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Abstract

Using a high resolutionA E = 1-2 meV) laser photoelectron attachment (LPA) method, we have studied the formation of
(CO),~ (g =4-82),(CY), (¢ =1,2,3,5), and (&), (¢ = 5-14) cluster anions in collisions of low-energy electrons
(0—200 meV) with molecular clusters of GACS,, and Q molecules in a skimmed supersonic beam. Fop Cldsters, the
attachment spectrum is dominated by rather narrow vibrational Feshbach resonances (VFRs) of the $ype {®(v;)] ~
which involve a vibrationally excited molecular constituent & 1 denotes excited vibrational mode). The size-dependent
values of the observed redshifts of the VFRs (about 12 meV per addgd@Gor smallg) in conjunction with their narrow
widths and with simple model calculations of the electron binding energies suggest that thefsike observed (C9,~
anions is essentially the samg£ N or N — 1) as the siz&\ of the neutral precursor (CQy which captures the electron.

For cluster sizeg above 24, a doubling of the VFR peak structure is observed which we tentatively attribute to the transitior
from icosahedral (lovN) to bulk cubic (highN) cluster structure, previously predicted to occur fbaround 30. The size
distribution in the (CQ), ~ anion mass spectrum, due to attachment of electrons with well-defined energies, shows undulator
structure which reflects the presence or absence of VFRs at that particular energy. In contrast, the energy-integrated clu
anion mass spectrum shows a rather smooth dependence on clusteTsiegield spectra for (G, ~ cluster anions exhibit

an s-wave attachment peak near 0 eV and a smoothly falling cross section towards higher energies without significant structt
In the yield for (), anions we observe a rise towards 0 eV, indicative of s-wave electron capture, and a slowly varying
and essentially structureless attachment continuum between 10 and 200 meV. The attachment characteristics of the diffe
clusters systems are discussed in the light of the basic properties of the monomers. (Int J Mass Spectrom 220 (2002) 313-
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction formation in low-energy collisions of electrons with
molecules XY and clustexXY )y (N > 2) (described
Temporary negative ion states XY are known to by a set of quantum numbefs } denoting the elec-
be crucial for vibrational excitation and negative ion tronic and ro-vibrational stat¢]1—6]:
XY)n{a} +€ (E) - (XY)N*"
* Corresponding author. E-mail: hotop@physik.uni-kl.de — XY)n{a'} +e (E) (1a)
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= (XY)y—1Y + X+ (N =g@)XY (¢ =N) detected the maximum respective anion yield at en-
(1b) ergies clearly above zero energy. In 1996, the Inns-
bruck groug19] had a closer look at anion formation
- XY),” +(N=¢@)XY (¢ =N) (1c) from oxygen clusters, using an energy-selected, mag-
N (XY)N¢* (r > 100S) (1d) netically (_:ollimated electron beam with a stated
energy width around 0.03eV. They reported the
Here path (1a) describes elastic £ ') or inelas- yield for small cluster anions £),~ (¢ = 1-3)

tic scattering. Process (1b) represents dissociative over the energy range 0-1€¥9,20] Apart from a
electron attachment (DEA) while in the reaction (1c) resolution-limited peak near-zero energy they detected
(only relevant for clusters) anion formation proceeds peak structure starting at about 80 meV with spacings
through evaporation of XY constituents. Even if no around 110meV and superimposed on the general
other stabilising process occurs, the temporary neg- drop of the attachment yield towards higher ener-
ative ion (XY)y*~ (N > 1) can become metastable gies. This structure was ascribed to vibrational levels
with respect to spontaneous re-emission (autodetach-of the oxygen anion solvated in oxygen molecules
ment) of the electron, if the electronic energy is rapidly [20].
redistributed into internal degrees of freedom (intra-  Recently, three especially clear examples of promi-
and intermolecular vibration, rotation), thereby yield- nent resonances in electron collisions with molecules
ing the long-lived negative ioiXY)y*~ (1d) (such and clusters at very low energies have been observed
as SB* from SFs [7] or small (H,0)y¥~ anions in DEA to CHgl molecules[21] and to NO [22,23]
(N =2,6, 7)[8]). as well as CQ clusterg24], namely vibrational Fesh-
Both shape resonances (electrons trapped within bach resonances (VFRR1], earlier addressed as
a centrifugal barrier) and electronic Feshbach res- nuclear-excited Feshbach resonan@s26). VFRs
onances (electrons bound to electronically excited may appear as a prominent peak structure in DEA
states) are well-known representatives of such tem- cross sections (or as a corresponding dip in elastic
porary negative ion states in which the electron is or inelastic scatteringlpelow the vibrational excita-
captured for a time interval long compared to the col- tion thresholds of the electronic ground state of the
lision time. For molecular clusters (XY¥)additional molecule (or cluster) if the long-range electron-target
features are observed which reflect the effects of the interaction is sufficiently stronf21,25-27] For NbO
cluster environment on the resonance energy and sym-clusters, the yield for anion formation (both for hetero-
metry [4-6]. One fascinating result in such studies of geneous (NO),_10~ and for homogeneous @), ~
cluster anion formation is the observation of a promi- ions, g < N) was found to be dominated by very
nent resonance at zero energy (indicative of an s-wave sharp VFRs (with widths down to 2.3 meV22,23],
attachment process) in cases where such a feature ighe peak positions exhibiting very small redshifts
absent in the monomdb,9]. The first observations  which increase weakly with cluster size (kyl meV
of these ‘zero energy resonancgs9] for clusters of per added MO unit [23]). For CQ clusters (where
oxygen[10], carbon dioxidg11-14] and waterf{15] only homogeneous anion clusters can be formed at
were made by groups at Innsbruck and Konstanz at low electron energies), the yield for (GJy~ ions
broad energy widths of 0.5-1.0eV, thus preventing (¢ < N) is again dominated by VFRs, but with
the elucidation of possible structure (e.g., due to vi- broader widths and higher redshifts, the latter rising
brational effects) and a thorough understanding of the by about 12 meV per added GQnit [24]. Thus, the
origin of these zero energy peaks. Later, lllenberger new results show consistently for both® and CQ
and coworkers studied ¢Q),~ (¢ = 1-4) anion for- clusters, that the ‘zero energy resonances’ in these
mation from oxygen clusters with an energy-selected cases are actually comprised of several well-separated
electron beam of about 0.2eV wid{i6-18} they VFRs.
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In view of all these interesting findings, we con- results and discuss them in the light of previous work.
sidered it worthwhile to extend our high resolution In Section 4we conclude with a brief summary and an
attachment studies in several ways. For,Gisters, outlook.
we expanded the electron energy range consistently
from 0 to 200 meV, and we now cover a larger cluster
anion size rangeg(= 4-32). In addition, we present 2. Experimental
anion mass spectra for selected electron energies as
well as an average anion mass spectrum in which the  Our experiment is based on the LPA method
attachment yield has been integrated over electron [7,8,29] As illustrated inFig. 1, energy-variable, mo-
energy. For the first time, we present electron attach- noenergetic electrons are created by photoionisation
ment spectra for the formation of ()~ anions from  of atoms in a collimated beam; they interact with the
oxygen clusters, measured with very high resolution target molecules (clusters) of interest in the region
(energy width<2meV). Similarly, we have studied where the photoionisation process takes place. Neg-
the formation of (C$),~ ions g = 1, 2, 3, 5) from ative ions due to electron attachment reactions are
clusters of carbon disulfide and thus add to the knowl- detected with a quadrupole mass spectrometer. For
edge previously obtained in RET studies involving diagnostics of the target cluster beam, positive ion
these clusterf28]. In contrast to the observations for mass spectra can be generated by electron impact ion-
CO; clusters, we find no significant vibrational struc- isation with an auxiliary electron gun (current around
ture in the yields for either oxygen or carbon disulfide 1A, energy here chosen as 85eV). In the present
cluster anionsk = 0-200 meV). The following paper  work, photoelectrons (current: 20-50pA) are cre-
is organised as follows: iBection 2 we describe the  ated by two-step photoionisation of potassium atoms
essentials of the laser photoelectron attachment (LPA) [8,30,31] Both hyperfine components of ground
experiment. IrSection 3we present the experimental state3°K (4s F = 1, 2) atoms in a collimated beam
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Fig. 1. Experimental setup for mass spectrometric studies of cluster anion formation in collisions of molecular clusters in a col-
limated supersonic beam with Rydberg electrons or free, monoenergetic photoelectrons, resulting from two-step laser excitation
potassium atoms.
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(collimation: 1:400; diameter: 1.5 mm) from a doubly
differentially pumped metal vapour oven are trans-
versely excited to thé®K*(4ps/», F = 2, 3) states by
the first sidebands of the electro-optically modulated
(frequency: 220.35 MHz) output of a single mode cw
Titanium:Sapphire lasei.{ = 766.7 nm). Part of the
excited state population is transferred to high Ryd-
berg levels £d, (n + 2)s,n > 12) or photoionised by
interaction with the intracavity field of a broadband
(40 GHz) tunable dye laser (power up to 5W), oper-
ated in the blue spectral regiony(= 472—-424 nm,

S. Barsotti et al./International Journal of Mass Spectrometry 220 (2002) 313-330

limited by the bandwidth of the ionising lasex £ ~
0.15meV), residual electric fields\EF < 0.3 meV),

the Doppler effect, present in both the photoionisa-
tion and in the attachment process (overall Doppler
width AEp ~ 0.07VE, AEp and electron energi

in meV), and space charge effects due to Kho-
toions generated in the reaction volume (depending on
the K™ current)[32]. Simulations and measurements
indicate that the space charge broadening amounts to
about 0.033 meV/pA (FWHM) for the conditions of
the attachment experime[82]. For the sake of nor-

dye Stilbene 3). The energy of the photoelectrons can malisation and in situ resolution testing, measurements
be continuously varied over the range 0-200 meV by of Sk~ formation were frequently carried out, us-

tuning the wavelength of the ionising laser,( <
455 nm).
Electrons, created in the overlap volume of the

ing a seeded supersonic beam of about 0.05%isF
He (po = 1bar, Ty = 300K). By comparison of the
measured anion yield with the known cross section

potassium atom beam and the laser beams, mayfor Sk~ formation[29] near 0 eV (convoluted with

attach to molecules and clusters in a collimated,
differentially pumped supersonic beam (diameter in
the reaction region 3 mm; diameter of conical noz-
Zle dy = 60um, stagnation pressurgg up to 5bar,
nozzle temperature§y between 190 and 300K),
propagating in a direction perpendicular to both the

adjustable resolution functions), the effective electron
energy spread at low energies can be inferred. From
this comparison and the information gained on the en-
ergy broadening due to the photoion space chgggak

we estimate the overall energy spread (FWHM) at low
energies to be typically 1-2 meV at electron currents

potassium and the laser beams. Anions, generatedin the range 20-50 pA.

by electron attachment and drifting out of the essen-

tially field free reaction chamber, are imaged into a
quadrupole mass spectrometavf < 2000 u/e) with

a combination of two electrostatic lenses. Since clus-
ters of different size possess nearly the same velocity,

but kinetic energies which rise linearly with their size,
the ion optics has to be tuned carefully for optimum

detection of each cluster ion. The transmitted ions
are accelerated to an energy of 1keV and detected

by a differentially pumped off-axis ceramic channel
electron multiplier (Sjuts) with very low background
(<0.02sD.

The reaction volume is surrounded by a cubic cham-

ber made of oxygen free, high conductivity copper,
the inner walls of which are coated with colloidal

graphite. By applying bias potentials to each face of

3. Results and discussion

In this section we present the experimental results
and discuss them in the light of other work. We start
with our observations for C&clusters for which clus-
ter anion formation in the energy range 0—200 meV
is dominated by series of prominent VFRs (as first
reported in[24]) which compose the ‘zero energy
resonance[5,9,11-14] We then describe our results
for carbon disulfide clusters and conclude with the ob-
servations for oxygen cluster anion formation. At the
beginning of each subsection, we briefly review some
relevant properties and previous observations for the
investigated systems.

the cube, dc stray electric fields are reduced to values3.1. Formation of carbon dioxide cluster anions

Fs < 70 mV/m. Magnetic fields are reduced to values
below 2T by compensation coils located outside the

Carbon dioxide is linear in its electronic ground

vacuum apparatus. The electron energy resolution is state. The lowest vibrationally excited states, labelled
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as (v1vavs), include the bending mode (010)
(82.7meV), the Fermi-coupled pair of the bending
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beam studies over extended energy rarjigekl—14]
investigations by Rydberg electron transfer (RET)

overtone and the symmetric stretch mode (020)/ [45-48]and our recent high resolution photoelectron

(100) (159.4/172.1 meV, average energy 165.7 meV),

attachment study (energy width about 1 meg@y].

the Fermi-coupled pair (0 30)/(110) (239.6/257.5meV; For details, we refer the reader to these references
average energy 248.3meV), the asymmetric stretch and other citations therein.

mode (001) (291.3meV), and the Fermi-coupled
triplet (040)/(120)/(200) (317/342/348 meV, aver-
age energy 336 meVB3]. In recent ab initio work,
Gutsev et al[34] calculated basic properties of the
ground state molecules and anions of COCS, and
CS,. They used both an infinite-order coupled-cluster
method with all singles and doubles (CCSD) and
non-iterative inclusion of triple excitations (CCSD(T))
as well as Hartree—Fock-density-functional-theory
(HFDFT). For carbon dioxide, they found the €O
anion to exist in a bent equilibrium configuration (bond
angle 137.8, electric dipole moment 0.90 D) with a
negative adiabatic electron affinity of GXCO,) =
—0.66 eV and potential surfaces compatible with the
observation of metastable ground state ,CQons
[35] (to be distinguished from recently detected, very
long-lived CGQ~ anions in high spin statg86,37)).
Extensive ab initio (MP2) calculations of the equi-
librium structures and stabilities for different isomers
of small (CQ),~ cluster anions¢q < 6) have been
carried out by Saeki et al38,39] In agreement
with photoelectron spectroscopic observatiga8],
they find that the dimer §0,~ acts as the core in
clusters withg = 2-5. They predict evaporation en-
ergies for dissociation of one GQunit from various
isomers of (CQ),~ anions in the range 0.1-0.4eV,
rising substantially (by about 0.15eV) when going
from ¢ = 5 to 4. According to molecular dynamics
simulations[41-44] neutral carbon dioxide clusters

In the present experiments on carbon dioxide clus-
ters, the supersonic beam source was held at room
temperaturefp = 300 K) and at a stagnation pressure
of po = 5bar; a 1.1 mixture of carbon dioxide and he-
lium gas was used. In the mass spectrum for positive
ion formation due to 85 eV electron impaétiq. 29,
(COy), " ions (g > 1) dominate the spectrum and ex-
hibit a nearly exponential intensity decrease with ris-
ing cluster sizey. The fragment ions (C§),—10™" and
(CO2),—1CO" (¢ > 1) typically appear with a count-
ing rate which amounts to 5-10% of the neighbouring
(COy), T ions, respectively. As expected on energetic
grounds, only homogeneous ions (9 (g > 3)
are observed in the anion mass spectra due to electron
attachment to carbon dioxide clusters, both in RET in-
volving K**(nd) atoms g = 14-260) and in free elec-
tron attachmentf = 1-200 meV). InFig. 2b and ¢
we show the anion mass spectra due to RET involving
K**(nd) Rydberg atoms with ~ 20 (electron binding
energyE, = 35meV) and: ~ 260 (E, = 0.2 meV),
respectively. Compared with the positive ion spec-
trum, the RET-induced anion cluster mass spectrum
is completely different: the threshold anion spectrum
(Fig. 29 exhibits local maxima ay = 5, 10, and a
broad maximum aroung = 21, and local minima
atg = 7 and 13. Anion cluster mass spectra at lower
principal quantum numbers (< 30)[24,45-47] such
as the one shown ifig. 2bfor n = 20, differ sig-
nificantly from the threshold spectrum Kig. 2cand

possess icosahedral structure (at least for sizes upindicate a substantial dependence on electron energy

to aboutN = 20) with predicted binding energies
around 0.14 eV per molecule (fa¥ = 13 [44]); at
sizes above abouY = 30, a transition to bulk cubic

over a narrow range, as will be understood through the
observations in the free electron attachment spectra.
We note that the anion mass spectfég( 2b and §

structure has been predicted, and this bulk structure were measured with the ion optics tuned at cluster

has been experimentally verified ft\ above about

100 [43]. Previous experimental work of cluster an-
ion formation in energy-controlled electron collisions
with carbon dioxide clusters includes low-resolution

sizeq = 10, resulting in signal losses towards larger
cluster sizes. A threshold mass spectrum without this
drawback (obtained by optimising the ion optics at
each cluster anion size) is reproduced-ig. 8a
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Fig. 2. Mass spectra resulting from electron impact ionisation Electron Energy [meV]

and electron attachment involving a supersonic beam of molec-

ular clusters of carbon dioxide seeded in helium (50%,CO  Fig. 3. Yields for the formation of (Cg,~ cluster anions
po = 5bar, To = 300K). (a) Spectrum of positive cluster ions due (¢ = 4-13) in free electron attachment to neutral carbon dioxide
to 85eV electron impact. The small signals at non-integer clus- clusters (CQ)x (¢ < N). The spectra have a common intensity

ter sizes correspond to heterogeneous cluster ions)(C@D* scale. Forg = 4, the energy positions of the vz v3) = (010

and (CQ),-1CO" (¢ > 1). (b) Mass spectrum of cluster an- and the Fermi-coupled (02 0)/(100) vibrational modes in the CO
ions due to Rydberg electron transfer involving*(0d) atoms monomer are indicated by vertical dashed lines. The incremental
(E, = 35meV). (c) Mass spectrum of cluster anions resulting redshift of the vibrational Feshbach resonances amounts to about
from threshold electron attachment involving“#nd) Rydberg 12meV per monomer unit.

atoms with a band of principal quantum numbers aroured 260
(E, ~ 0.2meV).

ing at about 52 meV and a double-peak structure with a
centre-of-gravity around 134 meV. We interprete these
In Fig. 3we present the energy-dependent yield for three peaks to be associated with vibrationally excited

(COp),~ (g = 4-13) cluster anions over the energy temporary cluster anion states (VFRs) of the type
range from 1 to 200 meV. For small cluster sizes, two [(CO2)y_1COz(v1v2v3)]~ with (v1v2v3) = (010
clearly separated series of resonances are observednd (02 0)/(100), respectively, which evolve into the
which exhibit redshifts increasing by about 12meV observed long-lived (C&s~ anions either by redis-
per monomer unit. The key spectrum observed for tribution of the vibrational energy among soft modes
g = 5 (in which the peaks exhibit the narrowest of the cluster with formation of a metastable cluster
widths) shows a distinct zero energy peak (indicative ion with ¢ = N or by evaporation of a small num-
of s-wave attachment), a rather sharp resonance peakber of CGQ units (most likelyN—g = 1, see below).
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As expected for VFRs, their energies are redshifted
from those of the neutral [(COn_1CO2(v1v2v3)]
precursor. In contrast to the sharp VFRs observed
for NoO clusters which exhibit small redshifts in the
meV rangg22,23], the redshift is substantially larger
for CO, clusters, indicating a stronger interaction of
the resonantly captured electron with £@lusters
than with NO clusters. In line with this observation
the resonance widths are larger for £€usters than
for N2O clusters. For any particular (G§) ~ cluster
ion, the width of the observed resonances contains
contributions due to the intrinsic resonance widths
and resonance positions of all involved neutral pre-
cursors which participate in VFR formation, i.e., the

observed resonances are in general inhomogeneously= 4

broadened. In view of the substantial redshift of about
12meV per added CPOunit and the comparatively
narrow intrinsic width of the VFRs, the width in con-
junction with the redshift of the VFR allows rather
direct conclusions to be drawn on the siaageof the
involved neutral precursors. Fgr= 5 the resonances
exhibit the smallest widths, and it is plausible that the
attachment spectrum is predominantly associated with
a single neutral precursor size (with the possibility
of inhomogeneous broadening due to contributions
from different conformations for that cluster size).
At this narrow peak width, the Fermi-coupled pair
(020)/(100) is quite well resolved. Interestingly, we
find the two peaks at similar intensities in contrast
to the situation for vibrationally inelastic scattering
of low-energy electrons from COmolecules where,
close to the threshold for the pair (020)/(100), the
higher energy component is excited almost exclusively
[49]. This finding has been associated with the influ-
ence of a virtual state which has been theoretically
predicted for low-energy electron scattering from car-
bon dioxide[50,51] and recently also been confirmed
by total scattering studies at very low enerdig2].

Forg = 4 and>6, the (010) resonances appear
to be significantly broader than fgr = 5; this may
indicate contributions from two neighbouring neutral
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Fig. 4. Yields for the formation of (C§), ™ anions § = 14-32) in

free electron attachment to neutral carbon dioxide clusters )0

(g < N). For g > 24, a doubling of the Feshbach resonance
speak structure is observed which is attributed to the appearance
of a second, significantly different attachment state, tentatively
identified with bulk cubic structure coexisting with clusters of
icosahedral structure.

of peaks, attributed to resonances associated with
the Fermi-coupled pair (030)/(110) and the triplet
(040)/(120)/(200), are successively shifted into the
studied energy range. The evolution of these series is
clearly seen irFig. 4 which presents the attachment
spectra for (CQ),~ anion formation with sizeg =
14-32. The trends are similar to those observed in
Fig. 3, but the redshifts per added molecular unit de-
crease somewhat at higtgein some attachment spec-

precursor sizes, but could also be caused (at least intra (e.g., foiy = 18), a weak peak appears to be visible

part) by the influence of different conformations for a
particularN. For larger sizes/ > 7), additional series

with a redshift compatible with that expected for the
(00 1) asymmetric stretch vibration. For cluster sizes
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g above 24 an interesting doubling of the VFR peak
structure is observed in both tHt830 /(110 = 3
and (040/(120)/(200 = 4 series; the 3 and 4
series evolve ‘normally’ towards lower energies with
intensities decreasing towards higherwhile the
‘new’ series 3 and 4 are observed at 30-40meV

higher energies relative to the 3 and 4 series, respec-

tively, with intensities rising towards larged. We
tentatively attribute these two series to arise from the
coexisting icosahedral (series 3, 4) and bulk cubic
(series 8 4) cluster structures, with the former los-
ing and the latter gaining importance towards higher
N. According to molecular dynamics simulations for
carbon dioxide clusters, the icosahedral (Il to
bulk cubic (highN) transition is predicted to occur
for sizes aroundv = 30[43].

In Fig. 5we summarise the resonance positigins
of all experimentally observed VFRs. The positions
labelled by open symbols correspond to the respective
centre-of-gravity for the (0 1 0) series (circles), for the
(020)/(100) series (squares), for the (03 0)/(110) se-
ries (triangles), and for the (04 0)/(120)/(200) series
(stars). Foly > 24, the latter two series split into the
series 3, 4 and’34' (see above); the positions of the
3 and 4 peaks are shown by full triangles and stars,

Mass Spectrometry 220 (2002) 313-330
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respectively. For each vibrational series, the resonancerig 5. Centre-of-gravity energy positions of experimentally

positionEg of the VFR mirrors the binding enerdsg

(Eg < 0, i.e., redshift) of the captured electron in the
[(CO2)ny—1COx(v1 v2v3)]~ anion state relative to the
energyEy of the neutral [(CQ)ny_1COx(v1v2v3)]
cluster which carries the same quanta of intramolecu-
lar vibrational energykr = Ey + EB).

In our previous discussion of VFRs in electron at-
tachment to clusters of nitrous oxiff3] and carbon
dioxide [24], we presented a simple spherical model
for the electron binding energidss. The model is
based on the assumptions that the geometrical ar-
rangement of the cluster constituents does not play a
significant role and that the electron binding energy
does not depend on the vibrational state. Correspond-
ingly, the electron cluster interaction enerdx(r)
simply consists of an appropriately chosen, constant
short range interactioblg at distances smaller than
the cluster radiu®y = Ro(1.5N)Y/3 (Rg = effective

observed vibrational Feshbach resonances in 2O clus-

ter anion formation { = 4-32). O): (v1v2v3) = (010

series; [J): average of the (020)/(100) seriesp) aver-
age of the (030/(110 = 3 series; %): average of the
(040/(120/(200 = 4 series; A, %): new series 3and 4

(see caption folFig. 4 and text).

radius of a monomer) and of the polarisation attrac-
tion Voo = —N€?a(COp)/2r* at R > Ry (effects
associated with weak dipole moments > or
quadrupole moments of the molecular constituents are
neglected in the average over the cluster). As an ex-
ample, the model potentidd(r) with Uy = —0.5eV,
a(COp) = ZOag (isotropic monomer polarisability)
[53] and Ry = 3a.u. is illustrated irFig. 6 for CO,
clusters with sizeV = 10. We also show the radial
wave functionF(r) (obtained by numerical integration
of the radial Schroédinger equation) and the respective
radial probability distributior®F(r)? of the resulting
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. . . ) = Fig. 7. Comparison between the electron binding energies to
F.'g' .6' F.“"‘d""z" W""Q’e functio(r) (—-—-—) and radial probability (COy)n clusters (V = 4-24), as calculated for two different short
distribution r°F(r)* (—--—--—) of an electron, weakly bound by range interactiontlo, with experimental binding energies, deduced
Eg = —0.082eV to a (CQ)y_cluster with N = 10, and the from the centre-of-gravity energy positions of the vibrational Fes-
modgl potential(r) (Uo = —0.5eV), used to calculate this wave  hpach resonances (assumipg= N and neglecting any influence
function. of the vibrational excitation on the electron binding energ®)):(

(v1v2v3) = (010 series, [J): average of the (020)/(100) se-
. . . ries, (A): average of the (03 0)/(110) series. The binding energies
diffuse electron, weakly bound by 0.082eV in this for the (040)/(120)/(220) series deviate significantly from the

potential. The shape of the wave function and of the behaviour shown consistently by the other three series.

radial probability distribution at shorter range are

found to vary rather little withN, while the tail of

the wave function towards longer distances attains a gies Ey in CO, clusters deviate from those in the

larger extension for loweN, i.e., for weaker binding. = CO, monomerE; (listed above) by no more than
Fig. 7 shows calculated electron binding energies about+1 meV (seg24]) we approximateEy by E;

to clusters withN = 4-22 (dashed lines), as ob- for all sizesN of interest. With the assumptiop =

tained with two different realistic choices of the short N, used inFig. 7, reasonable agreement between the

range potentialg (for further results, sef24]). For calculated and the observed average resonance posi-

comparison, the experimentally derived binding ener- tions is observed for the choicEy = —0.5eV at

giesEg expforthe (010), (020)/(100), (030)/(110) low N and forUp = —0.6eV at higherN. With the

and (040)/(120)/(200) resonance series, as calcu-weaklyN-dependent choicEg(N) = aNY3+b(a =

lated from the centre-of-gravity resonance positions +0.7 eV,b = —0.866 eV)[24], the full curve (labelled

Er (Fig. 5 through Eg exp = Er—E,, are included var.) is obtained, showing good agreement with the

with the same symbols adopted Fig. 5 In view experimentally found binding energies over a broad

of the fact that the intramolecular excitation ener- range ofN. In spite of this agreement, the presence
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of some evaporation (i.eg < N) cannot be ruled  Fig. 2c(in the RET mass spectrumsat= 20 (Fig. 2b

out. If on average one Gmolecule were evaporated (COy)3~ anions are observed in addition, but with very
upon formation of the observed aniong £ N-1), low intensity.) The lower end of the cluster anion mass
the experimental data points kig. 7 would have to spectrum ayy = 4 is also in accord with the calculated
be shifted to the right by one unit. Calculations with increase in C@ evaporation energy fay < 4 [39].

the two parameter potentidly(N), keeping the ternb In Fig. 8 we present several selected examples of
and raising the factat by 0.1 eV, yield binding ener-  cluster anion mass spectra, obtained with electrons of
gies which are in satisfactory agreement with the ex- different energies. These spectra were obtained with
perimental data, assuming= N-1. The combined

information contained in thg-dependent redshifts, in ; . ; . T . .

the respective resonance widths, in the calculated ab- OO‘OO‘OOOQ\O X101

solute values of the electron binding energies, and in ~ 10"°F  od Yoo, INtegrated (h) §

the slope of the calculateBg(N) and of the exper- o O;_?/O i

imental Eg(q) curves allows the conclusion that the 104l /*\*\*/***\*\* 1013 ﬁ gge(}g)].

main contributions to cluster anion formation are due _ A \*\* W

to g = N and/org = N-1. We are of course aware % » TRk R ¥

of the simplicity of the model. For a detailed under- - 10'2} /\/‘ ‘4“\4\‘_‘\ < 1/70 (f) |

standing of these fascinating vibrational resonances S. . x1011 T

large-scale ab initio calculations are needed, such asg / “\, ,9”\0 130 (e)

those recently startefé4]. z Ll \0/' \0\,\. et ]
The attachment spectra showrFiiys. 3 and ffer 2 A 108

the following explanation for the strongtydependent & g8 ,/' M 9v0 (d)]

ion intensities in the mass spectrum resulting from g’ '/‘./ AA‘I\v-—VfV’;"‘v>*'-\v/

threshold electron attachmenig. 29 with minimaat £ N x310

g = 7and 13, aclear maximum@t= 10 and another 2 1081 / “,A/ X310° aa 50 ()1

broad maximum forg around 21. Enhanced cluster § A g% \A\‘ N at

ion intensities are found fay-values for which a sub- =% . ./ \ % e

stantial overlap of a VFR with zero electron energy S '° [ b / Va x102 ~ *7%q 10 (b)]

exists. Forg = 9, 10, the (0 1 0) resonance has moved - '_0 /-"\ ././-\

close to zero energy, for = 16-22, the (020)/(100) w02 N T '\ /'/ "~ il

resonance pair has a more or less substantial overlag \_/ L Al @

with zero energy. The intensity rise in the threshold . o . =260

attachment mass spectrufid. 29 fromg = 6 t0 5 5 10 15 20 25 30 35

may be attributed to an influence of (@)@ ~ capture Cluster Size q

states without intramolecular excitation (but possibly ) )

. o Fig. 8. Mass spectra for (GQ),~ cluster anion formation due to
some intermolecular excitation). One would expect low-energy electron attachment to carbon dioxide clusters. (a)-(g)
such an influence to be even stronger for (O for- Anion size dependence as a function of electron energy, as eval-
mation, but the autodetachment rates of the temporary uated for selected narrow electron energy bandg.§meV) at
(COp)y*~ negative ions are expected to rise towards the listed average 9Iectron energkes. Note the_ sh!ft in the un-

. ) - dulatory structure in these mass spectra which is related to the

low N and thus their survival probability towards sta- sjze and energy-dependent appearance of vibrational Feshbach
bilisation and detection as long-lived anions should resonances. (h) Energy-averaged anion size dependence, obtained

decrease. With the Sensitivity of our experiment from the respective energy-integrated anion yields. Note the rather
) ' smooth size dependence of this mass spectrum as compared to

(C02)47_ ions were the smallest anions clearly ob- e energy-resolved mass spectra at electron energies below about
served in the threshold attachment mass spectrum, se@.15eV.
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the ion optics tuned for optimised detection of the
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studied by RET[28,59], but to our knowledge no

respective cluster anion size. Spectrum (a) representsinvestigations with energy-controlled free electrons

the threshold attachment mass spectrum (RET at
260). The mass spectra (b) to (g) were obtained at
the indicated free electron energies by integrating the

have been reported to date. Photodetachment and
photodestruction studies of (@B~ cluster anions
[60—62] in conjunction with ab initio calculations of

respective attachment yield functions over an energy the anion structures and binding enerd&3-65]in-

interval of 5meV around the given average electron
energyEc. While spectrum (b) Ec = 10 meV) still

dicate that a €54~ core is involved in the (C§,~
cluster anions withy > 2 which exhibit the lowest

retains essential features of the threshold mass spec-strong photoabsorption band peaking at energies in

trum, the other spectra, obtained at higher electron
energies, respectively differing by 40 meV, demon-
strate varying intensity undulations according to the
size-dependent energy locations of the VFRs. When
the attachment yield functions are integrated from 1

the range 1.6-1.8¢eV.

In the experiments on carbon disulfide clusters, he-
lium gas at a pressure of 4.5 bar (containing 500 ppm
SKs gas for taking calibration spectra for &Ffor-
mation) was bubbled through liquid @Swhich was

to 200 meV, the cluster anion mass spectrum labelled held in a stainless steel container with a constant

‘integrated’ is observed in which little structure is left.
At larger cluster sizes it shows an overall decrease
which is similar to that seen in the positive ion mass
spectrum.

3.2. Formation of carbon disulfide cluster anions

Carbon disulfide is linear in its electronic ground
state. According to ab initio calculationg4] the
adiabatic electron affinity is positive with a value
of EAgg = 0.30eV; the stable anion is bent with a
bond angle of about 1445and an electric dipole
moment of+0.46 D. The difference between the the-
oretical value for EAq and the experimental result
(0.89¢eV [55]) appears to be dufB4] to very un-
favourable Franck—Condon-factors for the transition
connecting the respective vibrational ground levels
from the anion to the neutral, precluding observation
of this transition in the experiment. For optimised
linear configurations of CSand CS$ ™, their energies
are almost identical with the possibility that the an-
ion is stable against autodetachment by a few meV
[34]. This finding is compatible with substantial rate
coefficients for the formation of GS ions in RET
experimentg§56—58]and can explain observations of
long-lived weakly bound C§& ions which undergo
electric-field-induced detachment when subjected to
fields of only a few kVcm?! [34,56] Anion for-
mation involving carbon disulfide clusters has been

temperature of 289 K (corresponding vapour pressure
of CS, about 0.34bar). The resulting He/g£$as
mixture was expanded through the 0.06 mm nozzle
at a temperature of 300K. Attachment spectra for
(CS),~ anions withg = 1, 2, 3, and 5 were recorded
at an electron current of 23pA. Typical threshold
cluster anion intensitied,, as recorded by RET
close to thresholdn( ~ 260) and normalised to the
monomer anion C& (/1 = 1), amounted to 0.66,
0.50, 0.024 foy = 2, 3, 5. Anion mass spectra taken
atn = 20 showed a relative increase of the monomer
anion intensity which we attribute to GS formation
from CS monomers as a result of post-attachment
stabilisation (which does not occurat: 260).

Fig. 9 presents the yield functions for formation of
small carbon disulfide cluster anions with sizes 1, 2,
3, 5in electron attachment collisions over the energy
range 1-150 meV. For all cluster anion sizes, the at-
tachment yield shows a monotonous decline towards
higher electron energies. Within the statistical uncer-
tainties no structure is observed. The anion cluster
size distribution in the free electron attachment spec-
tra, viewed at any particular electron energy, is close
to that observed in the threshold attachment RET
mass spectrum.

In comparison to the VFR dominated attachment
spectra for carbon dioxide cluster anion formation,
the question arises why no vibrational structure is ob-
served for carbon disulfide. One essential difference
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molecule (as demonstrated by the detection of the
positive Rydberg core iofi57]), but stabilising en-
ergy exchanges become less and less probable with
increasingn, such that the temporary anions undergo
autodetachment. For carbon dioxide molecules, on the
contrary, anions argotformed in collisions with free
near-zero energy electrons because of the endother-
micity of the process. For carbon dioxide clusters,
electron attachment is an exothermic process at zero
electron energy for any cluster siz¥, > 2, but our
results clearly show that zero energy electron attach-
ment is very inefficient in producing long-lived cluster
anions with sizes beloy = 4. Forg = 4, anion for-
mation proceeds through both VFRs and zero energy
attachment. The latter process may also occur for
smaller clustersg = 2, 3), but the non-observation of
long-lived cluster anions with sizes belayw= 4 in-
dicates that the lifetime of temporary carbon dioxide
cluster anions with such a small size is too short to
allow efficient detection with our mass spectrometer.
For carbon disulfide clusters, electron attachment at
near-zero energies is efficient for any size (including
the monomer); the formed temporary cluster anion
may evaporate monomers at an energy expense of
about 0.17 eV per molecu[@8]. In this way reaction
(1c) can proceed with an evaporation of one or more

2, 3, 5) in free electron attachment to neutral carbon disulfide monomers (dependlng on the values of the respective
clusters (C8)y (N > 2). The spectra have a common intensity ~electron affinities and evaporation energies). In col-
scale. The numbers above the arrows near-zero energy indicate |isions with free electrons or Rydberg electrons with

the respective relative anion signals for RETnat 260.

sufficiently high principal quantum number long-lived
monomer C% anions are not formed from the neu-

between the two systems is the difference in the tral monomer. The yield for G§ formation Fig. 9

molecular electron affinities. Carbon dioxide does
not form a stable negative ion while g€$loes (see
above). Moreover, temporary @Sions are efficiently
formed in collisions of carbon disulfide molecules

with low-energy electrons, as demonstrated in several

RET experiment§56-58] At sufficiently low prin-
cipal quantum numbers: (< 25) energy exchanges

thus originates from neutral clusters with siz2és> 2.
3.3. Formation of oxygen cluster anions
Addition of awg electron to the oxygen molecule

(equilibrium distanceR[02(X)] = 120.75 pm[66])
yields a stable negative ion with an adiabatic binding

occur between the temporary anion and the Rydberg energy of 0.451(7) e\67] and an elongated equilib-

core; correspondingly, anions may be formed with
long lifetimes which allow their detection in mass
spectrometers. Towards highey electrons are still

transferred with high efficiency to the carbon disulfide

rium distance ofRe(O;) = 1347(5) pm [67]. The
four lowest vibrational levels of the O (I, V')
anion are truly bound with a vibrational quantum of
AGo1 = 1344(8) meV [68]. The centre-of-gravity of
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the v/ = 4 anion state is located 0.09 eV above the
ground state of &(X) [69], and the states with' > 4
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drop of the attachment yield towards higher energies.
This structure was ascribed to vibrational levels of

are thus subject to autodetachment with decay widths the oxygen anion solvated in oxygen molecules. With

Iy (E) rising strongly &<E>?) with electron energy
E, as characteristic for amj-wave shape resonance
for the electron—@ system; forv’ = 6, the width is
about 1 me\[70-72] Correspondingly, the formation
of long-lived oxygen anions in electron collisions at
sub electron-volt energies requires rapid collisional
stabilisation of the temporary O anion, as possi-
ble in high pressure medigZ3—75] or for oxygen

regard to the peak location in the attachment yield
functions, these new results are at variance with those
of the Berlin groupg16-18] Matejcik et al.[20] sug-
gested that this difference could be due to a distinctly
smaller average cluster size in the Berlin experiments
(see also the discussion below).

In the present experiments on oxygen clusters, the
supersonic beam source was held at temperatures near

bound in aggregates (homogeneous or heterogeneoudp = 190 K and at a stagnation pressuregf= 5 bar;

clusters) [5,10,16-18,75,76] The built-in stabilisa-
tion capability of clusters was, e.g., demonstrated in
a recent RET study involving oxygen monomers and
dimers[77]: while O,~ formation from Q molecules
is very inefficient (and only possible through efficient
post-attachment interactions with the Rydberg ion
core) [57,78] the rate coefficient for @ formation
from oxygen dimers was found to exceed that involv-
ing monomers by 4 orders of magnitufiér]. Free

pure @ gas was used. Neutral cluster formation was
monitored by recording the mass spectrum of positive
cluster ions, as produced by electron impact at an
electron energy of 85eV. As documentedHig. 103
(O2), 1 ions g > 1) dominate the spectrum and
exhibit a nearly exponential intensity decrease with
rising cluster sizeg. The (),-10" (¢ > 1) frag-
ment ions typically appear with a counting rate which
amounts to 10-20% of the neighbouring Q" ions,

electron attachment to oxygen clusters was pioneeredrespectively (except for the£ ion which exhibits an

by the Innsbruck groud10] with a magnetically
guided electron beam of about 0.5eV width. In the
energy-dependent yield for ()~ anions § = 1,

2, 10) at low energies they found a prominent peak
near O eV, for largey, the width of this peak was sub-
stantially narrower than fof = 1 and 2. Some years
later, lllenberger and coworkers studiedbJO (¢ =
1-4) anion formation from oxygen clusters with an

anomalously low intensity in agreement with previous
work, see, e.g[79]).

As expected on energetic grounds, only homoge-
neous ions (@), ~ (¢ = 1) are observed in the anion
mass spectra due to electron attachment to oxygen
clusters, both in RET involving ®(nd) atoms with
principal quantum numbers = 14-260 (electron
binding energies 71-0.2meV) and in free electron

energy-selected electron beam of about 0.2 eV width attachment over the energy ranfe= 1-200 meV. In

[16-18] At low electron energies, they observed a
single, rather broad peak (width between 0.95eV for
g = 1 and about 0.8 eV fog = 4), located at 0.7 eV
for ¢ = 1 and at about 0.4eV fay > 2 [17]. More
recently, the Innsbruck groufll9,20] had a closer
look at anion formation from oxygen clusters, using

Fig. 10b and cwe show the anion mass spectra due to
RET involving K**(nd) Rydberg atoms witlk = 20
and~260. Compared with the positive ion spectrum,
the anion cluster mass spectra are completely different
for sizesq < 10: they exhibit a maximum at = 7,

a drop to a local minimum a = 3 and very little

an energy-selected, magnetically collimated electron intensity for the monomer anion;O. The spectrum
beam with a stated energy width around 0.03 eV. They obtained at threshold (i.e., with a band of principal

reported the yield for small cluster anions 2~
(g = 1-3) over the energy range 0-1eV. Apart from a

quantum numbers around = 260) has a similar
shape as that measurednat 20. More specifically,

resolution-limited peak near-zero energy they detected it was found that the-dependent cluster anion inten-
peak structure starting at about 80 meV with spacings sity ratiosI, (n)/I,=7(n) (¢ = 4—16) were—to within
around 110meV and superimposed on the generala factor of two or less—independent of principal
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150000 ———————————————— here we use a conical nozzle (sBection 2 which
(a) (02)+ favours cluster formation. It is somewhat surprising,

100000 [ ] though, to see the weak anion intensities at tpwes-
l x 10 E=85eV pecially forg = 1. In this connection, we note another

50000 substantial difference between the present and the ear-
LJL/UUL lier [46] work: the time between anion formation and
‘ detection at the electron multiplier. While the time
0 b

¥ intervals, spent from the injection into the quadrupole

(b) (02)— mass spectrometer to detection are nearly the same in
400} both cases, the time between formation and injection
n=20 is substantially longer in the present case. Work on

(O2)4~ anion formation § = 1-70) with a broad dis-

200} 1
‘ tribution of near 0 eV electrons by Walder et @0],
LJLJ ﬁ A \ as studied with a double focussing sector field mass
0 L. A A

Cluster lon Yield [counts/s]

————————————————+——+—— spectrometer, demonstrated strongly different anion
i (C) (02)— ] mass spectra for the two ion acceleration voltages
60 q of 3 and 1.5keV, respectively. At the higher voltage
mi n=260 | (Fig. 10ain [80]), the anion mass spectrum peaked
atg = 1 with a monotonous decrease towards higher
20t g, as seen in previous work from that grofi®]. At
LU the lower voltage and thus for enhanced residence
0——

P— times of the anions in the mass spectrometer prior
0 2 4 6 8 10 12 16 18 20 . :
Cluster Si to detection, the anion spectrum peaked at a cluster
ster SlizZ . . . . .
! zeq size aroundy = 38, with little intensity left at low
Fig. 10. Mass spectra resulting from electron impact ionisation anion cluster sizesHg. 10bin [80]). This deple-
and electron attachment involving a collimated beam of molec- tion at smaller cluster sizes was tentatively attributed

ular oxygen clusters (pure oxygen pp = Sbar, To = 190K). 5 zutodetachment processes with size-dependent
(a) Spectrum of positive cluster ions due to 85eV electron im-

pact. The small signals at non-integer cluster sizes correspond to lifétimes [80] (shorter lifetime for smaller cluster
fragment cluster ions (§,-10% (¢ > 1). (b) Spectrum of nega-  anion size).
tive cluster ions due to Rydperg electrqn transfer frofif(R0d) In Fig. 11, we show free electron attachment spec-
atoms. (c) Spectrum of negative cluster ions due to threshold elec- . . _ .
tron attachment involving K(nd) Rydberg atoms with a band of tra for the formation of size-selected m anions
principal quantum numbers around~ 260 (£, ~ 0.2 meV). (g = 5-14), taken at an electron current of 50 pA
over the energy range 1-200 meV. In view of the low
counting rates and the absence of sharp structure in the
quantum numbern( = 14-260). Compared with the  spectra, we have summed data points for 2 meV inter-
present results, the previous RET wqdd6] over the vals in the range 1-11 meV and for 5meV intervals in
rangen = 16-30 (nozzle diameter @m, pure Q the range 10-200 meV. Following a steep drop above
gas,Tp = 200K, po = 5.5bar), yielded anion inten-  0eV, the anion yield is almost constant over much of
sities much more concentrated at small sigegith a the studied energy range. Compared to other systems
peak aty = 2 and another maximum gt= 4, inter- (such as C@ N20O or CS$ cluster anion formation),
preted to reflect anion cluster stabilities. We attribute our results for oxygen clusters show a relatively weak
this difference primarily to the use of different nozzle anion yield at low energies. In order to quantify this
shapes: in the previous work the supersonic beam wasstatement, we have compared the positive and nega-
formed with a sonic nozzle (plane outer surface) while tive cluster ion intensities for £and CQ clusters for
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for (Oy), ~ formation ¢ = 1-3)[19,20], no clear peak

30 " 0=5 'a=10
4t =5 Ht =10 structure is observed in the present attachment spec-
) <5 %o X5 - tra (g = 5-14). In view of the much improved res-
AT I L I e, olution of the LPA experiment, we should have been
O b | | e, | able to detect at least the peak structure, located near
4j4 q=6] _17 q=11] 80meV in the Innsbruck data, if such structure did
o5 in fact exist in the cluster anion yield for sizgs=
2 1 7 069500a06%00005, oo . “O Fooosoo . 5-14. 1t is thus of interest to present the scenario, by
R °°° o which—according to the arguments and model calcu-
*% 0"{3 AAARERARRL _7 [ _12‘ lations presented if20]—(O2),~ anions § = 1-3)
8 4 . e a=1e] are formed. Matejcik et aJ20] viewed the attachment
= Q X . . .
2 ) T o podiocs process to proceed in such a way that the incoming
pe -l S || mizo electron is primarily trapped at one oxygen molecule
S o L e | L . Q§ °°°°°°°=°°°°°°°°°g'_ in neutral clusters with sizes dominated by the range
§ . _?7 q=8 _10 q=13] N = 10-20. Subsequent substantial evaporation then
~ A x5 . 20 yields the observed anions according to the following
. %0 \°o'°°‘ 0020000, £ O ° X .
) k P, ] Viomprs 3 ; reaction scheme:
L * TR, P pafa s _ _
oL e | LS e (E) + (O2)y = (O)n"
3 q=9] Z g=14] — (02, + (N —q)O; (2)
x20 3 For this reaction to be exothermic at zero elec-
2--\%%“\% N s I e e, ] tron energy, the total binding energy of the{Q
Y B4 I ion (composed of the adiabatic electron affinity of O
0 50 100 150 200 O 50 100 150 200 plus the bond energies of the additional-{ 1) O,

Electron Energy [meV] molecules) has to exceed the total binding endtgy

: , . _ _ of the neutral precursor cluster of sikk In particu-
Fig. 11. Yields for the formation of (8, cluster anions _ . .
(¢ = 5-14) due to free electron attachment to neutral oxygen clus- lar, O, formation requires thaEy be smaller than
ters (@) (N > q). The spectra have a common intensity scale. EAq(O2) = 0.451(8) eV (adiabatic electron affinity
The numbers above the arrows near-zero energy give the cluster of O, [67)). According to calculations if20], scaled
anion signal (counts/s) for RET at~ 260. . '
to reproduce the cohesive energy of bulk oxygen, the
total binding energy of neutral (Qy clusters becomes
sizes aroung = 8; we regard the rati® = I_ /I, of larger than EA4(O2) for N > 14. Correspondingly,
the intensities for negative to positive cluster ions as process (2) forg = 1 is energetically not possible
a coarse estimate for the relative efficiency of anion when zero energy electrons attach to very cold clus-
formation (considering positive ion formation At= ters with N > 14, but may proceed when the elec-
85 eV to occur with similar efficiency for bothGand trons possess a sufficient amount of kinetic endggy
CQO, clusters). To obtain representative anion signals (for N = 20, the threshold energy for,O formation
I_ which are free of the localised influence associ- amounts to abouk = 0.3 eV). In contrast, formation
ated with resonances in the attachment yield, we use of (O),~ anions withg > 2 is exothermic for all
energy-averaged anion counting rates (obtained by in- neutral sizes up to abodt = 25 even at zero electron
tegration over the electron energy range 1-200 meV). energy. If a sizaange of neutral clusters is active as
The ratiosR for CO, cluster ion formation exceed precursor in the cluster anion formation of a particu-
those for Q cluster formation by about a factor of 10. lar size according to (2), the observation of vibrational
In contrast to the findings of the Innsbruck group structure implies a sufficiently small inhomogeneous
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broadening of the vibrational resonance. Model cal- formation. In the light of the Innsbruck observations
culations of the distribution function of the adiabatic (yielding the maximum vyield of small oxygen cluster
electron affinity of clusters with size¢ = 10, 15 and anions at 0 eV]19,20]the Berlin results may be pos-
20 (Fig. 8in [20]) for the various cluster structures and  sibly understood if—as proposed [i20]—the neutral
positions of the solvated£ in the cluster showed the  precursor clusters had a substantially smaller size in
following behaviour at low cluster temperaturég: the Berlin experiment. It is desirable for a better un-
for sufficiently cold (i.e., solid) clusters¢ < 20 K), derstanding of these different observations to carry out
the width (FWHM) of the distribution for a particular  additional experiments (if possible with energy width
N amounted to about 0.07 eV. Moreover, the peak posi- <30 meV) which allow to vary the neutral cluster size
tion of the distribution remained nearly the same (close distribution and the cluster temperature.
to 0.8eV) forN = 15 and 20 while it shifted by to
0.7eV for N = 10. For (partially) molten clusters (as
shown forTc = 40 K[20]), the distribution was found 4. Conclusions
to become wider by about a factor of 2 and thus too
broad to resolve vibrational structure even for a sin-  Using a high resolutionAE ~ 1-2meV) LPA
gle precursor size. These calculations thus suggest thatmethod, we have studied the formation of (O
the absence of vibrational structure in our attachment (¢ = 4-32), (CS),~ (¢ = 1, 2, 3, 5) and (@),
spectra may be due to the fact that the oxygen clus- (4 = 5-14) cluster anions in collisions of low-energy
ters in our experiment were not sufficiently cold. From electrons (0-200 meV) with molecular clusters of
simulations of the peak structure, assuming solid oxy- CO,, CS, and @ molecules in a skimmed supersonic
gen clusters with a certain size range, Matejcik et al. beam. For CQ@ clusters, the attachment spectrum
concluded that neutral clusters arouNd= 15 (rang- is dominated by rather narrow VFRs of the type
ing from 13 to 20) are responsible for their attachment [(CO2)y_1COx(v;)]~ which involve a vibrationally
spectra withy = 1-3 Figs. 4 and 9n [20]). This size excited molecular constitueni;( > 1 denotes ex-
selectivity was not explained. The authors also did not cited vibrational mode) and a diffuse electron, weakly
comment why the same range should be responsiblebound to the cluster by long range forces (redshift
for the formation of @, O4—, and @~ ions (notethat  about 12 meV per added G®or smallq). Forq up to
the peak structures for cluster anions wjth= 1-3 about 24, the size-dependent values of the observed
was found to be located—uwithin their uncertainties— redshifts of the VFRs in conjunction with their narrow
at the same energies). Fop Oformation, one would  widths and with model calculations of the electron
actually expect (in view of the energetic restriction binding energies suggest that the iz« the observed
thatN may not be larger than 13) that the average size (CQO,),~ anions is essentially the samg & N or
of the neutral clusters involved in anion formation is N — 1) as the sizé of the neutral precursor (CQy
significantly smaller than for dimer and trimer anion which captures the electron. For cluster sigetbove
formation with the result that the peaks in the O 24 a doubling of the VFR peak structure is observed
attachment spectrum appear at higher energies tharwhich we tentatively attribute to the transition from
those in the dimer and trimer anion spectra. icosahedral (lowN) to bulk cubic (highN) cluster

In this connection it is appropriate to recall that the structure, predicted to occur fdraround 3q43]. The
Berlin group found a clear difference in the peak loca- size distribution in the (C&), ~ anion mass spectrum,
tion of the yield for (Q), ~ formation betweeg = 1 due to attachment of electrons with well-defined en-
(0.7eV) andg > 2 (0.4eV)[16-18] This difference ergies, shows undulatory structure which reflects the
is, on the one hand, compatible with a scenario that, presence or absence of VFRs at that particular energy.
on average, @ formation involves neutral clusters of  In contrast, the energy-integrated cluster anion mass
smaller size than those responsible fop}O (¢ > 2) spectrum shows a smooth dependence on cluster size
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g which is similar to that observed in the positive
(COp), ™ cluster ion mass spectrum, generated by
85 eV electron impact. The yield spectra for (§5
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operation and T. Sommerfeld, L.S. Cederbaum, D.J.

cluster anions show an s-wave attachment peak nearWales and U. Buck for helpful discussions.

OeV and exhibit a smoothly falling cross section
towards higher energies with no significant structure.
In the yield for (@), anions § = 5-14), we ob-
serve arise towards 0 eV, indicative of s-wave electron

capture, and a slowly varying and essentially structure-
less attachment continuum between 10 and 200 meV.

Vibrational peak structure, previously reported by the
Innsbruck grou19,20]in the yields for small (@), ~
anions § = 1-3) at energies near 80 and 190 meV
and interpreted as soIvation—shifteszl'Ig, VvV =7,
8)-(O2)y—_1 resonancesN > 10) which decay to the
detected (@), anions by evaporation of a substan-
tial number of @ molecules, appears to be absent in
our data forg = 5-14. Possibly, the neutral clusters
(O2)y were not sufficiently cold (and thus solid) in

our experiment such as to yield—as suggested in

[20]—a sufficiently small inhomogeneous broadening

of the resonances when averaging over those neutral

cluster sizes\N which are active as precursors in the
production of the detected cluster anion sigeDif-

ferences between the attachment spectra for oxygen

cluster anions, as observed by the Innsbrfick20],
Berlin [16—18] and our group, indicate the need for
additional experiments in order to clarify the situation.

In conclusion, we note that we have recently inves-
tigated cluster anion formation involving clusters of
carbonyl sulfide OCS in order to see the evolution of
the attachment behaviour from G®ia OCS to CS.

Clear vibrational resonance structure has been ob-

served in the yields for small homogeneous (OCS)
and heterogeneous (OGS)O~ cluster anions, as
will be reported in a future publication.
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