively.
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quantum number of the CS-stretching and bending levels,
respectively) need to be considered, and that, within these
polyads, all bending levels withΦ, H, ... vibronic symmetry
are not observable in the photoelectron spectra. To avoid
overloading the figure, only levels ofΠ vibronic symmetry have
been retained. The Fermi interactions of the bending levels with
the CS-stretching levels, which are indicated in bold in Figure
1, lead to the energy level structure displayed in the fourth
column. The energy levels in this column correspond to
eigenstates of mixed bending and CS-stretching character;
however, only their dominant character is indicated in the figure.
The CS-stretching characters of the eigenstates (calculated as
described below) are represented by horizontal lines of varying
length in the fifth column (panel e) of Figure 1, which, thus,
gives an idea of the expected intensity distribution in the
photoelectron spectrum. Not surprisingly, the transitions that
are expected to have nonvanishing intensities in the photoelec-
tron spectrum are clustered around the positions of the unper-
turbed CS-stretching levels.

The present analysis of the photoelectron spectrum of the X˜
f Ã+ transition of OCS is based on the previous treatments of
the Renner-Teller effect by Gauyacq and Jungen,32 Brown and
Jørgensen,31 Frye and Sears,19 and Smith et al.33 These treat-
ments rely on the diagonilization of an effective Hamiltonian
matrix expressed in a finite basis set with basis functions:

in which |Λ,V1〉 and |Λ,V2,K〉 represent the eigenfunctions of
the harmonic oscillator with vibrational quantum numbersV1

andV2 for the CS-stretching and bending coordinates, respec-
tively. Λ andΣ represent the quantum numbers associated with
the projections of the electron orbital and spin angular momenta
along the molecule axis, respectively, andK ) Λ + l
corresponds to the projection quantum number resulting from
the coupling of the orbital angular momentum and the vibra-
tional angular momentum arising from the bending motion with
quantum number|l| ∈{V2, V2 - 2, V2 - 4, ...,1/2(1 - (-1)V2)}.

The Hamiltonian can be divided into five contributions:

where the harmonic contributionĤharm represents a diagonal
matrix with elements

whereby the last term remains constant for the progressions in
ν1 andν2 analyzed here. The Renner-Teller Hamiltonian (ĤRT)
leads to a removal of the electronic degeneracy for bending
angles deviating from 180° and to two electronic potential
curvessone with positive parity (+,Γe ) A′ in Cs), the other
with negative parity (-,Γe ) A′′ in Cs)sand its matrix elements
are

wherea ) ν2 + 1 andb ) ν2 - 1. ε represents the Renner

parameter:

and can be expressed as a function of the harmonic force
constantsφ22

+ andφ22
- of the two bending potentials.

In Λ ) 0 electronic states, the anharmonicity of the potential
leads to the well-known expansion for the vibrational energies:

in whichxij represents the anharmonicity constants and the term
g22l2 removes the degeneracy of the bending levels.30 In
electronically degenerate states withΛ * 0, the anharmonicity
associated with the bending motion must be treated separately:
Whereas the pure bending anharmonicity leads to diagonal and
off-diagonal elements coupling levels differing inV2 by (2 and
(4, according to the expressions listed in the upper half of Table
1 in ref 33, the stretch-bend anharmonicity leads to Fermi
interactions between levels differing inV1 by (1 and inV2 by
-2, according to eqs 8-13 (see also the lower half of Table 1
in ref 33):

where d ) V1 + 1, e ) V2 + 3, and the Fermi interaction
parametersW1 andW2 are functions of the cubic force constants
φ122

+ andφ122
- :34

The spin-orbit interaction is taken into account by eq 16:

in which the effective spin-orbit coupling constantAeff,V1

is taken to be linearly dependent on the degree of excitation

|Λ,V1〉|Λ,V2,K〉|S,Σ〉 ≡ |Λ,V1,V2,K,Σ〉 (1)

Ĥeff ) Ĥharm+ ĤRT + Ĥanharm+ ĤFermi + ĤSO (2)

〈(1,V1,V2,K,Σ|Ĥharm| ( 1,V1,V2,K,Σ〉 ) hν1(V1 +1
2) +

hν2(V2 + 1) + hν3(V3 + 1
2) (3)

〈+1,V1,V2,K,Σ|ĤRT| - 1,V1,V2,K,Σ〉 ) h
εν2

2
xa2 - K2 (4)

〈(1,V1,V2,K,Σ|ĤRT| - 1,V1,V2 - 2,K,Σ〉 )

h
εν2

4
x(b - K)(a - K) (5)

ε )
φ22

+ - φ22
-

φ22
+ + φ22

- (6)

Evib

hc
)

Evib
(harm)

hc
+ x11(V1 + 1

2)2
+ x22(V2 + 1)2 +

x33(V3 + 1
2)2

+ x12(V1 + 1
2)(V2 + 1) + x13(V1 + 1

2)(V3 + 1
2) +

x23(V2 + 1)(V3 + 1
2) + g22l

2 (7)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| ( 1,V1,V2,K,Σ〉 ) 2W1axd (8)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| - 1,V1,V2,K,Σ〉 )

2W2xd(a2 - K2) (9)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| ( 1,V1,V2 - 2,K,Σ〉 )

W1xd(a - K)(b ( K) (10)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| - 1,V1,V2 - 2,K,Σ〉 )

W2xd(a - K)(b - K) (11)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| ( 1,V1,V2 + 2,K,Σ〉 )

W1xd(a ( K)(e - K) (12)

〈(1,V1 + 1,V2,K,Σ|ĤFermi| - 1,V1,V2 + 2,K,Σ〉 )

W2xd(a ( K)(e ( K) (13)

W1 ) 1
2
(φ122

+ + φ122
- ) (14)

W2 ) 1
2
(φ122

+ - φ122
- ) (15)

〈(1,V1,V2,K,Σ|ĤSO| ( 1,V1,V2,K,Σ〉 ) (hcAeff,V1
Σ (16)
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in the CS-stretching mode:

Because of the predissociative nature of the vibrationally
excited levels of the A˜ + state and the associated width of∼5
cm-1 of the observed lines in the PFI-ZEKE spectrum (see
Section 4.1), the positions of the vibrational levels could not
be determined accurately enough for the parameters describing
the pure bending anharmonicity to be derived from our
measurement. Consequently, only the Fermi interaction param-
etersW1 andW2 (eqs 8-15), the Renner parameter (eqs 4-6),
the spin-orbit constantsA0 andR1 (eqs 16 and 17), the harmonic
wavenumbers (ω1, ω2, andω3), and the anharmonic coupling
constants (x11, x33, x13, and x23) could be extracted from the
experimental data. The anharmonic coupling constantx12 was
found to be very small and, in addition, correlated tox11; its
value was set to zero in the analysis. Moreover, because of the
structure of eq 7, rather than optimizing the harmonic constants
ω1, ω2, andω3 in a nonlinear least-squares fit to the experimental
data, it was more convenient to fit the constants

and

to the positions of the members of the progression associated
with V3 ) 0, and fit the constants

and

to the positions of the members of the progression associated
with V3 ) 1 (see Section 4.1). Similarly, the constants

and x33 were extracted from the positions of the members of
the (0,0,V3) progression. It was then straightforward to determine
the constantsω1, ω2, ω3, x13, andx23, using eqs 18-22.

The effective Hamiltonian approach to the treatment of the
Renner-Teller effect in the photoelectron spectrum of the X˜
f Ã+ band of OCS enables a simple treatment of the vibrational
intensity distribution already outlined in the discussion of Figure
1: Because transitions to the bending levels are characterized
by vanishing Franck-Condon factors, the intensity of transitions
to these levels is entirely “borrowed” from transitions to CS-
stretching levels that are in Fermi interaction with the bending
levels. This intensity-borrowing mechanism implies that only
the bending levels ofΠ symmetry can gain intensity, and that
all other bending levels withΣ(, ∆, Φ, Γ, etc. remain
unobservable in the photoelectron spectrum of the X˜ 1Σ+ f
Ã+ 2Π band of OCS, in accord with the experimental results
(see Section 4).

The amount of stretching character of each bending level can
be determined from the eigenvectors ofĤeff and used to simulate

the intensity distribution of the photoelectron spectrum. Al-
though one generally does not expect the intensity distribution
in a PFI-ZEKE photoelectron spectrum to reflect the direct
ionization cross-sections faithfully (see ref 35 for a general
discussion), a calculation of the intensity distribution based on
the assumption that the intensities correspond to direct-ionization
cross sections provides a qualitative understanding of the
mechanisms by which bending levels gain intensity and a means
to confirm spectral assignments, as will be shown in the next
section.

4. Results and Discussion

4.1. The PFI-ZEKE Photoelectron Spectrum of the X̃f
Ã+ Band. An overview of the PFI-ZEKE photoelectron
spectrum of OCS from the origin of the X˜ f Ã+ band to the
origin of the X̃ f B̃+ band is displayed in Figure 2. The
spectrum of the X˜ f Ã+ band is composed of several vibrational
progressions of the type 10

V1 30
V3, with V1 ranging from 0 to 4

andV3 ranging from 0 to 3. The assignment of the progressions
associated withV3 ) 0-3 are indicated along the assignment
bars below the spectrum. The transitions to the vibrational levels
of the Ã+ state typically consist of doublets, separated by∼120
cm-1, corresponding to the two spin-orbit components of the
Ã+ 2ΠΩ state withΩ ) 3/2 and 1/2. The higher members of
each progression inV1 with V1 g 1 display more than two
components, as a result of the Fermi interaction with the bending
levels, as will be discussed in more detail below. The progres-
sions with V3 g 2 strongly overlap with theV3 ) 0 and 1
progressions above 127 000 cm-1, and the spectrum in this
region becomes too congested for unambiguous assignments
to be made. For this reason, the analysis of the Renner-Teller
effect presented below is restricted to the first two progressions
with V3 ) 0 and 1 below 127 000 cm-1. By far the most intense
transitions in the spectrum are the two closely spaced lines
located in the vicinity of the origin of the X˜ f B̃+ transition at
∼129 350 cm-1.

Even a cursory look at Figure 2 suffices to convey the
impression that the spectrum of the X˜ f Ã+ transition is
perturbed. In Figures 3 and 4, the spin-orbit doublet of the
first five bands of theV3 ) 0 and 1 progressions are compared
on an expanded scale. To facilitate the comparison and highlight
the irregularities, the positions of the lower spin-orbit com-
ponents of the successive bands have been aligned: The spin-
orbit splitting varies from band to band and weaker structures
can be discerned in most bands withV1 g 1. Both progressions
display very similar irregularities. For instance, theV1 ) 2
component appears as a triplet in Figures 3c and 4c, and theV1

) 1 andV1 ) 2 bands are characterized by particularly large
splittings between the two main spin-orbit components.

The irregularities in the vibrational progressions can be
accounted for quantitatively by considering the Fermi inter-
actions between the stretching levels and the Renner-Teller
components of the bending levels. To guide the assignment and
obtain reliable information on the bending levels, an iterative
procedure relying on calculations of the energy level structure,
using the formalism outlined in Section 3, was followed, starting
with the lowest Fermi polyads. In the lowest portion of the
spectrum, only the Fermi coupling constants and the harmonic
bending wavenumber were adjusted at fixed values of the spin-
orbit coupling constantA0 and the Renner parameterε. After
an unambiguous assignment of the first Fermi polyads was
made, a forward calculation of the next polyads was performed
and compared to the spectrum. As the number of assigned lines
became larger, the number of parameters to be adjusted was

Aeff,V1
) A0 - R1V1 (17)

ω1
(0) ) ω1 + 1

2
x13 (18)

ω2
(0) ) ω2 + 1

2
x23 (19)

ω1
(1) ) ω1 + 3

2
x13 (20)

ω2
(1) ) ω2 + 3

2
x23 (21)

ω3
(0) ) ω3 +

x13

2
+ x23 (22)
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increased until most observed lines of the first five polyads could
be unambiguously attributed. Several weak features in Figures
3 and 4 were at the limit of the detection sensitivity of the
measurement and were not used in the fitting procedure, which
we restricted to the stronger lines.

In the final phase of the analysis, molecular parameters were
determined for both progressions in a nonlinear least-squares-
fitting procedure, the results of which are summarized in Table
1. A total of nine parameters could be determined for each
progression, including the following: the ionization energy (IE),
the bending and CS-stretching wavenumbers (ω2

(0), ω2
(1) and

ω1
(0), ω1

(1); see eqs 18-21), the anharmonic constant (x11), the
Renner-Teller parameterε, the spin-orbit constantsA0 and
R1, and the Fermi coupling parametersW1 and W2. IE corre-
sponds to the transition from the X˜ 1Σ+(0, 0, 0) vibronic ground
state to the A˜ + 2Π3/2(0, 0, 0) and Ã+ 2Π3/2(0, 0, 1) states; in the
case of theV3 ) 0 progression, IE corresponds to the adiabatic
ionization energy. In addition, the constantsω3

(0) (see eq 22)
andx33 could be derived from the positions of the first members
of the (0,0,V3) progression. The root-mean-square (rms) devia-
tions of the fits were 2.2 and 1.3 cm-1 for theV1 ) 0 andV1 )
1 progressions, respectively. The observed and calculated
positions of the members of theV3 ) 0 andV3 ) 1 progressions
are compared in Tables 2 and 3, respectively. These tables list
the positions of all levels of the polyads withVp e 2 but only
the observed levels in higher polyads. The maximal deviations
between calculated and experimental wavenumbers were 4.6
cm-1 (V3 ) 0 progression) and 2.5 cm-1 (V3 ) 1 progression).
Given that the width of the observed bands was∼5 cm-1, the
agreement between calculation and experiment can be regarded
as satisfactory. The harmonic wavenumbersω1, ω2, andω3 and
the anharmonicity constantsx13 andx23 that can be derived from
the results of the fits using eqs 18-22 are listed in the lower
portion of Table 1.

The validity of the assignments made in the present investiga-
tion are supported by the following two observations. First, the

Figure 2. PFI-ZEKE photoelectron spectrum of OCS in the region of the X˜ 1Σ+ f Ã+ 2Π and X̃ 1Σ+ f B̃+ 2Σ+ bands. The assignment bars
indicate four vibrational progressions in the CS-stretching mode (ν1) associated with excitation of up to three quanta (V3 ) 0-3) in the CO-
stretching mode (ν3). Each vibrational band shows two main components, corresponding to the two spin-orbit components of the2ΠΩ state with
Ω ) 3/2 and1/2. In the higher members of the progressions, the Fermi interactions lead to additional structures.

TABLE 1: Results of Least-Squares Fits of the Molecular
Parameters Used to Describe the Renner-Teller Effect in
the Ã+ 2Π State of OCS+ with the Model Described in
Section 3,a and Harmonic Frequencies and Anharmonicity
Constants Determined from the Results of the Fit and the
Positions of the First Members of the (0,0,W3) Progression
(W3 e 2)b

Value

parameter V3 ) 0 V3 ) 1

Results of Least-Squares Fits
IE/(hc) (cm-1) 121598.8(20)c 123624.8(30)
ω2

(0), ω2
(1) (cm-1) 353.5(20)d 346.0(43)

ε -0.225(10)e -0.210(18)
A0 (cm-1) -114.5(20)f -116.3(14)
R1 (cm-1) 1.0(36) 2.1(17)
ω1

(0), ω1
(1) (cm-1) 805.4(55)g 797.7(18)

x11 (cm-1) -0.8(13) -2.4(3)
W1 (cm-1) 16.5(11) 17.0(12)
W2 (cm-1) 0.2(7) 0.7(6)

Harmonic Frequencies and Anharmonicity Constants

ω1 (cm-1) 809(6)
ω2 (cm-1) 357(5)
ω3 (cm-1) 2062(5)
x12 (cm-1) 0
x13 (cm-1) -7.7(60)
x23 (cm-1) -7.5(50)
x33 (cm-1) -12(3)

a The root-mean-square deviation of the fits were 2.2 and 1.3 cm-1

for the progressions associated withV3 ) 0 andV3 ) 1, respectively.
b The numbers in parentheses represent one standard deviation.c The
adiabatic ionization energy is given as 121595( 4 cm-1 in ref 14.d A

value of 417 cm-1 can be derived usingω2 ) x(1/2)(ω2,A′
2 +ω2,A′′

2 )
and the theoretical values forω2,A′ and ω2,A′′ given in Table 1 of ref
14. e A value of ε ) - 0.2137 can be derived usingε ) (ω2,A′

2 -
ω2,A′′

2 )/(ω2,A′
2 + ω2,A′′

2 ) and the theoretical values forω2,A′ and ω2,A′′
given in Table 1 of ref 14.f An experimental value of 114 cm-1 is
given in ref 14.g A theoretical value of 812.6 cm-1 is given in Table
1 of ref 14.
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independent fits of the two vibrational progressions yielded very
similar sets of molecular parameters, in accordance with the
expected weak dependence of the molecular parameters on the
excitation of theν3 mode (see, e.g., eqs 18-21). Second, the
stretching character of the eigenstates could be used to suc-
cessfully account for the intensity distribution of the photoelec-
tron spectra.

To obtain a qualitative understanding of the intensity distribu-
tion in the PFI-ZEKE photoelectron spectrum, the spectrum was
simulated by exploiting both the eigenvalues and the eigenvec-
tors of the effective Hamiltonian (see eq 2). The eigenvalues
were used to determine the positions of the lines in the PFI-
ZEKE photoelectron spectrum, and the eigenvectors were used
to estimate the relative line intensities. To this end, the following
approximations were made: (i) it was assumed that the intensity
of the transitions is solely carried by the stretching modesν1

and ν3, the transitions to the bending levels being either
vibronically forbidden or associated with vanishing Franck-
Condon factors; (ii) the relative intensities of the lines were
calculated as sums of products of the square of the stretching
coefficients, with the Franck-Condon factors associated with
transitions to the different stretching levels; and (iii) the Franck-
Condon factors were themselves estimated from the relative
intensities of the He I photoelectron spectra.4,5,8 Despite the
approximate nature of this treatment, the intensity calculations

turned out to reproduce the main aspects of the intensity
distributions, as is illustrated in Figures 3 and 4, which compare
the experimental spectra (lower inverted traces in each panel)
with the simulated spectra (displayed as stick spectra) for the
two main stretching progressions.

Although our attribution of the two main components of each
polyad to the two spin-orbit components (2Π3/2 and2Π1/2) of
the CS-stretching levels is in good agreement with the results
of the recent analysis of Chen et al.14 (see their Table 2 for the
results of theoretical predictions and their Table 3 for a summary
of their experimental assignments), our analysis leads to very
different assignments for the weaker members of the Fermi
polyads. The main reason for the differences in the assignments
lies in the very different values of the bending frequency
determined in the two studies. Whereas a value of∼350 cm-1

was determined in our analysis (see Table 1), the attributions
in ref 14 rely on a value of 417 cm-1 (as determined from the
average values of the bending frequencies of the two Renner-
Teller potential curves; see footnote d in Table 1). This large
discrepancy has a profound effect on the assignments: In our
analysis, the bending frequency is observed to be less than half
the CS-stretching frequency and the dominant Fermi interactions
are between the highest components of the bending polyads
(labeledκ in Figure 1) and the stretching levels, whereas, in
the analysis of Chen et al., the bending frequency is more than

Figure 3. Details of the PFI-ZEKE photoelectron spectrum of OCS
in the region of the successive Fermi polyads clustering around the
CS-stretching levels with (a)V1 ) 0, (b) V1 ) 1, (c) V1 ) 2, (d) V1 )
3, and (e)V1 ) 4. The spectra correspond to the vibrational progression
associated withV3 ) 0. In each panel, the inverted traces correspond
to the experimental spectra and the stick spectra to the results of
calculations including the Renner-Teller effect and the spin-orbit and
Fermi interactions.

Figure 4. Details of the PFI-ZEKE photoelectron spectrum of OCS
in the region of the successive Fermi polyads clustering around the
CS-stretching levels with (a)V1 ) 0, (b) V1 ) 1, (c) V1 ) 2, (d) V1 )
3, and (e)V1 ) 4. The spectra correspond to the vibrational progression
associated withV3 ) 1. In each panel, the inverted traces correspond
to the experimental spectra, and the stick spectra to the results of
calculations including the Renner-Teller effect and the spin-orbit and
Fermi interactions.
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half the CS-stretching wavenumber, leading to a rather different
pattern of Fermi interactions. In the higher Fermi polyads, the
differences between our results and those of ref 14 become so
large that no common assignments can be found between the
two studies. Note that the assignments proposed in Table 3 of
ref 14 were made by establishing correspondences between
calculated and measured positions and do not appear to have
taken other sources of information, such as line intensities, into

account. For instance, several lines are assigned to transitions
from the X̃1Σ+(000) ground state to bending levels ofΣ+ and
∆ symmetry in Table 3 of ref 14. We have not observed these
transitions in our spectra. The good agreement between the
experimental and simulated spectra displayed in Figures 3 and
4 constitutes, in our opinion, a strong indication in favor of the
present assignments, and the assignments proposed in ref 14
should be regarded as tentative assignments guided by numerical
ab initio calculations.

Figure 5. Photoionization spectrum of OCS below the X˜ 1Σ+ f B̃+ 2Σ+ ionization threshold. The spectrum consists of several Rydberg series that
converge on the vibrational ground level of the B˜ + 2Σ+ state and are visible both in the photoionization (OCS+) and the dissociative ionization (S+)
channels.

TABLE 2: Experimental and Calculated Positions of the
Vibrational Energy Levels of the Ã+ 2Π State of OCS+

Corresponding to the Progression Associated withW3 ) 0a

Assignment E/(hc) (cm-1)

symmetry Vp (V1,V2,V3)b observed calculated
CS-stretching

characterc

2Π3/2 0 (0,0,0) 121598.8 121598.8 0.99
2Π1/2 0 (0,0,0) 121710.9 121711.6 0.99
µ2Σ1/2 1 (0,1,0) 121904.1 0.00
2∆5/2 1 (0,1,0) 121938.8 0.00
2∆3/2 1 (0,1,0) 122048.2 0.00
κ2Σ1/2 1 (0,1,0) 122103.1 0.00
µ2Π3/2 2 (0,2,0) 122207.7 0.03
µ2Π1/2 2 (0,2,0) 122217.7 0.02
2Φ7/2 2 (0,2,0) 122271.1 0.00
2Φ5/2 2 (0,2,0) 122375.4 0.00
2Π3/2 2 (1,0,0) 122404.9 122404.4 0.94
κ2Π1/2 2 (0,2,0) 122457.3 122459.7 0.16
κ2Π3/2 2 (0,2,0) 122478.1 122481.9 0.03
2Π1/2 2 (1,0,0) 122528.0 122528.0 0.83
κ2Π3/2 4 (0,4,0), (1,2,0) 123198.9 123196.2 0.22
2Π3/2 4 (2,0,0) 123213.0 123215.8 0.70
κ2Π1/2 4 (1,2,0), (2,0,0) 123283.7 123285.2 0.34
2Π1/2 4 (2,0,0), (1,2,0) 123348.9 123348.6 0.52
2Π3/2 6 (3,0,0) 124011.6 124011.1 0.74
κ2Π1/2 6 (2,2,0), (0,6,0) d 124019.7 0.08
κ2Π3/2 6 (2,2,0), (0,6,0) 124045.8 124046.8 0.15
2Π1/2 6 (3,0,0) 124109.1 124109.2 0.52
κ2Π1/2 6 (1,4,0), (2,2,0) 124183.2 124178.6 0.19
2Π3/2 8 (4,0,0) 124818.3 124818.3 0.79
2Π1/2 8 (4,0,0) 124928.9 124931.6 0.58

a This table lists all calculated levels up to the second Fermi polyad
(Vp ) 2). For higher polyads, only the levels observed experimentally
are listed. The calculations were made using the molecular parameters
describing the Renner-Teller effect and spin-orbit and Fermi interac-
tions listed in Table 1.b Main components.c CS-stretching character
of each level used to determine the intensities.d Shoulder.

TABLE 3: Experimental and Calculated Positions of the
Vibrational Energy Levels of the Ã+ 2Π State of OCS+

Corresponding to the Progression Associated withW3 ) 1a

Assignment E/(hc) (cm-1)

symmetry Vp (V1,V2,V3)b observed calculated
CS-stretching

characterc

2Π3/2 0 (0,0,1) 123624.8 123624.8 1.00
2Π1/2 0 (0,0,1) 123740.3 123739.6 0.99
µ2Σ1/2 1 (0,1,1) 123927.7 0.00
2∆5/2 1 (0,1,1) 123957.9 0.00
2∆3/2 1 (0,1,1) 124069.6 0.00
κ2Σ1/2 1 (0,1,1) 124117.3 0.00
µ2Π3/2 2 (0,2,1) 124225.3 0.03
µ2Π1/2 2 (0,2,1) 124235.5 0.02
2Φ7/2 2 (0,2,1) 124283.6 0.00
2Φ5/2 2 (0,2,1) 124390.4 0.00
2Π3/2 2 (1,0,1) 124417.3 124419.7 0.93
κ2Π1/2 2 (0,2,1) 124464.4 124464.6 0.12
κ2Π3/2 2 (0,2,1) 124485.2 124485.1 0.03
2Π1/2 2 (1,0,1) 124545.0 124544.5 0.87
2Π3/2 4 (2,0,1) 125212.1 125214.2 0.86
κ2Π1/2 4 (1,2,1) 125280.4 125277.9 0.26
2Π1/2 4 (2,0,1) 125348.9 125348.0 0.65
κ2Π1/2 6 (2,2,1), (0,6,1) d 125989.5 0.06
2Π3/2 6 (3,0,1) 125993.6 125994.6 0.56
κ2Π3/2 6 (3,0,1), (2,2,1) 126017.5 126017.7 0.30
2Π1/2 6 (3,0,1) 126088.7 126088.1 0.43
κ2Π1/2 6 (3,0,1), (2,2,1) 126157.9 126157.4 0.34
µ2Π1/2 8 (1,6,1) 126125.5 126126.5 0.14
2Π3/2 8 (4,0,1) 126786.3 126784.8 0.74
2Π1/2 8 (4,0,1) 126891.5 126894.0 0.56

a The table lists all calculated levels up to the second Fermi polyad
(Vp ) 2). For higher polyads, only the levels observed experimentally
are listed. The calculations were made using the molecular parameters
describing the Renner-Teller effect and spin-orbit and Fermi interac-
tions listed in Table 1.b Main components.c CS-stretching character
of each level used to determine the intensities.d Shoulder.
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4.2. The PFI-ZEKE Photoelectron Spectrum of the X̃f
B̃+ Band.The PFI-ZEKE photoelectron spectrum of OCS shows
two closely spaced lines, separated by∼30 cm-1, near the
expected origin of the X˜ f B̃+ transition. The B˜ + state is a
2Σ+ state; therefore, this doublet structure cannot be explained
by a fine structure splitting. In their previous investigation, Chen
et al.14 also noticed this doublet structure and attributed the upper
component of the doublet to the origin of the X˜ f B̃+ transition,
on the basis of the results of earlier photoelectron spectroscopic
studies, but did not discuss possible assignments of the lower
component of the doublet.

The spectral structure observed in the photoionization spec-
trum provides a means to derive an unambiguous assignment
of the origin of the X̃f B̃+ transition. The photoionization
spectrum below the onset of the X˜ f B̃+ transition is displayed
in Figure 5 and reveals several Rydberg series observed both
in the photoionization (OCS+) and dissociative ionization (S+)
yield. These series all converge to the same ionic limit at
129367(5) cm-1 which exactly corresponds to the position of
129365.9(30) cm-1 of the upper of the two closely spaced lines
in the PFI-ZEKE photoelectron spectrum, leaving no doubt that
this upper line actually corresponds to the origin of the X˜ f
B̃+ transition. The observation of these series and the non-
observation of series converging on the position of 129334.4(30)
cm-1 of the lower of the two lines observed in the PFI-ZEKE
photoelectron spectrum provide additional information on the
assignment of this line in the PFI-ZEKE photoelectron spectrum.
Indeed, one can rule out that this line corresponds to an ionic
level that strongly interacts with the B˜ + state, thereby gaining
intensity in the photoelectron spectrum. If this were the case,
one would have also observed Rydberg series converging on
this level in the photoionization spectra, in contrast to the
experimental results. Instead, one must conclude that this line
corresponds to a transition to a vibrationally excited level of
the Ã+ state that gains intensity in the PFI-ZEKE photoelectron
spectrum by a channel interaction with one or more Rydberg
states belonging to series that converge to the B˜ +(0,0,0) level.

5. Conclusions

A complete analysis of the vibrational structure and the
intensity distribution of the PFI-ZEKE photoelectron spectrum
of the X̃ 1Σ+ f Ã+ 2Π transition of OCS has been performed.
This analysis has led to a characterization of the Renner-Teller
effect, of the spin-orbit interaction, and of Fermi interactions
between CS-stretching and bending levels in the A˜ + 2Π state
of OCS+. Although photoionizing transitions from the ground
neutral state to the bending levels of the A˜ + state are usually
very weak, these transitions gain intensity from the transitions
to the CS-stretching levels to which they are coupled via Fermi
interactions. Information on the bending levels could be
determined from the analysis of the perturbations of the CS-
stretching levels.

The assignments of the bending levels of the A˜ + of OCS+

made in the present study differ markedly from assignments
made recently in the analysis of the synchrotron PFI-ZEKE
photoelectron spectrum of OCS.14 The present results indicate
that the harmonic bending wavenumber of OCS+ is <360 cm-1,
whereas the assignments in ref 14 were based on a value of
>400 cm-1. This large discrepancy in the bending wavenumber
leads to completely different energy-level patterns in the
successive Fermi polyads.

Besides the derivation of a set of parameters (which are listed
in Table 1) describing the vibronic structure of the A˜ + state of

OCS+, the present investigation also led to the determination
of improved values of 121598.8(20) cm-1 and 129365.9(30)
cm-1 for the second and third adiabatic ionization energies of
OCS, corresponding to the formation of the A˜ + and B̃+ states
of OCS+. By combining the second adiabatic ionization energy
with the valueν̃00 ) 31404.099(7) cm-1 of the origin of the
Ã+ r X̃+ transition determined by Ochsner et al.,22 an improved
value of 90194.7(20) cm-1 can be derived for the first adiabatic
ionization energy of OCS.

Acknowledgment. This work is supported financially by the
Swiss National Science Foundation and the ETH Zu¨rich.

References and Notes

(1) Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. R.Molecular
Photoelectron Spectroscopy. A Handbook of He 584 Å Spectra; Wiley-
Interscience: London, 1970.

(2) Natalis, P.; Delwiche, J.; Collin, J. E.Faraday Discuss. Chem. Soc.
1972, 54, 98.

(3) Frey, R.; Gotchev, B.; Peatman, W. B.; Pollak, H.; Schlag, E. W.
Int. J. Mass Spectrom. Ion Phys.1978, 26, 137.

(4) Delwiche, J.; Hubin-Franskin, M.-J.; Caprace, G.; Natalis, P.; Roy,
D. J. Electron Spectrosc. Relat. Phenom.1980, 21, 205.

(5) Potts, A. W.; Fattahallah, G. H.J. Phys. B1980, 13, 2545.
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