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Abstract: Organometallic lanthanide complexes of[@gHg)m (LN = lanthanide metals of Ce, Nd, Eu, Ho,

and Yb; GHg = 1,3,5,7-cyclooctatetraene) were produced by a combination of laser vaporization and molecular
beam methods. The complexes havingni) = (n, n + 1) for n = 1-5 were prominently produced as magic
numbers in the mass spectra. Using mass spectrometry, photoionization spectroscopy, and photoelectron
spectroscopy, it is concluded that these magic-numbered complexes form multiple decker sandwich structures
in which Ln atoms and gHg molecules are alternately piled up. The obtained spectroscopic data show that
these sandwich complexes are formed through ionic bonds and are charge transfer complexes, where the Ln
atoms are multiply charged cations of¥tn(k = 2 and 3) and gHg molecules are multiply charged anions.

1. Introduction

denoted as LH (CgHg'®")2. An ionic character well describes
these phenomena rather than the covalent one, where little

The f-block elements of lanthanide (Ln) and actinide (AC) gyerlap of 4f(Ln) andz(CsHs) electrons exists and directional
metals have been of considerable importance in many areas Ofoonding is relatively unimportant. This predominantly ionic

modern technology.# After discovery of Ac(GHg),,>~ 7 studies

character results from whichgHg ligand can act as a stable

on this criteria have extensively stimulated experimentalists and gjanjon, as is well-known in the related actinide compounds.
theoreticians, since these complexes showed highly symmetricy the condensed phase, therefore, the alkali metal salts of
Dgn compounds in which 4-fold positive central metal ions of Manai [LN3+(CgHg2");] are generally prepared, where positively
Ac*" are sandwiched by two aromatic eight-membered rings charged Muai® compensates the discrepancy between 3

of CgHg?~. A certain amount of 5f(Ac)w(CgHg) overlap was

oxidation states of Ln atoms and the negative charge-of 4

suggested, which led to a conclusion of dominant character of f,om two GHs ligands. Among 14 lanthanide elements, there

covalency in this systerftl? On the other hand, Ln{Elg)>

are 2+ oxidation state complexes of Eu and Yb that form in

complexes were proved to take trivalent complexes in bulk pyk as (Myait)o[LN2*(CgHg?2")5]. 2517

material§!! and in theoretical calculatiods;14 except for
divalent complexes of L= Eu and Yb. Lanthanider-car-

bocyclic complexes were synthesized as their salts of K[Ln-

(CgHg),] by Hodgson et al;'! where trivalency of Ln metals
overcomes aromaticity of ¢Elg?~, resulting in a complex
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These properties of Ln metals indeed retard studies on neutral
and multicore complexes of L(CsHsg)m. Until now, only two
synthetic studies on G&sHg)3'® and [(GHg)Nd(THF)][(CgHsg)2-

Nd]*® have been reported. In the divalent Lgks) (Ln = Eu
and Yb)2°2lthe half-sandwich complexes with solvent molecule
seem to preclude intrinsic growth. Thus, due to unfavored
solvation, detailed study on the H€gHg system has been
delayed.

The application of the laser vaporization to the gas-phase
synthesis of organometallic compounds enables us to prepare
the constituents in considerable density in a short time because
there are no interfering effects of solvents, aggregation phe-

(15) Kinsley, S. A.; Streitwieser, A., Jr.; Zalkin, @rganometallicsL985
4, 52.

(16) Kinsley, S. A.; Streitwieser, A., Jr.; Zalkin, AMcta Crystallogr.
1986 C42 1092.

(17) Evans, W. J.; Shreeve, J. L.; Ziller, J. \Rolyhedron1995 14,
2945.

(18) Greco, A.; Cesca, S.; Bertolini, G.Organomet. Cheni976 113
321.

(19) (a) DeKock, C. W.; Ely, S. R.; Hopkins, T. E.; Brault, M. korg.
Chem.1978 17, 625. (b) Ely, S. R.; Hopkins, T. E.; DeKock, C. \@..Am.
Chem. Socl1976 98, 1624.

(20) Hayes, R. G.; Thomas, J. . Am. Chem. S0d.969 91, 6876.

(21) Wayda, A. L.; Mukeriji, I.; Dye, J. L.; Rogers, R. Drganometallics
1987, 6, 1328.

© 1998 American Chemical Society

Published on Web 10/30/1998



Complexes of Lanthanidel,3,5,7-Cyclooctatetraene J. Am. Chem. Soc., Vol. 120, No. 45, 1808857

nomena, and counterions. This new approach should open up3 keV for mass analysis and 900 eV for PES (photoelectron spectro-
an area of organometallic chemistry and physics that can bescopy) study. After being decelerated, the mass-selected anions were
studied quite nicely in the gas phase. The object of this work Photodetached with the third harmonic (355 nm, 3.49 eV) or the fourth
is to investigate the nature of multicore complexes from the harmonic (266 nm, 4.66 eV) of the other NAdYAG laser. The
spectroscopic point of view and to elucidate their electronic Photoelectron signal was typically accumulated to 30 000 shots by a
structures. In the present paper, we will give experimental multichannel scaler/averager (Stanford Research System, SR430).

| h h . h ltiol K Obtained energy resolution was about 70 meV fwhm at 1 eV electron
results on the gas-phase preparation of the multiple-dec erenergy. The energy of the photoelectron was calibrated by measuring

sandwich clusters of LyiCgHg)n+1 for five_ Ln metals_ of Ce_, photoelectron spectra of Au The laser power for photodetachment
Nd, Eu, Ho, and Yb that are representative of multivalent ions was in the range of 620 mJ/cm for 355 nm and +3 mJ/cn for
such as C¥@H, N&®*, EL?t, Ho*", and Y, respectively. 266 nm, and no power dependent processes for the spectrum shape

The electronic structure and bonding are discussed based orwere observed.

the results of the photoelectron spectroscopy of Ighl~

anion and ionization energyg{) of the neutral La(CgHg)n+1 3. Results and Discussion

clusters. The photoelectron spectra and size dependerige of

can reveal the ionic bonding nature including the oxidation ~ 3.1. Mass Spectra of LR(CgHg)m Complexes. Figure la-e
states. The localized charge distribution on both Ln atoms and Show typical examples of the photoionization mass spectra of
CgHs ligands governs the electronic features of the complexes, LNn(CeHe)m [Ln = lanthanide metals of Ce, Nd, Eu, Ho, and
and the multiply charged L1 atoms isolated by the ligands ~ Yb; henceforth i, m)] produced by the foregoing procedure.
implies the new possibility of the optical material and the To enhance the ion intensity of larger complexes, the transmis-
electron spin chemistry. The electronic properties of the-Ln ~ sion efficiency of the mass spectrometer was optimized around
CgHs will be discussed in comparison with those of the sandwich 1000-1500 u with a pair of deflection plates. Main peaks in
complexes between transition metal atoms and benzene mol-€ach spectrum except for Ce showed almost the same composi-
ecules?? which have delocalized electronic structure along the tions denoted asn(n + 1). Even when the concentration of

molecular axis. CgHg vapor was increased, these main peaks remained un-
changed in the mass spectra. Therefore, these+{ 1) species
2. Experimental Section are indeed abundant and stable complexes formed in the
saturated high concentration oflds. In case of Ce,;, n + 1)
Lanthanide-cyclooctatetraene complexes, @gHg)m [Ln = lan- series were not necessarily observed as magic numbers, because
thanide metals of Ce, Nd, Eu, Ho, and YbgHs = 1,357-  yaporized Ce itself easily reacts with contamination efa@d

cyclooctatetraene], were produced by a combination of the laser-

vaporization method, a molecular beam method, and a flow tube reaCtorreIativeI low compared to other lanthanide elements.-Ce
(FTR). An experimental setup used in this work is described y P "

elsewheré?-2* First, Ln atoms were vaporized by the frequency (CeHg)m are mainly produced also at,(n + 1).

doubled output from a Q-switched RdYAG laser (532 nm~10 mJ/ The regular pattern in the mass spectra implies that these
pulse). Then the vaporized atoms were cooled by a He carrier gas (5complexes consist of accumulation of a certain unit. The most
atm stagnation pressure) in a growth channel (3 mm diameter and 4probable structure is a multiple-decker sandwich structure by
cm length) and were synchronously mixed with th¢dgvapor pulse  analogy to the structure of the transition methénzene
(~70 Torr; 70°C) diluted with 1.5 atm of He carrier gas at FTR..kn complexe$225in which transition metal atoms and benzene

(CeHa)m binary complexes thus generated were sent into the ionization 00 les are alternately piled up (Figure 2). As discussed later
chamber through a skimmer (3 mm diameter). Then the complexes in the following sections, the characteristic electronic structures
were ionized by an ArF excimer laser (193 nm; 6.42 eV) or a frequency 9 ’

doubled output of a tunable dye laser pumped by a XeCl excimer laser can be explained _by the SandW_iCh structures. . In fact, itis na_tural
(308 nm; 4.03 eV) in a static electric field. The photoions were mass- 0 extend the single sandwich structure into the multiple
analyzed by a reflectron time-of-flight (RETOF) mass spectrometer. Sandwich one, because the triple-decker structure ef@gels

H.O in the He carrier gas. Although the ion intensity was

To get information on the structures of the complexes(CHg)m were or Nd—CgHg was synthesized in the condensed pH&st Since
further reacted with CGlgas diluted with 1.5 atm of He inside the  the advantage of the gas-phase synthesis is no environmental
second FTR, which was mounted downstream of t@elsGddition factors such as organic solvents, it seems that these novel

port. To determine ionization energieSg), the frequency doubled  stryctures can possibly be synthesized.

output of the dye laser was used as the ionization laser. Photon energy _ _
was changed at a 0.6D.05 eV interval in the range of 5.93.90 3.2. Photoelectron Spectroscopy of Ln(§Hz).™ (Ln = Ce,

eV, while the abundance and composition of ,(GaHs)n Were Nd, Eu, Ho, and Yb) Anions. To elucidate the further bo_ndlng
monitored by the ionization of the ArF laser. Fluences of both the nature of these complexes, we conducted PES experiments of
dye laser and the ArF laser were monitored by a pyroelectric detector the anions, Ln(gHs),~, at 266 (4.66 eV) and 355 nm (3.49
(Molectron J-3) and were kept at200 xJ/cn? to avoid multiphoton eV) (Figure 3). In the formation of LnCgHg anions, larger
processes. To obtain photoionization efficiency (PIE) curves, ion complexes ofif, n + 1)~ atn = 2 could be produced only for
intensities of the mass spectra were plotted as a function of photon Eu and Yb, while (1, 2) was mainly produced for Ce, Nd, and

energy with normalization to both the laser fluence and the ion Ho. This feature can be explained by the electronic structure,

intensities_of the Ar_F mass spectris of Ln,(CgHg)m were determi_ned which will be discussed later.

from the final decline of the PIE curves. The typical uncertainty of . .

Es is estimated to b&-0.05 eV. In the PES spectra, the h.orlz.ontaI.aX|s corresponds to an
To record photoelectron spectra, anionic complexes produced by theelectron-t_)lndlng energys, which is defined a&, = hv ~ B

above procedure were sent into an on-line TOF mass spectrometer toVNereEx is a kinetic energy of the photoelectron ameis a

photon energy of the photodetachment laser. To assign a

(22) Hoshino, K.; Kurikawa, T.; Takeda, H.; Nakajima, A.; Kaya,X. photodetachment threshold enerdt, the slope of the first
Ph{zsé)c}?uerinlléev%s :C’rgj f’_ﬁ?jﬁo M. Takeda, H. Yagi, K. Hoshino, Kk, ONSEtwas extrapolated linearly to the baseline of the spectrum.
Nakajima, A.; Kéya;’K_J. phg,sl Chem1995 99, 16248. Kurikawa, T.. A downward arrow indicates thr value in each figure. The
Takeda, H.; Nakajima, A.; Kaya, KZ. Phys. D1997, 40, 65.

(24) Nagao, S.; Kurikawa, T.; Miyajima, K.; Nakajima, A.; Kaya, K. (25) Weis, P.; Kemper, P. R.; Bowers, M. J. Phys. Chem. A997,

Phys. Chem. A998 102 4495. 101, 8207.
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( ) Figure 3. Photoelectron spectra of Ln{8s),~ anions (Lh= Ce, Nd,

Figure 1. Time-of-flight mass spectra of lanthanide (kr9,3,5,7- Eu, Ho, and Yb) at 266 nm (4.66 eV) for the left side and 355 nm
cyclooctatetraene @ls) complexes, Li(CgHg)m [Ln = Ce (a), Nd (b), (3.49 eV) for the right side. Arrows indicate threshold energi@3. (

Eu (c), Ho (d), and Yb (e)] obtained by the photoionization of the ArF  The vertical detachment energy of each labeled peak is tabulated in
laser (6.42 eV). Peaks are labeled according to the notatigms)( Table 1. Peaks labeled “HB” refer to hot bands.

denoting the number of Ln atoms)(and GHs molecules in). Only
for Ce are oxide or hydroxide prominent (marked with asterisk) due to Table 1. Threshold EnergiesE;s) and Vertical Detachment
high reactivity of Ce. For Nd-gHs, mass peaks become broader with  Energies (VDESs) of Ln(gHs).~ (eV)?

increasing mass due to many isotopes of Nd atoms. Ln E; VDE
= Ce 2.42(32) X 2.45

1 2.66

= & 2 2.84

= & & 3 3.09

A 3.51

= & & & Nd 2.37(25) X 243

o & & & 1 2.72

A 3.54

2 @3 649 “*5 66 Eu 2.02(09) X 2.14

Figure 2. Proposed structures of KiCsHs)n+1 complexesif = 1-5). A 2.68
o o Ho 2.18(18) X 2.34

Er values correspond to upper limits of the adiabdis. 1 2.45
Besides thé=r values, vertical detachment energies (VDES) of 2 2.57
the first peak are also derived from the peak maxima in the 3 2.66
photoelectron spectra. VDEs are energies of maximum overlap f\ 32)352
between the nuclear wave functions of the ground state between Yb 1.95(10) X 213
anions and neutralsErs and VDEs are tabulated in Table 1, 1 2.24
including VDEs of successive peak(s). The successive peaks A 2.65

correspc_)nd to th‘? photodetachment into the _Vlbratlona”y OF ™ a Numbers in parentheses indicate experimental uncertainties; 2.42(32)
electronically excited states of the corresponding neutral. represents 2.4z 0.32.

At first glance of the five photoelectron spectra, a striking
similarity is readily recognized and they are classified into two
groups: one is Ce(gEls),~, Nd(GsHs)2~, and Ho(GHg).~ and band in the higher binding energy. The similarity in these two
the other is Eu(gHs),~ and Yb(GHs)>~. In the former group, ~ groups is ascribed to a common electronic feature; they are
two peaks are located around the binding energy of 2.5 and 3.5characterized as a highly ionic complex that depends not on
eV, and they have similar profiles with a sharp leading edge the metal elements, but on the oxidation state. Itis reasonable
and a couple of shoulders on the higher binding energy side. Into assume that Ce, Nd, and Ho all take the oxidation state of
the latter group, the first two sharp peaks are located around-+3, while both Eu and Yb take that &f2, by analogy to the
2.0 and 2.5 eV, and they are accompanied by a weaker broadreported lanthanide complexgt—17
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3.2.a. Photoelectron Spectra of Ce(§Hs),, Nd(CgHsg)2, and
Ho(CgHg)2. As is well-known by the 4 + 2 rule of aromatics,

a GHg molecule can act as an electron acceptor of two electrons,

because (1) the LUMO nearly degenerated with the HOMO

J. Am. Chem. Soc., Vol. 120, No. 45, 10089

should be attributed to the stronger ionic interaction'Ce
interacts with two @Hg5 in the neutral, whereas €einteracts
with two CgHg!™ in the cation.

Peaks from 1 to 3 in Ce and Nd can tentatively be assigned

accepts two electrons and (2) the two excess electrons completas the G=C symmetric stretching mode (1651 th0.205 eV§°

the aromaticity of the eight-membered ring in thgHg
molecule?® In fact, Ce(GHg)2, Nd(CgHg)2, and Ho(GHsg)2 in

bulk materials have been prepared as potassium or lithium saltsNd cases.

denoted as Mkai"[LN3T(CgHg? 7)), and then it is rational to

consider that the anions of [Ln§Hs),~] can be expressed as a
Ln3T(CgHg?)2 configuration for Ce, Nd, and Ho. On the
configuration, each §1g molecule has two excess electrons.
Namely, the (1, 2) should become stable with the electronic
demands of L#i" and GHg?~. As discussed before, the anions
of (1, 2)~ were mainly produced for Ce, Nd, and Ho in the

accompanied by structural deformation frogHg2~ to CgHg!5,
although peaks from 1 to 4 in Ho§Hs), differ from Ce and
From Ce@Hg),” to Ho(GHs), , the apparent
broadening of these bands with the heavier lanthanide atoms is
noticeable, which is attributed to the exchange interaction with
the unpaired f electrons. As discussed by Liu et¢he ground
states for the lighter and heavier lanthanocenes are respectively
the lower and higher multiplicity states resulting from the
coupling between the central metal 4tibshell and the unpaired
electron of ther ligand. It was theoretically suggestéd3that

mass spectra, which should be attributed to the ionic electronic cerocene, Ce(#s)2, is a Ce(lll) compound, in which a Ce

structure of the charge balance in (17 2)
In the oxidation states of-8, Cet, Nd®**, and HG&* have 1,
3, and 10 f electron(s), respectively. As shown in their

ion having a 4t configuration is sandwiched by twogBg!>~
ligands and is predicted to be a trivalent#¥ compound.
Moreover, the multiconfiguration calculation points out that

photoelectron spectra, this difference does not change thecerocene is described by the mixture of Ce(lV) (20%) and Ce-
spectra. This is because the bands in the spectra comglll) (80%) that results in the'A1q ground state undebg,

predominantly from the molecular orbital of the ligand mol-
ecules. By analogy to the photoelectron spectra of cerocene

symmetry. In our work, however, the photoelectron spectrum

,0f Ce(GHg)2 is strikingly similar to that of Nd(gHs),~, which

uranocene, and thorocene, the bands of X and A are undoubtedlyis calculated to be represented purely by Nd(lll). From our

associated with electron detachment from thg &nd eg
molecular orbitals, respectively:28 The fine structures associ-
ated with the band X are probably due to vibrations of tgd{
ligands in the neutral lanthanocene.

Streitwieser et a7 proposed in a PES experiment for neutral
Ce(GHs), that the configuration of its neutral ground state is
(2ag 2CeHg)X(@eu; 2CeHg) (€15 2CeHg)*(er; 2CeHg)* (€25 2CeHg)*

(e2u; 2CgHg)3(e3y; Ce), and that the energy difference between
e, and gq is about 0.93 eV. Since the ground-state configu-
ration of neutral LAT(CgHg?™), is unlikely from several
theoretical calculation¥ 4 we determined that the configura-
tions for the anion and the neutral in the case of Ce are
Ln3"(CeHg? )2 [(€2g; 2CsHg)*(e2; 2CgHg)*(e3y; Ln)Y and
Ln3*(CgHg %) [(e2g 2CsHs)*(E2; 2CsHs)3(30; LN)Y, respec-
tively. Then, the plausible assignment is that the first peak of
X corresponds to the photodetachment from theviO of CgHg

and the second peak of A corresponds to that from 1h&1©

of CgHg, assuminggn symmetry. For Ln= Ce, Nd, and Ho,
the anions of Ln(@Hg),~ are reasonably assumed to hdug
symmetry in the gas phase, because thidgdigands become
CgHg?~ with Ln3". Since GHg?~ satisfies the aromaticity of
4n + 2 due to the 10-electron system, the ligand becomes
planar?® Indeed, the symmetry @g, has been found by crystal
studies for alkali metal salts of Mai[Ln(CgHg)2].1™* Under

the representations of th®g, point group, the most important
covalent contributions to metaling bonding may arise from
metal 5d(gg) and 4f(e,) orbitals interacting with the high-lying

7t orbitals (e, &) of the GHgligands. For cerocerigoroduced

by the photoionization of cerocene, it was reported that the
energy gap betweengand 4 MOs is 0.93 e\27 As listed in

work, the mixing of Ce(IV) cannot be recognized. The
theoretical calculation on Ce§Hg), predicts that the excited
state of 3Ezg should be 1.09 eV above the ground stéte.
Correspondingly, band A is observed 1.06 eV above band X in
Ce(GHes)2, and thus band A can be assignecg,. For Nd-
(CgHg)2, the theoretical calculation predicts that the excited state
of 5Esg should be 0.18 eV above the ground statéfaf. 14 Since
3Esg and®Egy are generated from the same electronic configu-
ration, the band ofEsg should be five-thirds times more intense
than that offEsq due to the multiplicity of the electron spin, if
the band is observable in this range. From the photoelectron
spectrum, however, barfiEsg could not be identified.

3.2.b. Photoelectron Spectra of Eu(gHg), and Yb(CgHg)o.
Eu and Yb are typical examples for stable?t complexes in
bulk materials. This is because Eu and Yb possedsasfi
4f configurations in the oxidation states of2, which
corresponds to the half- and full-filled 4f orbitals, respectively,
stabilized by the spinspin exchange interaction. Therefore,
their neutrals are considered to take 2EiCgHg™), and
Yb2t(CgHg ™), configurations. The difference in electronic and
vibrational structures from L& complexes is ascribed to the
change of electronic configuration ogis from (CgHg!>"), to
(CgHg™)2. In the photoelectron spectra, two strong bands were
observed and their gaps are 0.54 eV for neutral Ed{l; and
0.52 eV for neutral Yb(gHs)2. On the basis of the assignment
for Ce(GHs)2~, Nd(GsHg)2~, and Ho(GHg),2~, the two bands
in Eu(GHsg)2~ and Yb(GHs),~ are assigned to those from,e
and eg respectively, although it seems that the neutral Eu-
(CgHs)2 and Yb(GHs). have lower symmetry thabDg, due to
deformation of the eight-membered ring ofHs. Furthermore,

Table 1, on the other hand, the gaps are 1.06, 1.11, and 1.41the apparent broadening of these bands with the heavier

eV?? for the neutral Ce(gHg)2, Nd(CgHg)2, and Ho(GHs)2. The
larger gap of the neutral cerocene compared to that of cerbcene

(26) See, e.g.: (a) Dewar, M. J. S.; Gleicher, GJ.JAm. Chem. Soc.
1965 87, 685. (b) Fray, G. I.; Saxton, R. @he Chemistry of Cyclooc-
tatetraene and its Deratives. Cambridge University Press: Cambridge,
1978.

(27) Streitwieser, A., Jr.; Kinsley, S. A.; Rigsbee, J.JT. Am. Chem.
So0c.1985 107, 7786. In their report, although they commented on nothing
around 4.8 eV in (He I) the photoelectron spectrum, there indeed exists
one peak that can be assigned as 4f-originated ionization.

(28) Clark, J. P.; Green, J. @. Chem. Soc., Dalton Tran&977, 505.

lanthanide atoms is noticeable. Since there is no unpaired f
electron in Yb(GHs),, the broadening might be attributed not
to the exchange interaction with the f electrons, but to the
vibrational excitations of the ligandgBgs. On the high-energy
side of the electron-binding energy, broader bands were found
1 eV above band X, and they might be contributed from the
oxidation states of-3; the photodetachment from £r{CgHg! %),

(29) These values were determined from the difference of VDEs of two

peaks in the photoelectron spectrum at 266 nm.
(30) Perec, MSpectrochim. Actd991 47A 799.
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Table 2. Assignments of Electronic States of Anionic and Neutral

Lanthanocenes and Multiplicity of Electron Spir§(2- 1) ~"é’ oos] Ng C: H .
species state configuration  electronic state2S+ 1 S () Ndi( 8 8l R
Ce(GHe)~  4fim;* CE*(CaHe2 )2 26y, 2 g 0.061 3 °.
Ce(Q;Hg)g 4f17[3; C€3+(C3Hgl'5‘)2 lAlgb 1 ~—~—
> |
Nd(CsHg)2~  4F3;4 NdB*(CgHe? )2 Eag x Eaf 4 £ 0.041 .
Nd(CeHa)o  4Fm% N (CeHal™) s 3 2 5.06(2) eV, %
Ho(CgHs)2~ 4f107;4 H03+(CSH827)2 5 E 0.021 ¢ i
HO(CgHg)z 4f10ﬂ3; HO3+(CgH31'Er)2 40r6 c
S
EU(CQHS)27 4f7.7Z3; EU2+(C3H31'%)2 7o0r9 — 0.00 o900 T v
Eu(GHs):  4f7n% EW?*(CeHs' )2 8or10 . 4.8 5.2 56 6.0
Yb(CeHg)s™  4f47% Yb2H(CeHgl®), 2By 2 ‘% oosl | }
Yb(CgHg)2 4f14.7[2; Yb2+(CgH31_)2 Eou X BEoy lor3 : . ] (b) Nd2(08H8)3 .
a Symmetry undeBDgp. P Calculation in ref 14¢ One of the products 2 0.061 e
should be assigned. &
3 [ ]
to Ln3+(CgHg! 5 ),. In Table 2, the most probable assignments @ 004 .
for the electronic configuration of anionic (1, 2jnd neutral ) 5.02(3)eV ¢ _~
(1, 2) are tabulated, including the multiplicity of electron spin. £ 0.021 ¢
Since the stability of Eti is ascribed to the half-filled 4f s 1
orbitals, Eu(GHs), should evidently have the high multiplicity 0.00 =t °, MR
of electron spin. Although it is difficult to define the symmetry 5 006 ) < : :
of the ground state at the present stage, the high electron spin = ’ | |
should result in the high value of the total angular momentum = . Nd-(CsH ¢
d rest : . (c) Nd3(CgHg)4
J, which directly offers a magnetic moment of the complex o *L .
through the large spinorbit coupling. The magnetic properties & 0041
of Eu—CgHg and other LR-CgHg complexes will also give = ‘ .
) A ) ; . .
invaluable information on the physics of the organolanthanide 2 4.15(5) eV
for the future. 2 002 e
As pointed out in this section, larger anions having the p ¢ |
composition of §, n + 1)~ (n = 2) were efficiently produced o iy
only for Ew(CgHg)n+1~ and Yhy(CgHg)nt1~. This can be o.oo-sm ia a8 o a6
explained by the charge distributions in the complexes. For ' ’ ’ ) ’ '
the (1, 2) anion, one more electronis acceptable itf{CsHg) > 1» Photon Energy / eV

having the oxidation state of2 because two gFs molecules  riq 6 4. Typical example of photoionization efficiency (PIE) curves
can absorb up to four electrons. Then, the acceptability for Nd(CgHg)n:1 for n = 1-3. Their Eis were determined from the
seemingly enables the (1, 2)anion to grow into larger final decline of the curve: 5.06, 5.02, and 4.15 eV for= 1-3,
complexes with the ionic bond formation. On the other hand, respectively. Theg; of (3, 4) drops drastically by 0.8 eV.

the (1, 2) anion having the oxidation state-68, Ln*"[(CgHg)? ]2,

becomes so stable by itself that no larger complexes are bl 3. lonization Energiesks) of the Sandwich LiCsHa)n+1

produced. (n=173) V)
3.3. lonization Energies of Neutral Ln,(CgHg)n+1 Com- Ln element n E®
plexes. For neutral and cationic L-nCgHg complexes, larger Ce 1 5.27(5)
complexes havingn( n + 1) compositions were successfully Nd 1 5.06(2)
produced as shown in Figure 1. To know the electronic g 451'25(2)
properties the ionization energidsg) of the neutral Li{CsHg)m Eu 1,23 5‘_92(< )E <642
were measured by using photoionization spectroscopy. Ho 1,2 5.92< E; < 6.42
Figure 4 shows a typical example of the photoionization 3 5.35(8)
efficiency (PIE) curves for NCgHg)n+1 for n = 1—3. Their Yb 1,2 5.92<E <6.42
Eis were determined from the final decline of the curve: 5.06, 3 5.89<FE < 6.42
5.02, and 4.15 eV fon = 1-3, respectively. Similarly, the aNumbers in parentheses indicate experimental uncertainties; 5.27(5)
Eis of the other LA(CgHg)n+1 Were measured and tabulated in  represents 5.2% 0.05. “5.92< E; < 6.42" represents that lower and
Table 3. In the table, the lower and the upper limit£Esf for upper limits are 5.92 and 6.42 eV, respectively. 5.92 eV corresponds

o the highest energy of the second harmonics of the dye laser, and

Eu and Yb complexes are also listed. These complexes cannog 45 ¢y, corresponds to the energy of the ArF laser.

be photoionized by 5.92 eV photons, but can be ionized by 6.42
eV photons of the ArF laser, where the energy of 5.92 eV constant fon = 1-3, although the values have relatively large

corresponds to the limit of the tunable range of the UV laser. uncertainty. The two size dependences can be explained by
For Ce, onlyE; of (1, 2) was measured due to the poor intensity the counting of valence electrons, based on the multiple ionic

of larger complexes. states in the complex. Considering that Ln atoms favor tié Ln
When the size dependence Bfis shown as Figure 5, two  or Ln?" state in the ligand field, allotment of valence electrons
patterns are easily conceivable. For(&Hg)n+1 and Ho- in multiple decker LR(CgHsg)n+1 should be attributed as shown
(CgHg)n+1 (Figure 5a), whileE;s of (1, 2) and (2, 3) show similar  in Figure 6. In case of Nd and Ho, Ln atoms can exist a5'Ln
values,E;s of (3, 4) largely drop by 0.8 eV. For KiCsHg)n+1 ions interposed by §Hg forn =1 and 2. Fom = 3, however,

and Yhy(CgHg)nt1 (Figure 5b), however, the; values are almost ~ one of the Ln atoms in the multiple-decker structure cannot
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Figure 5. lonization energies Hs) of multiple decker sandwich
complexes: (@) NdCsHs)n+1 (solid square) and HECsHg)n+1 (solid
circle); (b) Ew(CsHsg)n+1 (solid triangle), YR(CsHg)nr1 (cross lines),
and V,(CeHe)n+1 (0pen circle).Eis of Vi(CeHe)ns1 COmMplexes were
referred from ref 22.
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Figure 6. Allotment of valence electrons of lL{CgHs)n+1 cOmplexes:

(&) Ln= Nd and Ho; (b) Ln= Eu and Yb. These schematics are based
on the assumption of the 2-electrons acceptability ¢ifg&nd multiply
charged positive ions of Ln (1%n for Nd and Ho, and L#" for Eu and
Yb). As shown in (a), one of the Ln atoms should become 2
oxidation state in (3, 4).

become the L# ion because of the lack of electron acceptability
in CgHg. Then the central Ln atom should result in &tion.
Especially for Eu and Yb, complexes can grow up keeping the
Ln2* ion, as shown in Figure 6b. When we look at the tendency
of E;s, drops ofE;s at Lny(CgHg)s (Ln = Nd and Ho) can be

reasonably explained by the change of valence electrons a

follows: Since the central Ln atom in (3, 4) should take the
LnZ* ion in the neutral, large stabilization is expected for the
cationic (3, 4 by changing the charge from Ento Ln®". In

(1, 2) and (2, 3), on the other hand, no cationic stability is .
expected because the ionization process results in the chang

from Ln®* to Ln*t.

In a larger sandwich compler & 3), therefore, the oxidation
state always becomeis? for the Ln atoms around the core of
the neutral complex, while terminal Ln atoms in both ends are
+3. It is well-known that some of the Ln atoms, notably Tb,

Ho, and Eu, show characteristic strong emission bands from

the visible to the ultraviolet region, and the energies and
intensities depend on the oxidation states-@fand+3. Then,
the mixing of the different oxidation states in the complex
seemingly leads to the combination of optical properties.

For all of the Eu and Yb complexes, Eu and Yb atoms always
take Lr#" in the neutrals as shown in Figure 6b. Rather high
Eis of Ewy(CgHg)nr1 compared to the Eu atom are ascribed to
the stability of neutral complexes, in which central?Eulnas
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Figure 7. Typical example of the mass spectrum of,(@sHs)m (LN
= Nd) complexes after the reaction of G@as. While compositions
of (1, 2) and (2, 3) showed no reaction, (3, 4) and (4, 5) produced (3,
4) + Cl and a small amount of (4, 5} Cl;, adducts, respectively,
which further supports the charge distribution in the multiple decker
Lnn(CgHg)n+1. See text.

the 4f” half-closed shell configuration. Since the Nd atomsj4f
in the complex is an open shell configuration in neutiss, of
Ndn(CgHg)n+1 Showed lowE;s compared to the Nd atonk;f
[Nd] = 5.49 eV). Rather highgs for the H@(CgHg)n+1
compared to Ng{CgHg)n+1 might be ascribed to the high&t
of Ho atom (6.02 eV) than that of the Nd atom (5.49 eV).

In the previous report on multiple-decker sandwiches gf V
(CeHe)n+1 (N = 1—4),22 E;s showed a drastic decrease as the
complex size increased. This phenomenok;a$ theoretically
attributed! to the ionization occuring from the delocalized
molecular orbital of vanadiumvanadium interaction interposed
by 7* orbitals of benzene. In LiCsHg)n+1, however, an orbital
contributing to the ionization process is considered to be
discontinuously localized along the molecular axis, because the
complex 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, Z)?8 we
concluded that the 4f orbital in the complex is localized and
scarcely interacts with neighboring Ln atoms in the complex.
According to the theoretical calculation of Dolg and co-
workers!4 Nd(CgHg) is a charge-transfer complex in which 3
of 6 electrons in Nd(€4f4) transfer almost completely to 265,
resulting in a configuration of Nd(CgHg!5),. In case of Eu
and Yb, although we are unaware of the extent of the charge
transfer in the complexes, rather hifts of Eu(CgHg)n+1 and

SYbn(CgHg)nJr]_ seem to ensure the complete charge transfer,

because;s of Eu and Yb complexes are rather high (5.92 eV
< Es < 6.42 eV) compared to those of £hcomplexes. We
conclude from all the results that bonding in(@gHg)n+1 is
ionic, in which Ln atoms exist as Bn or Ln?" ions. Moreover,

the multiply ionic character for the LnCgHg complexes

strongly suggests that the binding energy between the Ln atoms
and the ligand molecules is much stronger than that of the
V—CgHg complex, which was estimated to be-2 eV.

The result of the chemical reaction with G@as with the
second FTR mounted downstream of thgHg addition port
deserves comment. A typical example of the mass spectrum
on Nd is shown in Figure 7. While compositions of (1, 2) and
(2, 3) showed no reaction toward GCI(3, 4) and (4, 5)
produced the adducts of (3, 4) Cl and a small amount of (4,

5) + Cly 5, respectively. Generation of the }@sHs)4Cl adduct
is reasonably attributed to the electronic structure gfig& —

(31) Yasuike, T.; Yabushita, SJ. Phys. Chem. ASubmitted for
publication.
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Nd3+—CgHg? —Nd?"—CgHg?~—Nd®*+—CgHg?~, because the at-  in many areas of modern technology, the unusual properties of

tack of the Cl atom on the complex leads tosRqCgHg?)4Cl~ the lanthanide elements widely play an important role in
through the dissociative electron attachment of G4t gives catalytic, optical, and magnetic materials. Then, the gas-phase
CClz and CI. Although the utmost number of MsHs)s preparation of the novel structure of the organolanthanide

adducts is indistinguishable in this experiment, the adduct of complexes should open up a new area of development for the
Nd4(CgHs)sCl, probably corresponds to the configuration of advanced materials. A large-scale deposition of the size-selected
(Nd®)4(CgHg?7)5(ClI7),.  This result for formation of halogen  organolanthanide complexes enables us to examine and to
atom adducts also suggests the charge distribution i Nd characterize the optical, magnetic, and catalytic properties of
(CgHg)n+1 as shown in Figure 6a. these sandwich complexes in detail. The deposition experiment

of the Ln—CgHg complex is actively in progress in our group.
4. Conclusions

Lnn(CgHg)nt1 (LN = Nd, Eu, Ho, and Yb) were produced by
the combination of the laser vaporization and the molecular
beam method in the gas phase. The conclusions obtained ar
as follows: (1) These complexes are multiple-decker sandwich
structures in which Ln atoms andlds molecules are alternately
stacked. (2) Further, L{CgHsg)n+1 are charge-transfer com-
plexes, where the Ln atoms are multiply charged cations 6f Ln
(k=2 and 3) and gHg molecules are multiply charged anions
of CgHg"™ (h =1, 1.5, and 2). (3) 4f orbitals of Ln atoms in
Lnn(CgHg)n+1 are localized on the metal atom. As demonstrated JA982438T
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