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Transition-metal benzene clustersy(benzeng) (M = Ti, V, and Cr), were synthesized by the reaction of
laser-vaporized metal atoms with benzene vapor. All the clusters exhibit magic number behavierrat

+ 1, which is rationalized by the structure of a multiple-decker sandwich, but V atoms can efficiently take
the sandwich structure (up to= 5) in particular. This metal specificity of the V atoms and their growth
mechanism were examined by quantum chemical calculations, the full valence configurational interaction
(FVCI) method with configuration-averaged SCF orbitals. The calculation results imply that (1) total spin
conservation in growth process plays an important role and (2) the production in the sandwich clusters
particularly favors a process through lower spin states. The combination between experimental and theoretical
investigations leads us to a better comprehension of both the bonding scheme in the sandwich clusters and
the growth mechanism, and accordingly, a more efficient production method is proposed generally for the
transition-metal sandwich complexes.

co-workers have studied the reaction between transition-metal

The development of the laser vaporization method h nabl dclusters and organic molecules and pointed out that the reactivity
€ development of the laser vaporization method has enabieCiy¢ ¢ sters correlates with their ionization enerditEspecially,
us to synthesize various kinds of transition metal clusters in

the adsorption reaction of the hydrogen molecule requires

Fhehgas phhas‘?- ?everall ngOUp'l‘:’ |ndep?ndenyly Eave Suchceedeglectron donation from the cluster to the hydrogen antibonding
In the synthesis of metamolecule complexes in the gas phase oy orbital, and its correlation is clear. The chemistry of

by modifying the laser vaporization methéfof. . transition-metal cations has been developed by Armentrout and
Recently, we have reported the preparation f?f the multiple- o4 \yorkerst> By control of the translational energy for reaction,
decker sandwich clusters{CeHe)nis (n = 1-5)> Fromthe ~  ny\,ch information has been obtained on the reactivity of the
organometallic point of view, the formation of such clusters is  \qtq) cations. Their key concepts for understanding the metal-
very interesting. Since the discovery of ferrocénmany —  gpeific reactivity are the conservation of spin multiplicity during
sandwich complexes have been investigated. For example, byyq reaction and the importance of the electronic configuration

the combination of the first-row transition metal atoms aBHL ¢ yeta) atom cations. These concepts are very useful and well
or CeHe, various sandwich complexes such as ifg)> (M = established. Although the reaction of neutral atoms is very

Ti, V, and Cr) and M(GHs)2 (M = Ti, V, Cr, Mn, Fe, Co, and  jyeresting, products having no charge make it difficult to detect
Ni) have been synthesized. Although organometallic chemists reaction products and to interpret experimental results. Nev-

have tried to synthesize not only double-decker sandwich galess Hackett and co-workEreind Weisshaar and co-
complexes such as MgBe). and M(GHs), but also multiple- 514 era7 have traced the decay of reactants and have found

decl|<er sandwicE con|1plexes, thishatt_empt hals.blee(rjl relf(;llized ONlYhat the 34< electronic configuration of the first-row transition
partly. To our knowledge, synthesized multiple-decker com- o315 is not favorable for reacting with molecules. Hackett
plexes containing unsubstitutecskg or _CG"JG as the ligand 54 co-workers have also reported that neutrdf @nd Fé®
molecule werelzonly the M(CsHe); catiort’ and (GH)V- atoms are nonreactive toward benzene in the gas phase.
(CeHe)V(CsHe).™* For triple-decker sandwich complexes, Lau- 4, oo consequences of previous experimental work are very

her et al. have proposed the 30/34 valence electronfule. : : .
However. the numbers of valence electrons are 30, 26, and 2BElj_sefuI for interpreting our experimental results but not enough.

1. Introduction

for the Ni(CsHs)s cation, (GHs)V(CesHe)V(CsHs), and \b-
(CeHe)s, respectively. Therefore, it is not clear whether their
valence electron rule is valid or not.

To probe experimentally the reason vanadium atoms form

herefore, we also calculated the potential energy curves for
M—CgHg systems (M= Ti, V, and Cr). For M(CsHg)m

systems, there are only few theoretical studies with the post-
HF methods including electronic correlation. Recently, Baus-
chlicher et al. have performed the MCPF calculations for the

multiple-decker sandwich clusters with benzene molecules, we M(CeHe)* (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and C&#).King

changed the metal atom from vanadium to titanium or chro-

et al. have calculated the dissociation energies (metane)

mium. Although the differences among these three atoms areg, M(CeHe)2 (M = Ti, Zr, Hf, Cr, Mo, and W) at the MP2
small with respect to their numbers of valence electrons, the |o\ a2t As for the po’tentlial éner’gy chrves, there is only the

experimental results showed significant metal specificity in the
formation of multiple-decker sandwich clusters.
The metal specificity of their reactivity in the gas-phase

reaction has been investigated extensively because of their2
importance as the reaction center of the catalyst. Kaldor and

® Abstract published iAdvance ACS Abstractsune 15, 1997.

work by Roszak and Balasubramanian for the-R€sHg System
with the CASSCF methoéf

. Methodology

2.1. Experiment Details of the experimental setup have
been provided elsewhefe Briefly, Mp(CsHe)m (M = Ti, V,
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and Cr) clusters were synthesized by the reaction between laser- 1-2

vaporized atoms and benzene molecules. First, metal atoms .

were vaporized by the irradiation of the second harmonic of a (@) Ti+ @
pulsed N&":YAG laser (532 nm) and vaporized hot metal atoms
were cooled to room temperature by a pulsed He carrier gas
(10 atm). Second, the cooled atoms were sent into a flow-tube
reactor where benzene vapor seeded in a He gas was injected
in synchronization with the flowing of the atoms. The,M
(CsHe)m clusters thus generated were sent into the ionization
chamber through a skimmer and were intersected with the light
of an ionization laser, an ArF excimer laser (6.42 eV), or second
harmonic of a dye laser by an XeCl excimer laser. The
photoions were mass-analyzed by a time-of-flight (TOF) mass
spectrometer with reflectron.

In the adiabatic ionization energy K;) measurement, the
photon energy of the second harmonic of the dye laser was
changed at-0.015 eV intervals in the range 5:8.5 eV, while | | . | :
the abundance of the }C¢He)m Clusters was monitored by the 100 300 500 700 900
ionization of the ArF laser. The fluences of both the tunable
ultraviolet (UV) laser and the ArF laser were monitored by a 1:2
pyroelectric detector (Molectron J-3) and were kept-@00 {c) Cr+ ©
udicn® to avoid multiphoton processes. To obtain photoion-
ization efficiency curves, the ion intensities of the mass spectra
ionized by the tunable UV laser were plotted as a function of
photon energy with normalization by both the laser fluence and
the ion intensities of ArF ionization mass spectra. The adiabatic A
Eis of the M\(CsHeg)m Clusters were determined from the final
decline of the photoionization efficiency curves. The uncertainty

of the E;s is estimated to be typicall0.05 eV. e LT i  MCeH b
. . . Igure 1. Time-or-1hg t mass spectra (0} M’Ce 6)m Clusters. Parts a,
2.2. Quantum Chemical Calculations All the calculations b, and c are for M= Ti, V, and Cr, respectively. Peaks of the clusters

were performed gsing the GAMESS progrémith an IBM are labeled according tem, denoting the number of metal atonm (
RS6000 workstation on our local network and an IBM SP2 of and GHs molecules ). The ionization laser fluence is typicaly100

the Computer Center of the Institute for Molecular Science, uJdicn?.
Japan.

One of the goals of the present paper is to reveal why curves for the Crbenzene system were also calculated with
vanadium atoms form multiple-decker sandwich clusters ef- the TZV basis, which contains basis functions for 4p atomic
ficiently. For this purpose, we need to know the potential energy orbital. The results of calculations show that the qualitative
profile of not only the electronic ground state but also some character of the states, whose asymptotic atomic states gre 3d

lower-lying excited states having various spin or spatial sym- 3d"*4s, and 3d-24¢* configurations, was not affected by
metries. adding the 4p atomic orbital. Thus, it is considered that the

The description of bond dissociation processes requires aMID! basis set is enough for our qualitative discussion.
method capable of accounting for the “near-degeneracy” effect N the calculation of the potential energy profile, we changed
at least, and we employed the full valence configurational Only the distance between metal atom and the center of mass

interaction (FVCI) method. In the calculations for the4@sHs in the benzene molecule. Namely, the benzene structure was
systems, we defined 10 orbitals, @&d e of benzene and 3d not allowed to relax and was fixed to the isolated one optimized

and 4s of the metal atom, as valence orbitals. In addition, it is PY the CASSCF method with the(e;) andz*(e2) active space.
also very important to define an appropriate set of one-electron
orbitals in the CI calculation. We should use a set of orbitals
optimized for each state or an averaged state. In such a sense, 3.1. Mass Spectra for M-Benzene (M= Ti, V, and Cr)

the state-averaged MCSCF metfbds most suitable but  Systems Figure 1 shows the mass spectra for-benzene
somewhat tedious for treating many electronic states. Then wesystems (M= Ti, V, and Cr). Peaks of the clusters are labeled
employed the configuration-averaged SCF methawith a according to the notations and m, denoting the number of
concept similar to the state-averaged MCSCF method. The metal a[omsr() and benzene moleculem), In the case of
configuration-averaged SCF method determines the set ofy—penzene, there is a series of major peaks in the mass number
orbitals that minimize the average energy of various configura- of V,(C¢Hg)n+1. Therefore, we have proposed the multiple-
tions. In fact, we handled it as a special case of the open shelldecker sandwich structure for those species and it has been
SCF method with a fractional occupation number and used the proved by the experiment of the reactivity toward the CO
GVB module in the GAMESS program. Concretely, we chose molecule? Both Ti and Cr atoms are next to the V atom on
the 3d and 4s orbitals as the open shell orbitals and put four, the periodic table, and it is generally regarded that these atoms

2-3

I f I I !
100 300 500 700 900
Mass Number (m/z)

3. Results

five, and six active electrons in these orbitals for-TV—, and resemble each other in their chemical properties. However, the
Cr—CeHg, respectively. patterns of the mass spectra for-Tand Cr-benzene are not
The basis set used in all the calculations was the KfiBuilt the same for *benzene. The characteristic peak distribution

in the GAMESS program. Here, this basis set does not haveimplying the sandwich structure vanishes in the mass spectra
primitive functions for representing the 4p atomic orbital of the for Cr—benzene and is weakened in that for-benzene. We
metals. To see the effect of a 4p atomic orbital, potential energy have also examined all the other first-row transition-metal
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benzene systems and have found that VV atoms form the multiple-
decker sandwich cluster with the benzene molecule most
efficiently. The question now arise$¥hy dovanadium atoms
form multiple-decker sandwich clusters with benzene molecules
most efficiently This question is the subject of the present
paper.
3.2. Ej Measurements of M(GHe)> (M = Ti, V, and Cr)

Complexes The adiabatic Es of M(CsHg)2 complexes were
determined experimentally by the photoionization method using
the tunable UV laser. Figure 2 shows the efficiency curves of
the photoionization for Ti(gHe)2, V(CsHe)2, and Cr(GHe).. The
adiabatic Es obtained are 5.71(2), 5.75(3), and 5.43(1) eV for
Ti(CeHe)2, V(CeHe)2, and Cr(GHe)2, respectively. These values
are approximately in agreement with thertical Es previously
reported®30 for sandwich complexes in the condensed phase
by the use of photoelectron spectroscopy (see Table 1). This
result suggests that the electronic states of ourddglz (M =

Ti, V, and Cr) complexes are the same as in the condensed

phase.

3.3. Potential Energy Profiles of M—CgHg (M = Ti, V,
and Cr) Systems As will be described, we need to consider
the kinetic aspects of cluster formation, and we also performed
guantum chemical calculations for™CgHe systems (M= Ti,

V, and Cr).

Before showing the results of calculations, it is useful to
review their bonding scheme. In general, a 4s electron of the
metal atom M has a repulsive interaction with the doubly
occupied benzene;eaorbitals (the 3¢ orbital also has a
symmetry, but its size is relatively small, and thus, the repulsive
interaction is weaker than that of 4s). Thus, the ground-state
metal atom having a 3d24< or 3d"4s! electronic configu-
ration is repulsive toward a benzene molecule as shown in
Figure 3. However, an exited state having & &tectronic
configuration with an unoccupied 4s orbital has an attractive
interaction with the benzene molecule. If (i) a promotion energy
from the atomic ground state to an excited state with & 3d
configuration is small and (i) a stabilization energy of this
excited state from a dissociation limit to a complex region is
large, these two diabatic potential energy curves should intersect
each other as shown in the lower half of Figure 3. In such a
case, the potential energy profile has a well and a reaction barrier
derived from an avoided-crossing. On the other hand, in the
case that the stabilization energy of the excited state is small,
these two diabatic potential energy curves do not intersect,

resulting in a ground-state adiabatic potential energy curve that

is completely repulsive as shown in the upper half of Figure 3.

Here, the stabilization energy is larger in the lower spin species,

which can be understood readily from the orbital interaction.

Namely, a high-spin species must put electrons in not only

bonding or nonbonding orbitals but also antibonding orbitals.

More precisely, there are two bonding,(e;), one nonbonding
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(au), and three antibonding {a e1*, e>*) orbitals in the valence  Figure 2. Photoionization efficiency (PIE) curves of M{ge); clusters
orbitals of MGHs. For example, in the case of Cyids, all the normalized by the power of the ionization laser. The photon energy
species except for the singlet must put electrons into any was changed at-0.015 eV intervals. From the final decline of the
antibonding orbital because there are 10 valence electrons. Theeurve, the ionization energies of the clusters were determined to be
higher is the spin multiplicity, the more electrons are in 71+ 0.02,5.75£0.03, and 5.43 0.01 eV for M=Ti, V, and Cr,
antibonding orbitals and the smaller is the stabilization energy.

Therefore, it is generally expected that the potential energy
curves of the higher spin species are repulsive and those of themultiplicity are shown in the figures for simplicity. It turns

lower spin species have a well and a reaction barrier. out that the potential energy curves of the septetCgHg ("A1)
The above considerations are actually observed in the resultsand sextet ¥CgHg (°E;) are completely repulsive. This
of the FVCI calculations. Figures— show the potential observation can be interpreted along with the “HIGH SPIN
energy profiles of low-lying excited states forMC¢Hg, M = CASE” in Figure 3. The potential curves for the other states
Ti, V, and Cr, respectively. Although more excited states were have wells and reaction barriers, which correspond to “LOW

also calculated, only the lowest states within each spin SPIN CASE” in Figure 3.

respectively.
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TABLE 1: lonization Energy of M(C ¢Hg). Complexes (M= -1073.85 R R Em s e e B REay
Ti, V, and Cr)°¢ I 5 -1
this work previous work T'_CsHs
species (adiabatic; eV) (vertical; eV)
Ti(CeHe)2 5.71(2) 5.5-6.
V(CeHe)2 5.75(3) 5.98 1e°
Cr(CsHe)2 5.43(1) 5.48 r
. -1073.90 i
a Reference 29 Reference 3¢ The differences between our adia- 9 I A+ dPstedPs?
batic values and the vertical values obtained previously are somewhat g ;
large for M= Ti and V. This is because the first peaks in their £ 740 2
photoelectron spectra are broad for Tgfs). and V(GHe)2. So it is = : 8
expected that the electronic states of our M), (M = Ti, V, and ] e E)
Cr) are identical with their's in the condensed phase. w 2 e
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Figure 4. FVCI potential curves for the FiCgHg reaction in the lowest
state within each spin symmetry.
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Figure 3. Schematic representation of diabatic (full lines) and adiabatic
(dashes) potential energy curves for-@sHs. The reaction coordinate Metal-benzene distance (A)
is the distance between the metal atom (M) and the center of mass of _. . L
the GH. M) Figure 5. FVCI potential curves for the ¥CsHg reaction in the lowest

state within each spin symmetry.

4. Discussions the ligand having the same spatial symmetries. Here, the total

4.1. Interpretation of Mass Spectra for M—Benzene (M number of bonding orbitals and nonbonding orbitals is always
= Ti, V, and Cr) Systems In the interpretation of the mass 9; therefore, when the number of valence electrons is less than
spectra, both thermodynamic and kinetic stabilities should be or equal to 18, the metaligand bonds are formed strongly
considered. In view of the former, the species with an intense without antibonding electrons. The numbers of valence elec-
peak is considered to have thermodynamic stability. To put it trons are 16, 17, and 18 for TigBs)2, V(CeHe)2, and Cr(GHe)2,
more concretely, this is attributed to whether the bond between respectively, and it is expected that these complexes are stable.
the metal atom and the ligand molecule is strong or not. Along In fact, although the preparations of these three complexes in
with such an idea, several valence electron rules have beernthe condensed phase have been reported, those ofHéC
proposed. The most famous one is the 18-valence electron rulewith more than 18 valence electrons have Yotlere, Figure
for mononuclear transition-metal complexes. 1 also shows the existence of these three complexes. All the

The 18-valence electron rule for the first-row transition metal results are therefore consistent with the 18-valence electron rule.
complexes is derived as follows. First, valence orbitals of metal Lauher et al. have proposed the 30- or 34-valence electron
atoms are defined as 3d, 4s, and 4p orbitals. Second, the orbitafule for triple-decker sandwich complexes by using the fragment
interaction is composed of valence orbitals of the metal and MO analysist® Their analysis is based on the orbital interaction
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1267.85 [T T T T T T the spin state of V(gHe), to be a doublet? and M(GHg). (M
(‘ir—Cé H = Ti and Cr) complexes are believed to be singlets, although
I 66 there are no experimental facts. Therefore, it is expected that
126780 T s0 M(CgHe)2 in our mass spectra are singlets foravTi and Cr

and a doublet for M= V.
N It is generally expected that molecules in the condensed phase
A, are in the ground states. To confirm the spin state of the ground
t i state of M(GHe)2, theoretical calculations were also performed.
3B1 - 100 The geometries of M(gHe). were optimized at the ROHF level,
and the energies at these optimized geometries were calculated
at the MP2 level. The results of calculations show that the
ground states of M(Hg), are singlets for M= Ti and Cr and
a doublet for M= V. As a result, it is concluded that the spin
states of M(GHg)2 in our mass spectra are singlets for=MTi
1. and Cr and a doublet for M V. These spin states of MgHs).
dss' will play an important role in the discussion of the next section.
I A 4.3. Spin Conservation and Metal Specificity in the
1268.15 40 Formation of Multiple-Decker Sandwich Clusters. As
[ mentioned in section 4.1, the kinetic stability is needed to
I interpret the metal specificity in the formation of multiple-decker
268,20 b b b b b e sandwich clusters. In other words, we must investigate the
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 formation process Itself

There are three basic assumptions in order to explain the
formation process of multiple-decker sandwich clustdrsthe
Figure 6. FVCI potential curves for the CrCgHs reaction in the lowest first place it is a sequential proce§sThe sequential process
state within each spin symmetry. means benzene molecules react not with V clusters but with V
: . : atoms sequentially. In the reaction with thgh¢lusters toward
and is equivalent to the 18-valence electron rule in essence.CGHGI sequential dehydrogenation channels faEyH" (k <

However, the 30/34-valence electron rule cannot explain our 6) have been observéd. However, no dehydrogenated species
mass spectra. The numbers of valence electrons are 26, 28, : y ydrog p

. . Were observed under our condition. Then it is concluded that
Zﬂ?}osl?gfr? rg;ggz:z;z ;/aft(ics:%gg)?’t’haén3;5%?2%532?%1\5?? i the formation process of multiple-decker sandwich clusters is

not observed at all in Figure 1. Moreover, the EHRO the sequential addition procesk the second placdower spin

(extended Haokel molecular orbital) electronic configurations SPEcies are more favorable. In fact, the spin mult|pI|C|t_y of Cr-
of Ma(CeHe)s are (CeHe)2 is not a septet (Cr atom ground state) but a singlet as

described in section 4.2. In a later section, this tendency will
~ 4, \O/~ 0. T be confirmed theoretically. In the third place the spin
(ezg) (aig) (&) M=Ti multiplicity of the system is usually conserved during the
reaction because the magnitude of the spmrbit term is
'(629)4(6‘19)2(3%)0; M=V relatively small for the first-row transition-metal atoms and
hydrocarbon ligands. Armentrout and co-workers have pro-
-(929)4(6\19)2(6\&)2; M =Cr posed that the spin conservation during the reaction is a key to
understanding the reaction between transition-metal atom cations
where the g, orbital is bonding with respect to the metal  and organic molecules. This idea was confirmed experimentally
benzene bond and bothgaand a, orbitals are essentially  for many reaction®
localized on each metal atom and therefore nonbonding. These three considerations for the formation process lead us
Because the orbitals that characterize the difference of theseto the simple scheme that explains the metal specificity in the
three systems are nonbonding, one may expect the strengths oformation of multiple-decker sandwich clusters. Now we
the metat-benzene bond are not so different among these threeconcentrate on the growth process
systems. However, Figure 1 shows a significant metal specific-
ity in the formation of M(CeHe)s triple-decker sandwich M(C¢Hg), + M — M,(CHy), (2)
clusters.

In addition to the above discussions, there is the fact that Inthe case of M= Ti, Ti(CgHe)2 is a singlet. The additional
Cry(CgH3Mes)s, which has 30 valence electrons, has been Tiatom is a triplet in the ground state. As will be described
synthesized and crystalliz&8. Then once G{CgHe)s is formed, in section 4.5, the additional atom in this process is in its ground
it exists probably with thermodynamic stability. Namely, itis state in general. Thus, the total spin of the reactant system is
attributable to a kinetic factor that §&€sHe)s is not observed. a triplet. On the other hand, the singlet species is more favorable

Judging from the above, the explanation of the metal as the product. Accordingly, the growth process (eq 1) from
specificity in the formation of multiple-decker sandwich clusters Ti(CeHe)2 to Tix(CeHe)2 requires a nonadiabatic transition
seems to require kinetic stability instead of thermodynamic between the two different potential energy surfaces. In the case
stability, and it will be discussed in section 4.3. of M =V, V(CgHg), is a doublet and the additional V atom is

4.2. Spin States of M(GHeg)2 (M = Ti, V, and Cr) a quarte®? The total spin of the reactant is a quintet or triplet.
Complexes As mentioned in section 3.2, the agreement Here, our calculations showed that the triplet species of V
between thegs of M(CgHe)2 reported previously and the ones  (CgHg)2 has almost the same energy as the sirfjlend the
obtained in the present work suggests that the electronic stategriplet product can be formed readily. Thus, for the denzene
of our M(CsHg). are the same as in the condensed phase, whichsystem, a transition between potential energy surfaces is not
are sandwich complexes. The EPR experiments have clarifiedneeded in reaction 1. Growth to larger multiple-decker structure,

-1267.95

-1268.00

d*s?

(low/eoy ) 3v

-1268.05

Total Energy ( hartree )

-1268.10

Metal-benzene distance (A)
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O ° O ° . O ° O ° (a) no change of electronic configuration ; singlet case
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Figure 7. Proposed scheme to interpret the metal specificity observed ’
in Figure 1. See also Table 2. CrCgHg Cr(CgHg)2 CsHe Cr(CgHg)2
TABLE 2: Electronic Spin Multiplicity of the Reactant and
the Product
Ti Ve Cr (b) change of electronic configuration ; triplet case
M(C6H6)2 +M— MZ(CGHG)Z
S 0 1/2 0
sP 1 32 3 — ®1g —_—— ey
Sreactant 1 2,_1 3 St .
Siproduc{1 0 1.,0 0 —_—— e —&2g — — ey
— — e — —
Mz(C5H5)3 +M— M3(C6H6)3 2 _— c2u
$2 0 1 0 -+ e1(M) -+ ayg(4s) — aqg(4s)
& 1 312 3 i s/
Sreactant 1 5/2&/2&2 3 1 a
ﬁ)roducg 0 3/2,1/2 0 -+t —f-(eg\ -+ 19 —+ ++ a1g
) - +H ++ 182 _/e
aSpin of the reactant compleXSpin of the reactant metal atom o =+ e29
(ground state)¢ Spin of the overall reactant system;+ s, St + S — 9 ++ A+
1, ..., |s1 — s2|. 9Spin of the product system (lower spin species are amalmaliall +++ cw
favored to form; see textf.Underlined spin means that the spin is
conserved in the process. Then such a process readily takes place. CrCgHg Cr(CgHp)2 CeHe Cr(CgHg)2

. - Figure 8. Electronic configuration diagrams for the benzene addition
therefore, takes place with no difficulty. On the other hand, process written as CeBs + CsHe — Cr(CsHe)2. The electronic

Cr(CeHe)2 is a singlet and the additional Cr atom is a seftet.  configuration on the right-hand side is obtained by the CISD method
The total spin of the reactant is a septet. The product spin is with RHF/ROHF orbital sets. The middle one is obtained diabatically
expected to be a singlet. Therefore, multiple step nonadiabaticfrom reactants.

transitions are needed for the growth from Gitg), to Cr- ) . ) )
(CeHe)2 in reaction 1, and it is unlikely to occur. In fact, for decker sandwich clusters, it is not yet confirmed that low-spin

the Cr-benzene system, only Cgs and Cr(GHe), have been ~ SPecies is favorable. _ _ o
observed. As seen in section 3.3, the interaction between the transition-

The above discussion is summarized schematically in Figure Metal atom and benzene molecule is the dermceptor type,
7 and Table 2. In Figure %, S, Seactant @Nd Syroguct denote gnd the h|gher_ is the spin muIt_|p_I|C|ty, t_he more electrons are
the spins of the reactant complex, the reactant ground-state metal the antibonding orbitals. So it is readily expected that lower
atom, the overall reactant system, and the overall product SPIN SPecies can be s_table mtermedlgtes. Ho_vvever,_the res_ults
system, respectively. Among theMeacantis determined by of theoretllcal calculations shoyv that .|ntermed.|ate spin species
the combination of; ands,, andSyauctis determined by the such as triplet Cr, quartet V, triplet Ti, and qumte_t Ti can also
second assumption mentioned above that lower spin species arérm the complex M(GHe). At the present stage, it cannot be
favorable. Table 2 shows these actual values for each case. lfconcluded that lower spin species are always favored to form.
SeeactandS €qual t0Syroqucs the total spin is conserved during the However, there is another fact to support the tendepcy that
reaction and no spirflip transitions between different adiabatic ~10W-Spin species are favored to form. The case of Cr is taken
potential energy curves are needed in growth process 1. As@S & notable example in the next growth process
seen in Figure 7 and Table 2, only the V atom is favorable for
forwarding reaction 1 further to the next growth process, MC¢Hg + CgHg — M(CgHe), (4)

_ The dominant electronic configuration of the lowest triplet
M(CeHg)s + M = My(CeHe)s ) CrCsHs at a metat-benzene distance of 1.8 A is;(Bz)*(3de)-
(3da)(4s)(3de)(ex*;Bz)? as shown on the right-hand side in
Figure 8b. Since the additional benzene molecule to form Cr-
(CeHe)2 has occupiedsgand g orbitals, 4s and 3deslectrons

This fact is also common to the following growth processes,

Mn(CeHg)nr1 T M — M, 1(CeHe)nsa () of CrCsHs have a repulsive interaction with this additional
benzene molecule. A similar discussion can be given for the
as easily generalized from Figure 7 and Table 2. lowest quintet CrgHs with the (@;Bz)*(3de)?(3da)*(4s)-

4.4. Is It True That Low Spin Species Are Favored To (3de)?(ex*;Bz)° configuration. However, the dominant elec-
Form? Although the scheme proposed in the previous section tronic configuration of the lowest singlet Cglds is (e;;Bz)*
can explain the metal specificity in the formation of multiple- (3de)*3da)4(4sfP(3de)%e*;Bz)°. The donation from the
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occupied ¢ orbital of the additional benzene to the vacant e Although it has usually been considered that a carrier gas
orbital of the CrGHg and the back-donation from the occupied such as argon gas makes excited atoms relax to the ground state,

& orbital of the CrGHe to the vacant gorbital of the additional it seems reasonable to conclude that excited atoms will survive

benzene result in the formation of this singlet Gie).. In before the reaction with benzene molecules takes place.

reaction 4 for Cr, there are no repulsive interactions. Here, we should notice that benzene vapor is injected in large
Moreover, the ground-state dominant configuratfof the excess under our experimental conditions. In this case, reactive

singlet Cr(GHe)z is (€10/(e29(210)2(219°(620)%(€24") °(€15*) © and singlet Cr atoms would be removed completely in the first
this configuration does not require a change of electronic PrOCess:

configuration in the addition reaction process 4. Therefore, no
reaction barriers exist in reaction 4 for singlet Gyifg)>. On

the other hand, the ground-state dominant configuration of the
triplet and quintet Cr(gHe)2 are (8g)*(e20)*(augX(a1g)*(e20)*

62* °el*°and e 462 23_1 2a1 062u162* 1el* 0’ re-

gpggti\(/elil. These( c%)n(fig%)r;ticg))ng rg)quire) as cig1an(gego)f electronic Cr(GeHg), + Cr— Cry(CeHy), ©)
configuration, and thus, there is a reaction barrier in the addition
process 4. Therefore, only the singlet CGfg). is selectively
formed.

Cr+ CgHg — CrCGgH, (5)

Therefore, when the reaction proceeds to the second step,

no reactive singlet atoms survive. As a result, we observed

only the CrGHg and Cr(GHg)2 species in the mass spectrdfn.

) ) ) ) It therefore follows that we can synthesize multiple-decker
In the case of V, configuration state functions with an ganqgwich clusters for the Cr case if we can prepare singlet Cr

occupied 3de orbital contribute to the wave function of the  5toms in each step of the Cr addition reaction. In fact, under

quartet state more significantly than to that of doublet state. {ne condition that excited atoms can survive for longer times,

The quartet VEHs has a more repulsive interaction with the \ye nave found a small intensity peak ob(@sHe)3 in the mass

benzene molecule than the doublet one does. MorEOVeraspectrunW Moreover, we have found that the mass spectra

although the dominant electronic configuration of the quartet for transition-metal atoms with high-spin ground states (Fe and

VC¢He at a metat-benzene distance of 1.8 A is;(Bz)(3de)*- Mn) are very similar to that of Cr. Namely, only MBs and

(3da)'(4s)(3de)(e;*;Bz), that of the quartet V(gHe)2 is M(CeHe)2 exist in these spectfd. This result also rationalizes

(e19*(@19) (€201 %(A10) (€20) ' (€26") °(€1¢") °, @nd thus, the change  the above discussion. Then it is reasonably concluded that the

of the electronic configuration is needed in addition reaction 4 excited-state atoms play an important role in the first reaction

for quartet V(GHe)2. This results in a reaction barrier in the  process,

potential energy curve. On the other hand, for the doublet

species, the change of electronic configuration is not needed M + CeHg — MCyH, (7

and the potential energy curve has no reaction barriers. Then

addition reaction 4 for V prefers the doublet species to the Of course, this discussion is also applicable to the case of M

quartet ones. This tendency is the same for the Ti case. Ti and V.

Judging from the above arguments, it is concluded in general  4.6. Some Aspects Observed in Theoretical Calculations
that the adiabaticity in the benzene addition process 3 makesln this section, we give comments on the strange behavior in

the formation of the lower spin species preferable forMTi, the result of theoretical calculations.
V, and Cr. First, some potential curves in Figures-@ are not very

smooth. In particular, the ones for the quartet @%Hs and
singlet CrCgHg have wavelike folds. This is derived from
complex avoided crossings between several potential curves.
This strange behavior at first glance is due to describing only
the lowest states in each symmetry, and one would find smooth
diabatic curves by tracing the other lower-lying states.

Second, from a methodological point of view, we notice that,
as shown in Figure 5, the lowest state is calculated to be a sextet
at the dissociation limit. It is well-known experimentally that

4.5. Participation of Excited-State Atoms in the Forma-
tion of MC¢He. Figure 6 shows that the ground-state €3)(
atom does not react with benzene. This result is consistent with
the evidence shown by Parnis et al., that &) @toms, produced
by laser multiphoton dissociation (MPD) of Cr(Cg2t 559 nm,
do not react with benzene molecules in the gas pHade.our
mass spectrum (Figure 1), however, @gand Cr(GHe)2 are
observed with high abundance, where it is expected that Cr-
(CeHe) is a singlet from the experimental value of ionization ground state of the V atom is a quaffetThis indicates
energy, as d|scu.ssed in section 3.2. These pieces .Of §V|denc?hat the FVCI calculations with the configuration-averaged SCF
suggest that excited atoms produced by laser vaporization playorbitals have a bias toward stabilizing the*&g configuration
an important role in the reaction with benzene, which takes place more than other configurations. The MCSCF calculation with

immediately after the laser vaporization event. In other words, the same basis set (MIDI) and active space (metal 3d and 4s)

singlet Cr(GH), is formed not(;)y the relaxation of products i\ eq that the ground state of the V atom is actually a quartet,
derived from the ground-state C')) atom but by the reaction 34 this error is attributed to the use of the configuration-

of the excited singlet Cr atom, which is populated spontaneously 4eraged SCF orbitals. The averaged electronic configuration
after the laser pulse. for V is 35456 ~ 324”8, which is closer to 3tis! than
Mitchell and Hackett have reported that the population to 3cB4<. The use of this set of orbitals stabilizes the sextet
distribution of Fe atoms produced by MPD of Fe(G@) 552 state fD; 3d*4sh) more than the quartetR; 3cf4<) and the
nm indicates a marked non-Boltzmann distributi®rnyhich doublet €G; 3P4 states. Therefore, the excitation energy
means that excited atoms are produced extraordinarily. Theyfrom 3d*4s! to 3c4<? would be overestimated. Moreover, those
have also shown that the relaxation of these excited atoms occurspetween different electronic configurations show significant
in a few microseconds even in the fastest case. The lasererrors, although the energy differences between the same
vaporization technique is analogous to MPD in the sense thatelectronic configurations agree approximately with experimental
they are multiphoton processes, and thus, it is expected thatvalues. In fact, althoughE(“F; 3?42 — 2G; 3cP4<?) in Figure
the laser vaporization also produces excited atoms before the5 is ~12 000 cni! and the experimental value is 10 892¢mn
thermal equilibrium. AE(*F; 3cf4s® — D; 3d*4<h) in the figure is—2400 cnt?! and
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TABLE 3: Comparison of Some Calculated and
Experimental Excitation Energies of Ti, V, and Cr Atoms

ex0|tat|on1 related state and their
energy (cm’) electronic configurations
exptl calcd lower— upper
Ti 6557 1400 3F(3P4SY) — SF(3cP4S)
7255 8200 F(3c4S) — ID(3P4S)
Vv 10892 12000 4 (3cP4) — 2G(3F4S)
2112 —2400 4F(3cP4<Y) — D(3c4s)
cr 7593 8600 7S(3c4dl) — 5S(3d4s)
8824 8900 P(3d4<) — 1G(3d4S)
23163 29800 7S(384¢)) — P(3d4S)
31087 38700 7S(3c4s)) — 1G(3d'4)

the experimental value is 2112 ci This tendency is generally
observed in the other case (see Table 3).
If the change of an electronic configuration in the midst of
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5. Conclusion
We have found the metal specificity in the formation of

multiple-decker sandwich clusters and succeeded in the explana

tion for this specificity with the conservation of spin and the
rule that low-spin species are favored to form. The rule was
actually supported by the theoretical calculations and is related
to the following. (i) The interaction between metal atom and
benzene molecule is the doreacceptor type. The higher is
the spin multiplicity, the more electrons are in the antibonding
orbitals and the smaller is the stabilization energy. (ii) High-
spin species require a change of electronic configuration in the
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benzene addition process, and thus, potential curves for such a (27) Howell, J.; Rossi, A.; Wallace, D.; Haraki, K.; Hoffmann, R.

process have a reaction barrier.

Our results support that the spin conservation is useful for
interpreting the metal (or state) specific reaction between
transition-metal atoms and organic molecules. Moreover, it is
concluded that both electronic configuration and spin multiplic-
ity are needed to understand these reactions.
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