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Abstract

Using the laser photoelectron attachment (LPA) method involving a supersonic target beam with carbonyl sulfide molecules (OCS) seeded in
helium, we have studied the formation of cluster anions in low-energy electron attachment (E = 1–200 meV) to molecular clusters of OCS at
high resolution (energy width 1–2 meV). Homogeneous cluster anions (OCS)q

− (q = 1–12) are predominantly formed. In addition, due to CS2

impurities in the OCS sample, mixed cluster anions ((OCS)q−1CS2
−, q ≥ 1) are observed at levels of a few percent. The energy dependences

of cluster anion formation are characterized by a strong rise towards zero energy attributed to s-wave attachment as well as—below the onsets
of the (0 1 0), (0 0 1), and (0 2 0) vibrational modes of the OCS molecule—by vibrational Feshbach resonances (VFR) whose importance
decreases towards larger cluster sizesq. Formation of the (OCS)2

− anion is especially enhanced at near-zero electron energies; moreover, the
attachment spectrum exhibits a sharp VFR resonance just below the onset for excitation of the (0 2 0) mode in the OCS molecule. The electron
attachment behaviour of OCS clusters is intermediate between that of CO2 clusters (which is dominated by VFRs) and that of CS2 (which
exhibits a strong zero energy peak, but no VFRs). This finding is correlated with the properties of the respective molecular neutrals and anions
which have been studied using high level ab initio methods. We also report the energetics of the neutral and the anion dimer species. The role
of VFRs as doorway states into valence-type anion states is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Temporary negative ion states XY−∗ are known to be cru-
cial for vibrational excitation[1–6] and negative ion for-
mation[1–4,6–8]in low energy collisions of electrons with
molecules XY and clusters (XY)N (N ≥ 2) (described by
a set of quantum numbers{α} denoting its electronic and
ro-vibrational state):

(XY )N{α} + e−(E) → (XN)N
−∗ → (XY )N{α′} + e−(E′) (1a)

→ (XY )q−1Y− + X + (N − q)XY , (q ≤ N) (1b)

→ (XY )q
− + (N − q)XY , (q < N) (1c)

→ (XY )N
−‡ (τ > 100µs) (1d)

∗ Corresponding author.

Here path (1a) describes elastic (α = α′) or inelastic scat-
tering. Process (1b) represents dissociative electron attach-
ment (DA) while in the reaction (1c) (only relevant for
clusters, i.e.,N ≥ 2) anion formation proceeds through
evaporation of XY constituents. Even if no other stabiliz-
ing process occurs, the temporary negative ion (XY)N

−∗
(N ≥ 1) can become metastable with respect to spontaneous

re-emission (autodetachment) of the electron, if the elec-
tronic energy is rapidly redistributed into internal degrees
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of freedom (intra- and intermolecular vibration, rotation),
thereby yielding long-lived negative ions (XY)N

−‡ in path
(1d), e.g., SF6−‡ from SF6 [6,9–11]or small (H2O)N−‡ an-
ions (N = 2, 6, 7)[12]. Let us emphasize at this point that
targets of molecular clusters (XY)N , typically created in su-
personic beams, contain a broad distribution of sizesN. As
a consequence, the correlation of the observed anion clus-
ter sizeq with the sizeN of the neutral cluster precursor
relevant for the reactions (1) is thus not a priori known.

One of the interesting features of clusters is their role as
nanoscale prototypes for studying the effects of solvation
on the characteristics of both solvent and solvated particle,
due to the interaction between a solvated molecule or ion
and its surrounding solvent environment. Solvation effects
also play a key role in the formation of negative ions by at-
tachment of slow electrons to molecular clusters. The anion
resonances, observed for single molecules, appear shifted
towards lower energies in clusters due to the effects of sol-
vation [7,8]. For molecular clusters additional features may
be observed which reflect the effects of the cluster environ-
ment on the resonance energy and symmetry. One aspect is
the appearance of anion resonances in clusters whose forma-
tion is symmetry-forbidden for the isolated molecule[7,13].
Another intriguing result in early studies of cluster anion
formation was the observation of a prominent resonance at
zero energy in cases where such a feature is absent in the
monomer[7,14] (e.g., for clusters of CO2 [15–17], N2O
[15,16], and H2O [18]), but the true nature of this “zero en-
ergy resonance” remained uncertain for some time.

Using the laser photoelectron attachment (LPA) method at
energy widths around 1 meV, our group has recently demon-
strated that the cluster anion yield in electron collisions
with clusters of XY= N2O [19,20] and CO2 [21,22] over
the energy range 0–200 meV is to a large extent mediated
by narrow vibrational Feshbach resonances (VFRs)[6,23],
i.e., temporary negative ion states of the type [(XY)N−1
XY(νi ≥ 1)]− which occur at energies below those of the
neutral cluster [(XY)N−1XY(νi ≥ 1)] (here the vibrational
excitationνi in the VFR and the neutral cluster is meant to
be the same). It was thus shown for N2O [19,20] and CO2
clusters[21,22] that the broad “zero energy resonance,” as
observed in the early work at energy widths around 0.5 eV
[7,14,16,17], is due to the combined influence of the pre-
viously non-resolved, overlapping VFRs and (notably for
N2O clusters) a sharp s-wave type enhancement of the cross
section towards zero energy. For XY= N2O, the VFRs
were found to be extremely sharp with widths between 2
and 5 meV, to exhibit redshifts of less than 1 meV per added
molecular unit, and to yield predominantly heterogeneous
cluster anions (N2O)q−1O− (q ≥ 5) [19,20], but also homo-
geneous cluster anions (N2O)q− (q ≥ 4) [20]. Similar find-
ings were reported for CO2 clusters[21,22]. In that case,
reaction (1b) does not contribute in a measurable extent to
cluster anion formation at low electron energies, i.e., only
homogeneous (CO2)q− anions (q ≥ 4) were observed as
decay products of the resonances. The VFRs are signifi-

cantly broader than those for N2O clusters (but still narrow,
10–20 meV) and exhibit larger red-shifts of about 12 meV
per added monomer unit[21,22]. These findings show in a
direct way that only few neutral precursor cluster sizesN
(mainly one or two) lead to a certain anion sizeq. A simple
model for the electron binding in the VFRs, involving the
long-range electron-cluster polarization interaction and an
essentially constant short range potential was able to repro-
duce the size-dependent redshift of the VFRs[21,22] and
indicated that the sizeq of the observed cluster anions does
not differ much from the sizeN of the neutral cluster in-
volved in the VFRs which decay to the observed anion (most
likely N − q = 0 or 1).

Subsequent work on the formation of (CS2)q− (q ≥ 1)
cluster anions due to electron attachment to carbon sul-
fide clusters[22] yielded—in strong contrast to the situation
for carbon dioxide clusters—smooth cross sections without
VFR structure, showing s-wave behaviour near-zero energy
and a monotonical decrease towards larger energies. This
different behaviour was tentatively associated with the dif-
ference between the respective molecular electron affinities
[22]. The observation of VFRs requires the existence of
weakly-bound diffuse electron states, residing at the surface
of the molecule or cluster and corresponding to long-range
binding of the electron, e.g., due to dipolar or polarization
forces[6,20–23]. In CO2 electron scattering at low energies
is dominated by a virtual state[6,24–26]which evolves into
a weakly-bound state for clusters with sizes above about
4 [27]. Correspondingly, VFRs may be observed in anion
yields forq ≥ 4. For CS2 the vertical electron affinity is near
0 eV[28], and one expects positive vertical electron affinities
in CS2 clusters due to the solvation shift; the anions should
pick up progressively valence-type character, and this pre-
cludes the presence of VFRs. An example where solvation
effects lead to disappearance of a VFR is the case of methyl
iodide. A clear and prominent VFR has been observed for
the CH3I molecule just below theν3 = 1 vibrational onset
[23] while in the yield for (CH3I)qI− (q = 1, 2) cluster an-
ion formation little (q = 1) and essentially no VFR structure
(q = 2) is left [29].

In view of the strong differences between the attachment
spectra for CO2 and CS2 clusters it is of obvious interest to
investigate the attachment behaviour of OCS clusters with
the aim to elucidate the evolution of VFR structure along
the sequence CO2, OCS, and CS2. To our knowledge, the
only previous work on energy-controlled cluster anion for-
mation involving OCS clusters was carried out by Kondow
and Mitsuke[30] who used Rydberg electron transfer (RET)
to OCS clusters in a seeded supersonic beam from an ensem-
ble of electron-excited Kr∗(nl) Rydberg atoms with a band
of principal quantum numbers aroundn ≈ 25. Under their
experimental conditions, the anion mass spectrum was dom-
inated by homogeneous (OCS)q

− anions with a maximum
at the cluster sizeq = 10 [30]. We note that anion forma-
tion in dissociative electron attachment to OCS monomers
at low energies is dominated by S− formation, showing a



S. Barsotti et al. / International Journal of Mass Spectrometry 233 (2004) 181–192 183

prominent peak at about 1.4 eV with a cross section of about
2.6 × 10−21 m2 [31,32].

In the present work, we report the results of a high reso-
lution study of the energy dependent yield for cluster anion
formation due to low-energy attachment of free electrons
(E = 1–200 meV) to molecular clusters in a supersonic
beam of OCS molecules, seeded in helium carrier gas. At-
tachment spectra are presented for (OCS)q

− (q = 1–12)
anions and also for the heterogeneous cluster anion species
(OCS)qCS2

− (q = 0, 1), formed in electron attachment to
mixed (OCS)NCS2 clusters (q ≤ N) present in the neutral
cluster sample due to a CS2 impurity. We also compare the
evolution of the attachment spectra for formation of ho-
mogeneous cluster anions along the molecular series CO2,
OCS, and CS2: while the CO2 spectra are dominated by
VFR structure, OCS presents an intermediate case, and for
CS2 no VFR structure is left in the spectra. The article is or-
ganized as follows. InSection 2we discuss electron binding
properties of OCS and its isovalent partners CO2 and CS2
and present some results of ab initio calculations regarding
the respective potential energy surfaces; inSection 3, we
dwell on the properties of the OCS dimer anion. InSection
4 we briefly address the experimental procedure and discuss
some mass spectrometric test measurements. InSection 5
we present and discuss the experimental attachment spectra
for homogeneous (OCS)q

− cluster anions and for some
mixed cluster anions of the type (OCS)qCS2

−; we also
compare the spectra observed for CO2, OCS and CS2 clus-
ters and discuss the evolution along the molecular series.
We conclude with a brief summary and some perspectives.

2. Electron binding properties of the CO2, OCS, and
CS2 monomers

In this section we consider long-lived anionic states of the
OCS monomer and its two isovalent partners CO2 and CS2.
All three neutral molecules are linear in their closed-shell
electronic ground states, and their structural properties are
well documented in the literature (e.g.,[33]). For conve-
nience in the discussions below, we note that the lowest vi-
brationally excited states of OCS, labeled (ν1 ν2 ν3), are the
bending mode (0 1 0) (64.5 meV), the CS stretch mode (0 0 1)
(106.5 meV) and the bending overtone (0 2 0) (129.0 meV).
The CO stretch mode (1 0 0) (255.7 meV)[34] is energeti-
cally not accessible in the energy range of the present ex-
periment.

In contrast, the properties of the associated anions, includ-
ing the electron affinities, are still matter of debate. Most
structural information on the anions stems from high level
ab initio calculations, and an account of early work as well
as reliable results for all three species can be found in[28].
Yet, in particular for the adiabatic electron affinity (AEA)
of OCS (and CS2) there is considerable disagreement be-
tween different computed values and values inferred from
different experiments. For example, Compton et al.[35] de-

Table 1
Adiabatic electron affinity (AEA) and vertical detachment energy (VDE)
of CO2, OCS, and CS2

AEA ZPC VDE

AUG3 AUG4 AUG3 AUG3 AUG4

CO2 −635 −632 88 982 1028
OCS −79 −77 70 1392 1437
CS2 +376 +404 53 1320 1386

The values have been computed at the CCSD(T) level and do not
include zero-point energies. Harmonic zero-point energy corrections
(ZPC) for the AEA are given separately. All values in meV. Com-
puted bond lengthsR [10−10 m] and bond anglesθ [◦] obtained at the
CCSD(T)/AUG3 level: CO2: R0(CO)= 1.1670; CO2

−: R−(CO)= 1.2368,
θ− = 137.6. OCS: R0(CO)= 1.1625, R0(CS)= 1.5747; OCS−:
R−(CO)= 1.2130,R−(CS)= 1.7162,θ− = 136.2. CS2: R0(CS)= 1.5654;
CS2

−: R−(CS)= 1.6462,θ− = 142.7.
Note that the neutral molecules are linear (θ0 = 180).

duced a value of AEA(OCS) = (0.46±0.2) eV from charge
transfer measurements involving alkali atoms with variable
kinetic energy while Chen and Wentworth[36] deduced the
lower limit AEA(OCS) ≥ 0.4 eV by using an electron cap-
ture detector operated in the pulse sampling mode at steady
state. In contrast, Gutsev et al.[28] report a calculated value
of AEA(OCS) = −0.22 eV, and most recently Surber et al.
[37] conclude from their calculations that the AEA(OCS) is
“either slightly negative or essentially zero.”

Here we present on the one hand very high level ab initio
results for the AEA of all three isovalent molecules CO2,
OCS, and CS2, and, on the other hand, cuts through the three
respective potential energy surfaces (PES) that connect the
equilibrium geometries of the neutral and the corresponding
anionic species.

To compute the AEA as well as the vertical detachment
energy (VDE) of the three systems the geometries (see
Table 1) and the harmonic vibrational frequencies have
been computed at the coupled cluster with single and dou-
ble excitations and non-iterative triples (CCSD(T)) level,
employing the augmented correlation-consistent triple-zeta
(AUG3) basis set[38,39]. Single point energies at these
geometries were then calculated at the CCSD(T) level,
using the corresponding quadruple-zeta (AUG4) basis set
[38,39], i.e., a [6s5p4d3f2g] set for carbon and oxygen and
a [7s6p4d3f2g] set for sulfur. (Note that in the next section
the associated double-zeta (AUG2) basis set is used in ad-
dition.) Whereas the calculations of the AEA involve only
anionic states that are clearly stable with respect to vertical
detachment, the cuts through the PES contain regions where
the detachment energy becomes very small and the bound
anionic states are transferred into resonances. In these
regions very diffuse basis functions are needed, and the de-
scription of the anionic states based on a single unrestricted
Hartree–Fock (HF) or restricted HF reference function can
break down[27,40]. Thus, to compute the cuts through the
PES the equation-of-motion coupled-cluster (EOM-CCSD)
method[41] was employed and the AUG3 basis set was
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further augmented with a [4s4p2d] set of diffuse functions
(even scaled exponents starting from the smallest respec-
tive exponents in the AUG3 sets, scaling factor 101/2). In
all calculations the core electrons were frozen in their HF
orbitals. The calculations were performed using the ACES
II computer code[42].

The results for the AEA and VDE are collected inTable
1. Taking the uncorrected AUG4 values and the harmonic
zero-point correction we arrive at AEA values of−544 meV
for CO2, −7 meV for OCS, and+457 meV for CS2. These
values are consistently more positive than the most reliable
results from reference[28], and our AEA for OCS of essen-
tially 0 eV is in line with the conclusions reached in[37].

We are confident that the values are well converged from
a one-particle basis set point of view, since the computed
values change only very little in going from the AUG3 to
the AUG4 basis set, but there may of course be small shifts
due to correlation effects beyond CCSD(T) and due to the
correlation of the core electrons. Based on the comparison
with analogous calculations for the well known EA of the
O and S atoms, we conclude that the errors of our results
should be at most in the order of 50 meV. Thus, the findings
put a question mark on several of the experimental values
and call for a reexamination of the data.

Whereas the individual AEA and VDE values are cer-
tainly important by themselves, a more complete picture of
the electron binding properties can be obtained by consid-
ering how the electron attachment energy changes in going
from the geometry of the anion to that of the neutral. The
corresponding potential energy curves are shown inFig. 1,
where straight line cuts through the two respective minima
(defined in terms of bond lengthR and bond angleθ by the
respective two points [R0, θ0] and [R−, θ−], seeTable 1) have
been studied. Clearly, the adiabatic potential curves of CO2

−
and OCS− do not simply “cross” into the continuum, but
bend towards the curves of their associated neutrals, form-
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Fig. 1. Cuts through the potential energy surfaces of CO2, OCS, and
CS2 (full curves) and of their anions (broken curves). Straight line cuts
through the equilibrium geometries of the respective neutral/anion pairs
have been studied (see text). The energy of the neutrals was computed
at the CCSD(T)/AUG3 level, and the curves of the anions have been
obtained from the electron affinities computed at the EOM-CCSD/AUG3+
[4s4p2d] level.

ing barriers before the attachment energies become negative
and the anionic states become resonances. In the region of
the barrier, the wave function of the anion changes its char-
acter from valence to diffuse, and this change strongly in-
fluences the properties of the long-lived anion as well as the
electron scattering processes from the neutral in the energy
region below the anionic minimum[40,43]. For CO2, this
effect is much stronger than for OCS, whereas for CS2 the
curves of the neutral and the anion do not cross in the in-
vestigated part of the nuclear coordinate space, since at the
employed theoretical level even the vertical electron affin-
ity (VEA) is found to be slightly positive. We find also at
the higher CCSD(T)/AUG4 level a positive VEA of 8 meV
for CS2, and thus predict that for a substantial part of the
Franck–Condon zone the potential energy surfaces of the
anion is below the surface of neutral CS2. Consequently, for
CS2 the character of the crossing is not expected to be as
relevant as for CO2 or OCS.

3. Properties of (OCS)2
− anions

While negatively charged carbon dioxide and carbon
disulfide clusters have been subject of many studies (see
Section 1and, e.g., references in[22]), the structures and
spectrosopic properties of (OCS)q

− cluster anions have
only recently been investigated[44–46]. In particular for
the dimer anion several possible structures were discussed
and investigated theoretically[44] as well as spectroscop-
ically [45,46]. It was found that (OCS)q

− cluster anions
do possess a far richer photochemistry than the analo-
gous negatively charged CO2 cluster ions. For example, in
photodissociation three types of ionic products were iden-
tified following excitation at 395 and 790 nm: (OCS)qS2

−,
(OCS)qS−/(OCS)q−1OCS2

−, and (OCS)q−, and the size
distribution in the cluster anion mass spectra exhibited a
strong dependence on the photon energy. This behaviour
is due to a greater structural flexibility of (OCS)q

− cluster
anions which can, in contrast to (CO2)q− cluster anions,
form weak covalent S–S bonds.

(CO2)q− anion clusters show two different types of struc-
tures [47–50]. On the one hand, there are clusters with
monomer anion cores, that is, the excess electron is localised
on one particular CO2 monomer and the other CO2 units
essentially solvate the CO2− anion. We will refer to these
species as type-I clusters, and note that the type-I dimer has
also been addressed as “electrostatically bound” and as “van
der Waals complex.” On the other hand, the electron can be
localised on an oxalate-like C2O4

− anion that possesses a
covalent C–C bond. These clusters are referred to as type-II
or dimer-anion-core structures. Since (OCS)q

− cluster an-
ions can in addition form weak covalent S–S and C–S links,
there is a wider variety of type-II isomers, e.g., only C–C
linked, C–C and S–S linked, etc.[44]. In particular, a C–C
and S–S linked dimer forming a four-membered ring was
found to be the most stable isomer and to possess low-lying
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electronically excited states, a qualitatively new property in
comparison with CO2 cluster anions[44].

In the present context the primary interest is the attach-
ment process at low electron energies, and here we aim at
getting a reasonably accurate idea of how much energy is in
principle available—or rather needs to be dissipated—after
electron attachment and what kind of process can be initiated
by a low energy electron. Structures, relative energies, and
a C2v constrained cut through the adiabatic PES along the
C–C bond breaking coordinate of different anionic species
(and neutral/anion pairs), obtained at the second order many
body perturbation theory (MP2) level, have been given in
reference[44]. We reinvestigated several of these species as
well as two possible structures of the neutral OCS dimer at
the CCSD(T) level, since higher order correlation effects be-
yond MP2 are known to be important for the computation of
the electron affinity of the OCS monomer as well as for the
electron binding properties of the analogous CO2 clusters.

In the following, we briefly present energies obtained at
the CCSD(T)/AUG3 level, employing CCSD(T)/AUG2 ge-
ometries and CCSD/AUG2 zero-point energy corrections.
At this level of theory the AEA of the OCS monomer is pre-
dicted to be−5 meV, very close to the best value discussed
in Section 2. We considered two structures of the OCS dimer
that are both derived from the well-known C2h symmetrical
CO2 dimer (see, e.g.,[51]). Owing to the lower symmetry
of the OCS monomer, there are two C2h symmetrical OCS
dimer structures, one with the O atoms (Fig. 2, upper right),
and one with the S atoms pointing “outward” (Fig. 2, up-
per left). The energy of the O-outward isomer is slightly
lower, and the binding energies of the two (OCS)2 van der
Waals clusters are 79 and 68 meV, respectively, in the same
order of magnitude as that of the CO2 dimer. Relative to
the lower OCS dimer, the AEA of the OCS·OCS− type-I
cluster anion (C1 symmetry;Fig. 2, lower left) is found to
be 0.15 eV, and that of the lowest type-II dimer anion (C2v
symmetry[44]; Fig. 2, lower right) is predicted as 0.58 eV.

Fig. 2. Geometrical structures of neutral and anionic OCS dimers discussed
in the text. The structures have been computed at the CCSD(T)/AUG2
level of theory. Upper left: (OCS)2 S-outward isomer; upper right:
(OCS)2 O-outward isomer; lower left: (OCS)2

− type-I cluster; lower right:
(OCS)2− type-II cluster.

As far as we can compare these energies with the values
given in reference[44] the agreement with the MP2 results
is astonishingly good, yet the more recent values (obtained
with the B3LYP hybrid functional[46]) clearly overestimate
the dimer’s electron affinity considerably. All in all, in con-
trast to CO2

−, already the OCS− monomer is at the brink
of electronic stability, and the type-I and type-II (OCS)2

−
anions possess substantial electron binding energies.

4. Experimental setup and test measurements

Our experiment is based on the laser photoelectron at-
tachment (LPA) method introduced by Klar et al.[9,52]:
energy-variable, monoenergetic electrons are created by
laser photoionization of laser-excited atoms in a collimated
beam and interact with the target molecules (clusters) of in-
terest in the region where the photoionization process takes
place. In the present work, we apply the variant of the LPA
method introduced by Weber et al.[12,19,29](seeFig. 3).

The electrons are produced by two-step laser photoion-
ization of potassium atoms in a collimated beam (collima-
tion 1:400, diameter 1.5 mm) from a doubly differentially
pumped metal vapour oven[29,53]. Both hyperfine compo-
nents of ground state39K (4s, F = 1, 2) atoms are trans-
versely excited to the39K∗ (4p3/2, F = 2, 3) states by the
first sidebandsf1 ± ∆f of the electro-optically modulated
(∆f = 220.35 MHz) output of a stabilized single mode cw
Titanium:Sapphire laser (λ1 = 766.7 nm, frequencyf1) (see
Fig. 4). Part of the excited state population is transferred
to high Rydberg levels (nd, (n + 2)s,n ≥ 12) or photoion-
ized by interaction with the intracavity field of a broadband
(40 GHz= 0.16 meV) tunable dye laser (power up to 5 W),
operated in the blue spectral region (λ2 = 472–424 nm, dye
Stilbene 3). The energy of the photoelectrons can be con-
tinuously varied over the range 0–200 meV by tuning the
wavelength of the ionizing laser (λ2 < 455 nm).

Electrons, created in the overlap volume of the potassium
atom beam and the laser beams, may attach to molecules and

Fig. 3. Schematic view of the setup for the laser photoelectron attachment
experiment.
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clusters in a collimated, differentially pumped seeded super-
sonic beam, propagating in a direction perpendicular to both
the potassium and the laser beams. The target beam has a di-
ameter of 3 mm in the reaction region and originates from a
nozzle with 60�m diameter at a nozzle temperature ofT0 =
300 K and stagnation pressure ofp0 = 3 bar (10% OCS in
He, supplied by Praxair GmbH). Anions, generated by elec-
tron attachment and drifting out of the essentially field free
reaction chamber, are imaged into a quadrupole mass spec-
trometer (m/q ≤ 2000u/e) and detected by a differentially
pumped off axis channel electron multiplier (background
counting rate about 0.02 s−1). The reaction volume is sur-
rounded by a cubic chamber made of oxygen free, high con-
ductivity copper, the inner walls of which are coated with
colloidal graphite. By applying bias potentials to each face
of the cube, dc stray electric fields are reduced to values
FS ≤ 0.1 V/m. Magnetic fields are reduced to values be-
low 2�T by compensation coils located outside the vacuum
apparatus. The electron energy resolution is limited by the
bandwidth of the ionizing laser (�EL ≈ 0.16 meV), resid-
ual electric fields (�EF ≤ 0.3 meV), the Doppler effect
caused by the target velocity (�ED ≈ 0.07E1/2, �ED and
electron energyE in meV), and space charge effects due to
K+ photoions generated in the reaction volume (depending
on the K+ current)[54]. Simulations and measurements in-
dicate that the space charge broadening amounts to about
0.033 meV/pA (FWHM) for the conditions of the attachment
experiment[54]. For the sake of normalization and in situ
resolution testing, measurements of SF6

− formation were
frequently carried out, using a seeded supersonic beam of
about 0.05% SF6 in He (p0 = 1 bar,T0 = 300 K). By com-
parison of the measured anion yield with the known cross
section for SF6− formation [6,9,55] near 0 eV (convoluted
with adjustable resolution functions), the effective electron
energy spread at low energies can be inferred. From this
comparison and the information gained on the energy broad-
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Fig. 5. Mass spectrum of positive ions resulting from 85 eV electron
impact of a collimated cluster beam, formed by supersonic expansion of
a mixture of 10% OCS in helium carrier gas at 3 bar and 300 K. (a) An
enlarged view of the spectrum at low masses (m/q ≥ 10u/e) with a linear
intensity scale; the assignment of the masses is given inTable 2.

ening due to the photoion space charge[54], we estimate the
overall energy spread (FWHM) at low energies to be typi-
cally 1–2 meV at electron currents in the range 20–50 pA.

The composition of the cluster beam was routinely mon-
itored by measuring the mass spectra of positive ions due
to 85 eV electron impact, using an auxiliary, standard elec-
tron gun at a current of about 1�A, placed between the LPA
reaction chamber and the entrance hole of the mass spec-
trometer. The mass spectrum of positive ions is dominated
by homogeneous cluster ions (OCS)q

+, as seen inFig. 5.
Under the experimental conditions relevant for the inves-

tigations described inSection 5, the (OCS)q+ intensities de-
crease nearly exponentially in the size range of interest (by
about three decades fromq = 2 to q = 20). Although the
positive ion mass spectrum is not a direct image of the neu-
tral cluster size distribution, the measured positive ion mass
spectrum indicates that the size distribution for the neutral
clusters (OCS)N varies smoothly forN = 2–20. Fig. 5a
shows a detail of the mass spectrum (mass range 10–210 u),
and the mass assignment is presented inTable 2. We note
that the peaks at 76 and 136 u may be attributed to the
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Table 2
Assignment of the positive ion mass peaks, observed at the indicated
mass to charge ratios (u/e) inFig. 5a, to the respective possible species,
resulting from 85 eV electron impact of the OCS cluster beam which
contains a small CS2 impurity

Mass Positive ion fragment

12 C+
28 CO+
32 S+/O2

+
44 CS+/CO2

+
60 OCS+
64 S2

+
76 (OCS)O+/CS2

+
96 S3

+
108 (OCS)OS+
120 (OCS)2+
124 (OCS)S2+
136 (OCS)2O+/(OCS)CS2+
180 (OCS)3+

combinations OCS·O+/CS2
+ and (OCS)2·O+/OCS·CS2

+,
respectively.

Negative ion mass spectra, due to Rydberg electron trans-
fer (RET) involving K∗∗(nl) Rydberg atoms, show homoge-
neous (OCS)q− (q ≥ 2) cluster anions as dominant species,
and, very weakly, OCS− ions. InTable 3, we quote typical
intensities observed for the (OCS)q

− (q ≥ 1) anions due
to Rydberg electron attachment at high principal quantum
numbersn (n ≈ 260) when the ion optics was optimized
for each cluster size separately. InFig. 6 we compare the
(OCS)q− (q ≥ 1) anion intensities due to RET at highn
with the intensities of the positive (OCS)q

+ (q ≥ 1) ions,
observed in 85 eV electron impact.

It was found that theq-dependent cluster anion intensity
ratios Iq(n)/Iq=2(n) (q = 1–12) were, to within a factor of
two or less, independent ofn at principal quantum numbers
lower than aboutn ≈ 50, while these ratios were found to
decrease rather strongly (by factors around 4) withn rising to
n ≈ 260 (Rydberg electron binding energy≈ 0.2 meV). The
latter observation reflects the fact that the rate coefficient for
(OCS)2− formation is especially high at very low electron
energy.

In addition to the homogenous cluster anions, mixed clus-
ter anions of the type (OCS)q−1CS2

− (q ≥ 1) (i.e., CS2−
for q = 1) were observed at levels of a few percent. For
energetic reasons, they cannot be assigned (as possible for
positive ions at the respective masses) to ions of the type
(OCS)qO− (q ≥ 1). The observation of these (unexpected)
anions (OCS)q−1CS2

− (q ≥ 1) is attributed to an impurity
of CS2 molecules in the OCS sample (probably accompa-
nied by a corresponding impurity of CO2 molecules).

Table 3
Counting rates CR (counts s−1) for the yield of (OCS)q− cluster anions (q = 1–12) due to Rydberg electron transfer at high principle quantum numbers
(n ≈ 260); ion optics optimized for each cluster anion sizeq

q 1 2 3 4 5 6 7 8 9 10 11 12
CR 25 43000 8800 9000 12500 8500 5800 3900 1950 1150 500 260
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Fig. 6. Intensities of homogeneous positive ions (open circles) and negative
ions (full circles, normalized atq = 2) due to 85 eV electron impact
and threshold electron attachment (Rydberg electron transfer atn ≈ 260)
respectively, involving an OCS cluster beam, formed by an expansion of
10% OCS in helium at 3 bar and 300 K.

5. Experimental results and discussion

In Fig. 7 we present the energy dependent yield for
(OCS)q− (q = 1–12) cluster anions over the energy range
E = 1–200 meV. These measurements were carried out at
an electron current ofIe = 30 pA. All the spectra have a
common intensity scale (corresponding to the respective
cluster anion intensities inTable 3, as observed for RET
at highn), and exhibit a distinct zero energy peak, indica-
tive of s-wave attachment. The spectrum observed for the
molecular anion OCS− (q = 1) shows a very low count-
ing rate, and only selected energy regions were covered.
It exhibits a narrow resonance peaking at about 128 meV
(just below the onset for (0 2 0) vibrational excitation at
130 meV), which we interprete as a VFR associated with
the (ν1 ν2 ν3) = (0 2 0) threshold. VFRs are temporary an-
ion states in which the incoming electron is weakly bound
in a diffuse orbital to a vibrationally excited molecule or
cluster[6,23]. The electron binding may be due entirely to
long-range forces (associated with, e.g., a permanent dipole
moment and/or the polarizability of the molecule or cluster).
The key spectrum is observed forq = 2 where the peaks
exhibit the narrowest widths (see alsoFig. 8, middle trace).
Apart from the already mentioned prominent rise towards
zero electron energy, it also shows the sharp VFR located
at 128 meV, followed by a broader peak (centered at about
117 meV) and structure just around the (0 0 1) onset. An-
other peak, located at about 59 meV, can be attributed to a
VFR associated with the (0 1 0) vibrational onset. The shape
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Fig. 7. Low-energy electron attachment spectra for formation of
(OCS)q−anions (q = 1–12) from (OCS)N clusters (q ≤ N). The full ver-
tical lines denote the energy positions of the listed vibrational modes in
the OCS monomer.

of the VFR at 128 meV is similar to the VFR previously
observed at about 61 meV in I− formation via dissociative
electron attachment to CH3I molecules, just below the onset
for theν3 = 1 C–I stretch vibration[23,29].

The attachment spectra for bothq = 1 andq = 2 exhibit
the (0 2 0)-peak essentially at the same energy position, in-
dicating that the yield of the monomer OCS− is due to pri-
mary formation of the dimer anion (OCS)2

− with subsequent
evaporation of a single OCS molecular unit (and not due to
attachment of clusters with sizesq ≥ 3). It is not expected
that (longlived) OCS− anions are formed throughfree elec-
tron attachment to OCS monomers because the mechanism
which produces metastable ions of, e.g., SF6

− at near-zero
energies, namely resonant electron capture followed by ef-
ficient vibrational redistribution into anion states with long
autodetachment times[3,6,9–11], will not be operative for
a triatomic system. Moreover, capture into the bent OCS−
ground state (which likely is metastable in the light of the po-
tential curves inFig. 1, see also discussion in[37]) is strongly
suppressed by unfavorable Franck–Condon factors. We note
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that OCS− formation is only a weak channel in the RET
anion mass spectra as well, both atn = 20 and atn ≈ 260.
For RET at lowern, OCS− formation from OCS monomers
might have been considered possible via post-attachment sta-
bilization [56] of the OCS− anion through momentum and
energy exchange within the K+–OCS− complex, formed in
the primary electron transfer process. This type of stabiliza-
tion has been demonstrated, for instance, in RET to CS2
molecules atn ≤ 20 [57–60]. Possibly, the needed geome-
try change to produce long-lived OCS− ions is too large as
to be efficiently induced by post-attachment interactions in
the K+–OCS− complex.

In the attachment spectrum for (OCS)3
− cluster anion

formation (seeFigs. 7 and 8), the sharp peak in the spectrum
for dimer anions, assigned to a VFR associated with the
(0 2 0) vibrational onset, is no longer observed. The peak
maximum is red-shifted by about 27 meV with respect to
the corresponding broad peak in the dimer anion spectrum.
At lower energies another weak peak is observed around
40 meV, red-shifted by about 19 meV with respect to the
corresponding weak peak in the dimer spectrum.
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With rising cluster size (4≤ q ≤ 7), the peak structure
broadens progressively with onsets shifting by about 10 meV
towards lower energy per added monomer unit (Fig. 7). For
q > 7 no clear peak structure is left in the spectra which
are dominated by the rise towards zero energy. The miss-
ing of the sharp (0 2 0) resonance forq > 2 has an analogy
in the findings for electron attachment to (CH3I)q clusters
[23,29]: the sharp VFR observed at about 61 meV (just be-
low the onset for the C–I stretch vibrationν3 = 1) for dis-
sociative attachment to methyl iodide monomers (yielding
I− ions) is missing in the attachment spectra for (CH3I)qI−
cluster anions, which exhibit only weak, broadened and
red-shifted structure forq = 1 and practically no struc-
ture for q = 2. These findings were interpreted by model
R-matrix calculations[29], which suggest that two mecha-
nisms are responsible for the disappearance of the VFR: a
shift of the negative-ion curve due to solvation and interac-
tion with soft-mode vibrations which destroy the resonance
and, in addition, smear out the pronounced cusp structure at
theν3 = 1 threshold observed in dissociative attachment to
the monomer[29].

At higher electron energies (between 150 and 200 meV)
the attachment spectra forq = 2–7 show a counting rate
that is clearly higher than zero, in particular forq = 4 and
q = 5. This behaviour may possibly be attributed to the
influence of VFR structure associated with the symmetric
stretch mode (1 0 0), located at 255.7 meV for the monomer.
Measurements extending to higher energies are desirable to
confirm this interpretation.

Apart from the homogeneous (OCS)q
− anions, we have

also observed weak anion signals attributed to the species
(OCS)qCS2

− (q ≥ 0). Attachment spectra were taken for
the anions CS2− and (OCS) CS2−; they are shown inFig. 8
and compared with the yield functions for the homoge-
neous anions (OCS)q

− (q = 1–3). The spectra for CS2− and
(OCS)CS2− exhibit a zero energy peak and broad shoulders
with onsets around 130 and 120 meV, respectively, attributed
to the influence of VFR structure. These onsets agree with
those observed in the spectra for the homogeneous dimer
and trimer anions, respectively. Note that the sharp VFR in
the dimer anion spectrum (which we interpret to be an at-
tachment characteristic of the neutral dimer cluster) is miss-
ing in the spectrum for CS2− formation. We propose that
the spectra observed for the homogeneous dimer and trimer
anions is due to electron attachment to the neutral dimer and
trimer cluster, respectively, while the spectra for CS2

− and
(OCS)CS2− formation are due to electron attachment to the
mixed neutral clusters (OCS)CS2 and (OCS)2CS2. The fact
that the onsets of the VFR structure in the spectra for the
(OCS)q− (q = 2, 3) anions essentially agree with those for
the VFR structure in the spectra for the (OCS)qCS2

− (q =
0, 1) anions indicates that the solvation shift in the respec-
tive temporary anions is essentially the same when a CS2
molecule replaces a OCS monomer. We note that the CS2

−
anion yield does not arise from attachment to pure CS2 clus-
ters for two reasons: (i) in this experiment, CS2 molecules

1 10 100

101

102

103

104

105

106

(OCS)-q

q = 2

q = 3

q = 7

q = 10

x 10

x 100

x 4000

 E -1

∝ 

∝ 

∝ 

∝ 

E -0.6

E -0.85

E -0.7

IO
N

 Y
IE

LD
 [c

ou
nt

s/
s]

ELECTRON ENERGY [meV]

Fig. 9. Double-logarithmic plot of the attachment spectra for (OCS)q
−

(q = 2, 3, 7, 10) cluster anion formation. The energy dependence very
close to zero energy follows aE−X dependence withX in the range
0.6–1.0, compatible with s-wave capture.

are much less abundant than OCS, (ii) the yield for CS2
−

formation from pure CS2 clusters shows no structure in the
respective energy range[22].

When the (OCS)q− attachment spectra ofFig. 7are plot-
ted on a double-logarithmic scale, additional information on
the shapes of the attachment curves at very low energies is
revealed. These plots are shown inFig. 9 for the selected
cluster sizesq = 2, 3, 7, 10. At very low energies (E <

5 meV) the attachment yields exhibit a behaviour propor-
tional to E−X , where the parameterX assumes values be-
tween 0.6 and 1.0 as a function of cluster sizeq. These values
of X are given with an uncertainty of±0.05. This behaviour
of the electron attachment cross section, which rises towards
very low energies, suggests that the electron-cluster inter-
action occurs through s-wave capture[12,19,61,62]. Fig. 9
also clearly reflects the importance of the VFR structure in
theq = 2 spectrum and the disappearance of the VFR struc-
ture towards higher anion sizeq.

In Fig. 10we compare cluster attachment spectra for the
isovalent series CO2, OCS, and CS2 for selected anion sizes
q. Formation of CO2 cluster anions predominantly proceeds
through VFRs which act as doorway states towards anion
formation by providing time for the nuclear framework to
reorganize into non-autodetaching anion states. On the con-
trary, no VFR structure is observed for CS2 cluster anion
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formation while OCS presents an intermediate case. It is of
interest to correlate these findings with the electron scatter-
ing and binding properties of the respective monomers.

The adiabatic electron affinities rise in steps of about
0.5 eV from CO2 (≈−0.5 eV) via OCS (≈0 eV) to CS2
(≈+0.5 eV, seeSection 2). The vertical electron affini-
ties for the geometry of the respective linear ground state
molecule (i.e. the relevant quantities for a “sudden” at-
tachment process in the spirit of the Franck–Condon prin-
ciple) rise strongly from−3.8 eV (2�u shape resonance)
for CO2 to ≈0 eV for CS2. Electron scattering from CO2
at energies below 1 eV is, however, strongly influenced
by a virtual state[6,24–26] which evolves into a bound
state upon bending (and stretching) of the molecule, as
illustrated inFig. 1. This scenario is reflected in the experi-
mental observation of VFRs in the near-threshold excitation
of certain higher-lying Fermi-coupled vibrations in CO2
involving symmetric stretch and bending[43]. These vi-
brational resonances owe their existence to the fact that
the electron largely resides in a diffuse long-range bound
orbit which does not autodetach for a sufficiently bent and
stretched nuclear framework. Around the linear geometry
the CO2

− starts to loose the extra electron since it is no
longer bound in the adiabatic sense. The near-threshold
electron departs only slowly, however, and part of the out-
going wave function is recaptured when the nuclei swing
back to the bent geometry again, giving rise to VFRs of
varying widths[6]. The VFRs observed in the attachment
spectra for the formation of (CO2)q− (q ≥ 4) cluster an-

ions may well represent the solvation-shifted analogues of
the VFRs just discussed for the monomer. The redshifts
of the cluster anion resonances (relative to the monomer
vibrational level energies) were recovered with a simple
model in which the extra electron is bound by a com-
bination of the long-range polarization potential with an
attractive potential inside the cluster[21,22]. More recent
high level ab initio studies of electron binding to small
CO2 clusters have shown[27] that anion clusters with
sizesq ≥ 4 are stable, but the nature of the experimen-
tally observed VFRs has still to be understood in more
detail.

For CS2 the vertical electron affinity is near 0 eV
(see Section 2). Long-lived weakly bound CS2− anions
are formed in Rydberg electron transfer (RET) to CS2
molecules at medium principal quantum numbers[57–60].
The rate coefficient for this process shows a broad maxi-
mum aroundn ≈ 18 [58,60], reminiscent ofn dependences
observed for the formation of dipole bound anions[63,64].
Dunning’s group showed that these CS2

− anions are sub-
ject to field detachment in rather small electric fields of
a few kV cm−1 [57]. Strong and sharp CS2

− resonances
have been observed in the energy dependence of the to-
tal cross section[65] as well as of the angle differential
elastic cross section[66] for scattering of free electrons
from CS2 molecules at very low energies (<0.1 eV). The
origin of these resonances is still under debate[6]; note
that the vibrational spectrum of the valence states of CS2

−
exhibits a very large density of states in this energy range.
(CS2)2− anions have been predicted[67] to exist as stable
species with adiabatic electron affinities >0.3 eV relative to
CS2 + CS2

−. It is expected that the vertical electron affinity
of (CS2)q clusters (q ≥ 2) is also positive and rising with
increasingq due to solvation. According to the absence of
VFR structure in the attachment spectra for CS2 clusters
the effects of solvation quench vibrational resonance struc-
ture, which is so clearly present in the electron scattering
cross sections for the CS2 monomer, in a way similar to
the trend observed for methyl iodide molecules and clusters
[29].

No high resolution electron scattering experiments on
OCS monomers at very low energies have been reported yet
to our knowledge, but it may be expected that VFR struc-
ture will be present at energies lower than for CO2. VFR
structure is clearly observed in the attachment spectra for
(OCS)q− cluster anions with small sizeq (seeFig. 7), but
gets lost for larger sizes due to the effects of solvation. The
high yield for dimer anions at near-zero electron energies
(including RET at highn) and the sharp (0 2 0) VFR in the
attachment spectrum of the dimer anion are especially re-
markable and point to the existence of a “real” zero energy
resonance, i.e., a strong diffuse electron capture state of the
neutral precursor cluster (which we propose to be the OCS
dimer). In the attachment spectra for (CO2)q− cluster for-
mation, VFR structure persists up to the largest anion sizes
studied (q = 34). The corresponding redshifts for the VFRs
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have increased to values around 200 meV, and it would be of
interest to explore the VFRs in CO2 clusters up to even larger
sizesq. In summary, the tendencies observed inFig. 10can
be related nicely to the evolution of the properties of the re-
spective neutral and anionic monomers, most importantly to
the substantial rise in both the adiabatic and vertical electron
affinity from CO2 to CS2.

6. Conclusions and perspectives

Using the laser photoelectron attachment method, we have
studied the formation of (OCS)q

− (q = 1–12) cluster an-
ions in low-energy electron attachment (E = 1–200 meV)
to molecular clusters of carbonyl sulfide OCS at high res-
olution (energy width 1–2 meV). The attachment spectra
(i.e., the energy dependences of cluster anion formation)
are characterized by a strong rise towards zero energy at-
tributed to s-wave attachment as well as—below the onsets
of the (0 1 0), (0 0 1), and (0 2 0) vibrational modes of the
OCS molecule—by VFRs whose importance decreases to-
wards larger cluster sizesq. Formation of the (OCS)2

− an-
ion is especially enhanced at near-zero electron energies;
moreover, the attachment spectrum exhibits a sharp VFR
resonance just below the onset for excitation of the (0 2 0)
mode in the OCS molecule. The electron attachment be-
haviour of OCS clusters is intermediate between that of CO2
clusters (which is dominated by VFRs) and that of CS2
(which exhibits a strong zero energy peak, but no VFRs).
This finding is correlated with the properties of the respec-
tive molecular neutrals and anions which have been stud-
ied using very high level ab initio methods. The role of
VFRs as doorway states into valence-type anion states is
discussed.

So far, strong VFR structure has been observed in the at-
tachment spectra for clusters composed of molecules whose
vertical electron affinity is negative (N2O, CO2, and OCS).
In the future it would be of interest to search for VFR struc-
ture in the attachment spectra of molecular clusters which
form stable anions involving delocalized electrons and nu-
clear geometries close to those of the neutral clusters (e.g.,
dipole-bound anions such as (H2O)2− [68] or (CH3CN)3−
[63]). Other systems of interest include molecules and clus-
ters which exhibit both valence-type and diffuse, long-range
bound anions[63,64]. VFR structure associated with, e.g.,
dipole bound states may be “quenched” by coupling of the
dipole bound state with the valence-type anion states, as dis-
cussed, e.g. for nitromethane[63,64,69].
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