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Multiple-Decker Sandwich Poly-Ferrocene Clusters nmR=(1,2.4)
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Since the discovery of ferrocene, FesHs). (or FeCp for
short), in 195Z%, organometallic compounds have been a subject
of many studies in the past several decade. Numerous derivative
of FeCp have been synthesized, and some of them have been
utilized as catalysts.In related work, a few reports on the
synthesis of triple-decker sandwich complexes composed of
transition metal atoms and Cp ligands such a€ii* (in bulk)®
and FeCps™ (in gas phasé)have been known, and these reports ~ © 400 800 1200 1600
have attracted much attention for detailed study of metstal Mass number (m/z)
interactions in organometallic systems. Interestingly, it has been Figure 1. Time-of-flight mass spectra of (a)-¥Fe(GHs) and (b) V-Fe-
shown that the one-dimensional compounds can exhibit semi- (C5Me5)2 (Me = CI-_|3) cluster catlong. Peaks of cluster cat!ons are labeled
conducting or even conducting properties in the solid $tate. according to notatior(m, k), denoting numbers of vanadium atoms; (
Recently, we have produced a series of novel organometallic on atoms (), and GHs or GMes (k). Geometric structures ofi(m, K)
clusters such as M-CgHg,8 M—Cgo.° (M = Sc, Ti, V) and L~ = (1,2 4), (2,3, 6), and (3, 4, 8) can be proposed aF&(GHs)2)2,
CgHg! (Ln = lanthanide metals) in the gas phase by a combination Va(Fe(GHs)2)s, and Vs(Fe(GHs)z)s, shown in (c), (d), and (e).
of laser vaporization and molecular beam methods, and have
shown that they can form multiple-decker sandwich structures in
which the metal atoms and the ligand molecules are alternately, o
stacked. In these studies, the organic ligands have been restrictec\f

Non intensity (arb. units)

and the characterization of the one-dimensional poly-ferrocene
expressed as YFeCp)n+1 [n = 1—3] by the use of two-laser
porization, chemical probe, and photoionization methods.
Details of the experimental setup were previously described

and translating rods (V and FegpThe FeCprod was prepared

by pressing FeCGypowder in the same way described previously
&or Cso rods®® The mixed hot vapors of \V and Fe@pere cooled
with pulsed He carrier gas {% atm stagnation pressure). After
the growth of the cluster in a channel, the neutral clusters,ef V
In recent work, we have developed a new method for the laser FeCpc (n, m, K) were photoionized with an ArF excimer laser
vaporization of an organometallic sample containing radical lig- (6.42 e\/) ’ana mass-analyzed by a reflectron time-of-flight (TOF)
ands. The laser vaporization method makes it possible to preparg, ;<o spéctrometer. The cluster cations produced directly from

the constituents in conS|dergbIe dens[ty in a short time, and 5q vaporization were also mass-analyzed with a pulsed electric
moreover the gas-phase reaction has no interference from solvents,

) . acceleration. To obtain information on the structure of the clusters,
aggregation phenomena, and counterions. The methodology hag,o chemical probe of adsorption reactivity was examined by the
successfully produced novel gas-phase organometallic cluster se of a conventional flow-tube reacférinside the flow-tube
composed of ferrocene molecules and transition metal atoms, an eactor, NH gas was injected in synchronization with the flow
has made it possible to include radical ligands in the clusters. ¢ o élusters and the Nyhdducts of the WFe,Cpx clusters
Although ferrocene is known as a very stable complex which .

o . were also mass-analyzed. In the ionization ene easure-
satisfies the 18-electron rule, ferrocene molecules can surprisingly 4 Egyrh

: lti-deck dwich clust ith Hina t Jment, the ionization photon energy was changed at-60003
generate mulli-decker sanawich CIUSTers with a connecting ransi- oy intarvals in the range of 3:6.0 eV, either with an OPO laser
tion metal atom. This communication focuses on the formation

pumped by N&"YAG laser or with a dye laser pumped by an
* Address correspondence to this author: e-mail nakajima@iw.chem.keio.ac.jp. X€Cl excimer laser. The fluences of both the tunable UV laser

ligands such as ¢Els and Go. However, it is generally difficult

to prepare only the radical ligand itself in the gas phase, becaus
it is unfeasible to dissociate a precursor molecule uniquely into
the corresponding radical without any contamination.
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(9) (@) Nakajima, A.; Nagao, S.; Takeda, H.; Kurikawa, T.; KayaJK. V" cluster to (Fe,Cpc" formation was negligible because the
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(11) Geusic, M. E.; Morse, M. D.; O'Brien, S. C.; Smalley, R. . singly charged cations. These compositions are expressex as (
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{24 Table 1. lonization Energies of Wen(CsHs)x and
©01.2) (b) before VnFen(Cs(CHs)s)k Clusters in eV
composition ionization energy
(1.1.2) - s (n,m, R VnFen(CsHs)x VnFen(Cs(CHa)s)k
g ©29 1 o 2363 ©,1,2) 6.88 5.88
b | < 1 (1,2, 4) 4.14(13) 3.39(10)
S e @.3.9 - 315010
é %‘" (a) after aReference 13° 4.14(13) represents 4.14 0.13.
= & z = Cs(CHy)s)2 (or FeCp* for short). As well as VFeCp cluster
= Py Z cations, \\-FeCp* cluster cations show almost the same behavior
f N o on the mass spectrum (see Figure 1b)(FéCp%).+1" are
L ,U < 7 produced abundantly and they are also nonreactive toward NH
b bl et et —— The E; values of the V-FeCp and the \\-FeCp* clusters are
W0 W00 40 S0 600 700 800 tabulated in Table 1. Thg; value of V,(FeCp)s; could not be
Mass number (m/z) determined due to its poor intensity. TEevalues of both V-
Figure 2. Time-of-flight mass spectra of ¥Fe(GHs), cluster cations, (FeCp). and Vy(FeCp%*%), are much lower than thg; values of
(a) after and (b) before the reactions with Nidactantin = 1—3]. Peaks the V atom (6.74 eV), FeG{6.88 eV), and FeCp*(5.88 eV)*3
of cluster cations are labeled according to notationng, k), denoting Moreover, thek; value of \L(FeCp*%)s is lower than that of \-
numbers of vanadium atoms)( iron atoms ), and GHs (K). (FeCp%).. As reported previousl§@ the E; value of the 4

(CsHe)n+1 sandwich clusters decreases greatly with the number
n; 5.75, 4.70, 4.14, and 3.83 eV far= 1, 2, 3, and 4 with the
growth of the layered sandwich complexes. The rapid decrease
in E can be interpreted theoretically as the delocalization of
d-electrons along the molecular a%i%. This E; change is very
similar to those of \(FECR)n+1 and V,(FECP*)n+1, implying that
delocalization of metal d-electrons occurs in these clusters. Since
the orbital energies aofr (e, symmetry) andr* (e, symmetry)

are different between 4Els and GHs, the interaction of éx

almost no dehydrogenated species produced frefRaCp)n+1+
were observed in the mass spectra.

Some experimental conditions were varied in order to deduce
the structure. When only the FeCmd was vaporized, FeGp
was prominently observed together with minor peaks e€Clpg’,
and FgCp;". When the vapor of V atoms was mixed with the
FeCp vaporization, the WVFe-Cp clusters were produced
additionally at 6, m, K)* = (1, 2, 4), (2, 3, 6)}, and (3, 4, 8,
'trr:;’\r']h;ﬁgttgef C/u;:gﬁqrso}c'riigrm?:cdl:lsﬁbvﬁzzr?lga%seonﬁ)miﬂfm orbitals can be expected to be changed. As demonstrated in ab
clusters remained unchanged even when the concenrt)ration of \/itio calculations for V(CeHg)o:a, ™ the t?egretical calculation

toms was increased with higher laser fluence for the V rod. TheseOf Koopmans theo_rem andDFT/B31 YP® with the MIDI ba3|_s_
?esults indicate that (1) laser vaporization of the ferrocene rod set’ including multireference character works well for transition
can generate vapors of FeCand (2) V atoms link the FeGp metal-co_ntalnlng systems, a_nd S|m|Ia_r calculatlon_s to reveal the
molecules, resulting in the \FeCp)n1* clusters. Indeed, the electronic structures theoretically are in progress in our group. It
number of the Cp ligand, is almost always an even-number, _should be _noted_ th_at other exper_lment_al _methods, _such as coII|_3|on
and no metal-switching products were observed:Kier 4, for induced dissociation or photodissociation experiments and ion

mobility measurements, are also very important and good ways
example, only (1, 2, 4)was observed and (2, 1,%and (3, 0, to proge structures specifically yimp 9 Y
4yt were missing. :

Figure 2 shows the mass spectra oF&,Cp" cluster cations Although FeCp anq FeCps are well-known as very stable
(a) after and (b) before the reaction with Ngas. Both FeCp complexes which satlsf_les_the 18-electron rule_, we have four_1d
itself and Vi(FeCp)n:1" Were unreactive towar d. NHwhile the that thes_e ferrocene derlvatl_ves can accept exterior atoms, forrr_ung
other Vy(FeCp)m" sTOecies drastically diminished with the injec- the.rrtl.ulnplte-éj.eckfer t?]andW|ch cluitﬁ.rs. Slncle mult|phhotoan|(s£-
. P : X . sociation studies for the organometallic complexes such asFeCp
It,:?;‘ roef al\é';ri’ arSI?/ ug;ggd%tg :r?;[n;:%r;(tgfritgf{; Zﬁgig%;'nf € and Fe(C_OQ have shown the formamon of Fe atoms in e]ectrom-

X X m. cally excited states and free Cp ligaridst can be possible to

would act as a reaction site toward Blirolecules, no reactivity

4 S prepare the Fe atoms and the Cp radical ligand in a concentrated
g;/;g(:j‘\e/vci:c%\)(naal b;o;':v(?édm’:l (l)_lgef:llflirs[y indicates that each V atom density by adjusting the wavelength and the power density of

As described previousB\ (CeHe)ns1 clusters also preferably the vaporization. The gas-phase preparation of radical ligands

take multiple-decker sandwich structures in which V atoms and would enable us to generate a variety of novel organometallic
P . clusters and would open up new aspects of photochemistry,
Ce¢He molecules are alternately piled up and the structure has been

ascertained by ion-mobility measuremetit3hey are observed electron spin chemistry, and catalytic activity. )
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patterns in the mass spectra were observed felF€Cp cluster
cations. Although it is also conceivable that a central core of  (13)Comprehensie Organometallic Chemistyywilkinson, G., Stone, F.

i i ieqi . A., Abel, E. W., Eds.; Pergamon: New York, 1982; Vol. 3; p 29.
V?Q/adléunécluEters ;]s capped by ferrocene m(lJIecuIes, the rr]nlssr|]ngG (14) Yasuike, T: Yabushita. S. Phys. Chem. A999 103 4533,
of V3(FeCp)s* on the mass spectrum strongly suggests that the  (15) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Lee, C.: Yang,
stable W(FeCp)n+1" clusters have not the metal core structure W.; Parr, R. GPhys. Re. B 1988 37, 785.
but the multiple-decker sandwich one. (16) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;

The ionization energyH,) of V(FeCp)n+1 was measured with Egﬁ?};ez‘;Aﬁéfg}'Sgh Hi%gj_ss'a” Basis Sets for Molecular Calculatipns

the photoionization spectroscopy along with that of Fe@;5- (17) For example: (a) Leutwyler, S.; Even, U.; Jortned, Phys. Chem.
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