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Abstract. Organometallic clusters of lanthanide (Ln = Nd, Er, Eu, and Yb) and 1,3,5,7-cyclooctatetraene
(C8H8) were produced by a combination of laser vaporization and molecular beam methods. In the mass
spectra of [Lnn(C8H8)m], compositions of m= n+1 were magic numbers. From mass spectrometry, photo-
ionization spectroscopy, and photoelectron spectroscopy, we have concluded that these magic-numbered
clusters take multiple-decker sandwich structures in which Ln atoms and C8H8 molecules are alternat-
edly piled up. These sandwich clusters are formed through ionic bonds composed of multiply charged
cations [Lnk+ (k = 2 and 3)] and multiply charged anions [C8Hh−8 (h= 1, 1.5, and 2)].

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Mr Spectroscopy and geometrical structure of clus-
ters – 61.46.+w Clusters, nanoparticles, and nanocrystalline materials – 71.24.+q Electronic structure of
clusters and nanoparticles

1 Introduction

Since U(C8H8)2 was discovered in 1968 [1], studies of
organo-rare earth metal chemistry in a condensed phase
have been an active area of experimental research. Specif-
ically, questions regarding the degree of metal-ligand cova-
lency have been addressed. It is now generally agreed that
there is less involvement of f orbitals in lanthanide bond-
ing than is generally assumed to operate in the actinides.
Therefore, organolanthanide compounds have long been
assumed to be optical, and magnetic materials for such 4f
orbitals are shielded largely from external interactions by
the outer 5s and 5p orbitals [2, 3]. Numerous experimen-
talists and theoreticians have been prompted to describe
the bonding of organolanthanide compounds as wholly
ionic [4–7]. In the condensed phase, the alkali metal salts
are generally prepared as Malkali+ [Ln3+(C8H2−

8 )2]. Simi-
larly, divalent compounds of Eu and Yb can be described
by ionic bonding, denoted as (Malkali+)2[Ln2+(C8H2−

8 )2].
Because of such propensity, organolanthanide compounds
have been apparently unsuitable for studies on neutral and
multinuclear properties of the Ln–C8H8 system.

Our recent development of methodology combining
a laser-vaporization method and a molecular beam method
has opened up a new way for facile investigation of
organometallic clusters [8, 9]. In the gas phase, it is pos-
sible to understand a metal–molecule interaction without
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influence of the solvent. We have successfully produced
organometallic lanthanide (Ln) and cyclooctatetraene
(C8H8), Lnn(C8H8)m, clusters from a mixture of vapor-
ized metal atoms and aromatic molecules. The electronic
and geometric structures of Lnn(C8H8)m were determined
by mass spectrometry, photoionization spectroscopy, and
photoelectron spectroscopy.

2 Experiment

Lnn(C8H8)m clusters [Ln = lanthanide metals of Nd,
Er, Eu, and Yb; C8H8 = 1,3,5,7-cyclooctatetraene], were
produced by the combination of the laser-vaporization
method, the molecular beam method and a flow tube reac-
tor (FTR) [10]. The experimental setup used in this work
is described elsewhere [8, 9]. First, Ln atoms were vapor-
ized by a frequency doubled output from a Q-switched
Nd3+: YAG laser (532 nm,∼ 10 mJ/pulse) and were cooled
to room temperature with He carrier gas (5 atm stagna-
tion pressure). After growth of the cluster in a channel (of
3 mm diameter and 4 cm length), C8H8 vapor (∼ 70 Torr;
70 ◦C) diluted with He carrier gas (1.5 atm) was synchro-
nized with the flow of the metal vapor and was injected
into the FTR. Lnn(C8H8)m binary clusters thus generated
were sent into an ionization chamber through a skimmer
(3 mm diameter). Then the clusters were ionized by an
ArF excimer laser (193 nm; 6.42 eV) or a frequency doubled
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output of a tunable dye laser (310–209 nm; 4.00–5.92 eV)
pumped by a XeCl excimer laser (308 nm) in a static
electric field. The photoions were mass-analyzed by a re-
flectron time-of-flight (RETOF) mass spectrometer. To
determine ionization energies (Eis), the frequency doubled
output of the dye laser was used as the ionization light.
Photon energy was changed at a 0.01–0.05 eV interval in
the range of 5.92–3.90 eV, while the abundance and com-
position of Lnn(C8H8)m were monitored by the ionization
of the ArF laser. Fluences of both the dye laser and the ArF
laser were monitored by a pyroelectric detector (Molectron
J-3) and were kept at ∼ 200 µJ/cm2 to avoid multipho-
ton processes. To obtain photoionization efficiency (PIE)
curves, ion intensities of the mass spectra were plotted as
a function of photon energy with normalization to both
the laser fluence and the ion intensities of the ArF mass
spectra. TheEis of Lnn(C8H8)m were determined from the
final decline of the PIE curves. Typical uncertainty ofEis is
estimated to be ±0.05 eV.

To record photoelectron spectra, anion clusters were
produced by the same procedure as in the case of neutral
clusters. Then clusters produced were sent into an on-line
TOF mass spectrometer by 3 keV for mass analysis and
by 900 eV for a PES (photoelectron spectroscopy) study.
After being decelerated, the mass-selected anions were
photodetached with a fourth harmonic (266 nm, 4.66 eV)
of the other Nd3+:YAG laser. The photoelectron signal
was typically accumulated to 30 000 shots by a multichan-
nel scaler/averager (Stanford Research System, SR430).
Obtained energy resolution was about 70 meV FWHM at
1 eV electron energy. Energy of the photoelectron was cal-
ibrated by the measurement of photoelectron spectra of
Au− [11, 12]. The laser power for photodetachment was in
the range of 10–20 mJ/cm2 for 355 nm and 1–3 mJ/cm2

for 266 nm and no power dependent processes for the spec-
trum shape were observed.

3 Results and discussion

3.1 Mass spectra of Lnn(C8H8)m clusters

Figures 1a–1d show typical examples of photoionization
mass spectra of Lnn(C8H8)m [Ln = Nd, Er, Eu, and Yb]
produced by the foregoing procedure. The peaks are la-
beled according to the notation (n,m), which denotes
the number of Ln atoms (n) and C8H8 molecules (m).
In the photoionization mass spectra, the ion intensities
would reflect the abundance of clusters when their Eis are
lower than the photon energy of the ionization laser. Mass
spectra of (n,m) clusters were measured under the con-
dition of low fluence of the ionization lasers to prevent
multiphoton ionization processes. Main peaks in the mass
spectra were assigned as Lnn(C8H8)n+1. In cationic mass
spectra of Lnn(C8H8)+

m, clusters having m= n+ 1 were
also observed as main products. Even when the concen-
tration of C8H8 vapor was changed to higher one, these
main peaks remained unchanged. Therefore, these species
are stable compositions under the condition. For bulk,

Fig. 1. Time-of-flight mass spectra of lanthanide (Ln)– 1,3,5,7-
cyclooctatetraene (C8H8) clusters, Lnn(C8H8)m [Ln = (a) Nd,
(b) Er, (c) Eu, and (d) Yb] obtained by the photoionization of
the ArF laser (6.42 eV). Peaks are labeled according to the no-
tations (n,m), denoting the number of Ln atoms (n) and C8H8

molecules (m). The intense peaks between magic-numbered
clusters correspond to (n, n), (n, n)+oxide or (n, n)+water
compositions. For Nd–C8H8, mass peaks become broader with
increasing mass due to many isotopes of Nd atoms.

DeKock et al. and Ely et al. reported a triple-decker sand-
wich cluster, [(C8H8)Nd(THF)2][(C8H8)2Nd]. Further,
Greco et al. reported Ce2(C8H8)3 [13–15]. By analogy
with these findings, Lnn(C8H8)n+1 clusters should take
multiple-decker sandwich structures. Proposed structures
of Lnn(C8H8)n+1 clusters are shown in Fig. 3.

3.2 PES spectra of Ln(C8H8)2� cluster anions

To elucidate further the bonding nature of these clusters,
we conducted PES experiments for Ln(C8H8)2− anions at
266 nm (4.66 eV). The PES spectra are shown in Fig. 2.
In the spectra, a horizontal axis corresponds to an elec-
tron binding energy, Eb, which is defined as Eb = hν−Ek

where Ek is a kinetic energy of the photoelectron and hν
is a photon energy of the photodetachment laser. To as-
sign a photodetachment threshold energy, ET, we linearly
extrapolated the slope of the first onset to the baseline of
the spectrum. A downward arrow indicates the ET value
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Fig. 2. Photoelectron spectra of Ln(C8H8)2− anions (Ln =
Nd, Er, Eu, and Yb) at 266 nm (4.66 eV). Arrows indicate
threshold energies (ET). The vertical detachment energy of
each labeled peak is tabulated in Table 1.

in each figure. The ET values correspond to upper limits
of adiabatic electron affinity (EA). Besides the ET values,
vertical detachment energies (VDE) of the first peak are
also derived from the peak maxima in the photoelectron
spectra. ET and VDE are tabulated in Table 1. When we
look at the PES spectra, striking similarities can be seen.
One is between Nd and Er, and the other is between Eu and
Yb. In the former group, two peaks are located around the
binding energy of 2.5 and 3.5 eV, and they have similar pro-
files, with a sharp leading edge and two shoulders on the
higher binding energy side. In the latter one, first two sharp
peaks are located around 2.0 and 2.5 eV, and they accom-
pany weaker broad bands in the higher binding energy side.
In bulk materials, these Ln elements are characterized as
a highly ionic complex that depends on the oxidation state.
Therefore, it is reasonable to assume that Nd and Er take
the oxidation state of +3, while Eu and Yb take that of +2,
by analogy to the reported lanthanide clusters.

As is well known because of the 4n+ 2 rule of aromat-
ics, a C8H8 molecule can act as an electron acceptor of 2
electrons. When the two-electron acceptability of C8H8 is
considered in combination with the fact that Ln(C8H8)2

in bulk materials have been prepared as potassium or
lithium salts denoted as Malkali+ [Ln3+(C8H2−

8 )2] [16], it

Table 1. Threshold energies (ET) and vertical detachment
energies (VDE) of Ln(C8H8)2− (/eV).

Ln ET VDE

Nd 2.37(25) X 2.43
A 3.54

Er 2.06(16) X 2.36
A 3.76

Eu 2.02(09) X 2.14
A 2.68

Yb 1.95(10) X 2.13
A 2.65

Numbers in parentheses indicate experimental uncertainties;
2.37(25) represents 2.37±0.25.

is rational to conclude that Ln(C8H8)2− anions can be
expressed as a Ln3+(C8H2−

8 )2 configuration for Nd and
Er. In the configuration, each C8H8 molecule has 2 ex-
cess electrons. In the oxidation states of 3+, Nd3+ and
Er3+ have 3 and 11 f electrons, respectively. As shown in
their photoelectron spectra, this difference does not change
the spectra. A PES experiment on neutral Ce(C8H8)2 by
Streitwieser et al. [17] suggests the assignment on photo-
electron spectra of anionic Nd(C8H8)2− and Er(C8H8)2− .
They have proposed that the configuration of the neu-
tral ground state of Ce(C8H8)2 is (a1g; 2C8H8)2(a2u;
2C8H8)2(e1g; 2C8H8)4(e1u; 2C8H8)4(e2g; 2C8H8)4(e2u;
2C8H8)3(e3u; Ce)1, and that the energy difference between
(e2g; 2C8H8) and (e2u; 2C8H8) is about 0.93 eV. Since
ground-state configuration of neutral Ln4+(C8H2−

8 )2 is un-
likely from several theoretical calculations [18–20], we have
assigned the configurations of the anion and the neutral
ground states to be Ln3+(C8H2−

8 )2 [(e2u; 2C8H8)4(e3u;
Ln)k] and Ln3+(C8H1.5−

8 )2 [(e2u; 2C8H8)3(e3u; Ln)k], re-
spectively, where k = 3 for Nd and k = 11 for Er. Then, the
plausible assignment is that the first peak of X corresponds
to the photodetachment from the e2u MO of C8H8, and
that the second peak of A corresponds to that from the e2g

MO of C8H8; the symmetry of D8h is assumed.
Eu and Yb are typical examples of stable Ln2+ com-

plexes in bulk materials. This is because Eu and Yb possess
4f7 and 4f14 configurations in the oxidation states of +2,
which correspond to the half-filled and fully-filled 4f or-
bitals, respectively, stabilized by the spin–spin exchange
interaction. Therefore, their neutrals are considered to
take Eu2+(C8H1−

8 )2 and Yb2+(C8H1−
8 )2 configurations.

Differences between electronic and vibrational structures
from Ln3+ clusters are ascribed to the change of electronic
configuration of C8H8 from (C8H1.5−

8 )2 to (C8H1−
8 )2. In

the photoelectron spectra, two strong bands were ob-
served, and their gaps are 0.54 eV for neutral Eu(C8H8)2

and 0.52 eV for neutral Yb(C8H8)2. Based on the assign-
ment for Nd(C8H8)2− and Er(C8H8)2− , the two strong
bands in Eu(C8H8)2− and Yb(C8H8)2− are assigned to
those from e2u and e2g, respectively, although it seems that
the neutral Eu(C8H8)2 and Yb(C8H8)2 have lower symme-
try than D8h that is due to deformation of the 8-membered
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Fig. 3. Proposed structures and allotment of valence electrons
of Lnn(C8H8)n+1 clusters: (a) Ln = Nd and Er; (b) Ln = Eu
and Yb. These schematics are based on the assumption of two-
electron acceptability of C8H8 and multiply charged positive
ions of Ln (Ln3+ for Nd and Er, and Ln2+ for Eu and Yb).
As shown in (a), one of the Ln atoms should become the +2
oxidation state in (3, 4); this results in low ionization energy.

ring of C8H8. Furthermore, the apparent broadening of
these bands with the heavier lanthanide atoms is notice-
able. Since there is no unpaired f electron in Yb(C8H8)2,
the broadening might be attributed not to the exchange
interaction with the f electrons, but to the vibrational
excitations of the ligand C8H8. In the high-energy side
of the electron binding energy, broader bands were found
1 eV above the band X, and they might be contributed
from the oxidation states of +3; the photodetachment from
Ln2+(C8H1.5−

8 )2 to Ln3+(C8H1.5−
8 )2.

3.3 Ionization energies of neutral Lnn(C8H8)n+1

To determine the electronic properties of neutral
Lnn(C8H8)m, we measured ionization energies (Eis) by
using photoionization spectroscopy. The results were il-
lustrated in Fig. 4. Several clusters in the figure contain
large uncertainties of 5.92 eV < Eis < 6.42 eV, because
the ionization energy of 5.92 eV corresponds to the max-
imum emission of the tunable dye laser. In Fig. 4, two
patterns are easily conceivable. For Ndn(C8H8)n+1 and
Ern(C8H8)n+1 (Fig. 4a), while Eis of (1, 2) and (2, 3) show
similar values, Eis of (3, 4) largely drop by 0.8 eV. For
Eun(C8H8)n+1 and Ybn(C8H8)n+1 (Fig. 4b), however, the
Ei values are almost constant for n = 1−3, although the
values have relatively large uncertainty. The two size de-
pendences can be explained by the counting of valence
electrons based on the multiply ionic states in the cluster.
Considering that Ln atoms favor either Ln3+ or Ln2+ state
in ligand field, allotment of valence electrons in multiple-
decker Lnn(C8H8)n+1 should be as shown in Fig. 3. In case
of Nd and Er, Ln atoms can exist as Ln3+ ions interposed
by C8H8 for n = 1 and 2. For n = 3, however, one of Ln
atoms in the multiple-decker structure cannot become an
Ln3+ ion because of the lack of electron acceptability of
C8H8. Then the Ln atom should result in a Ln2+ ion, as

Fig. 4. Ionization energies (Eis) of multiple-decker sandwich
clusters. (a) Ndn(C8H8)n+1 (solid square) and Ern(C8H8)n+1

(solid circle); (b) Eun(C8H8)n+1 (solid triangle) and
Ybn(C8H8)n+1 (cross lines). In the figures, the ionization en-
ergies contain large uncertainty, because the tunable dye laser
has a limited emission range of at most 5.92 eV (209 nm).

shown in Fig. 3a. Eis tends to drop at (3, 4) for Ln = Nd
and Er, but this can be reasonably explained by the change
of valence electrons as follows: Since one of the Ln atoms in
(3, 4) should take the Ln2+ ion in the neutral ground state,
large stabilization is expected for the cationic (3, 4)+, be-
cause of the change in charge from Ln2+ to Ln3+. In (1, 2)
and (2, 3), on the other hand, no cationic stability is ex-
pected, because the ionization process results in the one
from Ln3+ to Ln4+.

For all the Eu and Yb clusters, Eu and Yb atoms al-
ways take Ln2+ in the neutrals as shown in Fig. 3b. Rather
high Eis of these clusters as compared to Ln atoms are as-
cribed to the stability of neutral clusters, in which Ln2+

atoms have half- and fully closed shell configuration. Since
Nd atom (4f3) in the cluster is an open-shell configura-
tion in the neutral ground state, the Eis of Ndn(C8H8)n+1

were low compared to those of the Nd atoms (Ei[Nd] =
5.49 eV). The fairly highEis of Ern(C8H8)n+1 as compared
to Ndn(C8H8)n+1 might be ascribed to the higherEi of the
Er atom (6.10 eV) than that of Nd atom.

In our previous report on multiple-decker sandwiches
of Vn(C6H6)n+1 (n = 1−4) [8], the Eis showed a drastic
decrement as the cluster size increased. This phenomenon
of Ei is theoretically elucidated by the fact that the ion-
ization occurs from a delocalized molecular orbital of
vanadium–vanadium interaction interposed by π∗ orbitals
of benzene [21]. In Lnn(C8H8)n+1, however, an orbital
contributing to the ionization process is considered to be
discontinuously localized along the molecular axis, because
the cluster is bonded through ionic bonds and the charge
is localized at each component. Since the first ionization is
expected to occur from 4f(Ln) orbitals in (1, 2) [17, 22], we
concluded that the 4f orbital in the cluster is localized and
scarcely interacts with neighboring Ln atoms in the clus-
ter. According to the theoretical calculation of Dolg and
co-workers [18–20], Nd(C8H8)2 is indeed a charge transfer
cluster in which 3 of 6 electrons in Nd(6s24f4) transfer al-
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most completely to 2C8H8, resulting in a configuration of
Nd3+(C8H1.5−

8 )2. In case of Eu and Yb, the rather highEis
of Eun(C8H8)n+1 and Ybn(C8H8)n+1 seem to ensure the
complete charge transfer, because Eis of Eu and Yb clus-
ters are rather high (5.92 eV <Eis< 6.42 eV) compared to
Ln3+ clusters. We conclude from all the results that the
bonding in Lnn(C8H8)n+1 is of ionic character, in which Ln
atoms exist as multiply charged ions.
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