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Quasi-Band Electronic Structure of V,(benzene)+; Clusters'
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Photoionization efficiency (PIE) curves were measured for sandwich vanadianzene clusters, v
(benzene)-1 (n = 1-5), which were produced by the reaction of laser-vaporized vanadium atoms with benzene
vapor. A two-rod laser vaporization source was used for enhancing the production of the larger clusters. The
second lowest ionization energies of the sandwich clusters were probed experimentally for the first time. The
PIE curves of the sandwich clusters clearly present evidence that the clusters take a quasi-band electronic
structure which results from a one-dimensional sandwich structure.

1. Introduction Recently, we have synthesized vanaditivenzene clusters
. . using a combination of the laser vaporization and molecular
Metal—ligand molecules have been the subject of many peam methods in the gas phdé8-17From the observed magic
studies in the past decadfé’. Clusters (complexes) of transition-  ;hers and other experimental properties (reactions with CO
metal atoms and benzene molecules have been the focus of mucBaS and ion mobilitied§ 18 and theoretical studié8 these
of this research because they provide basic models for d ¢ sters were assumed to have a multiple sandwich structure,

bonding interactions. In particular, the metéigand sandwich i, \yhich metal atoms and benzene molecules are alternately
systems have attracted the attention of scientists for a half gi;.ked in a one-dimensional structure.

f;gigiiy\fvocllr(llwg?ef/rv]eeg;isr?lo}/:sfyo?ftrﬁzrgoﬁgglsiiéé?ilr-iIS)lg-(ljr:ecker Among the physical properties of the cluster, photoionization
sandwich colmplexes compposed of traﬁsition-metalpatoms and_behawor_ is one of the most Important, because it prov_ldes
Cp ligands such as MEps* (in the bulk and FeCps™ (in the information on both the electronic and the geometrical
gas phasé)have been reported, and these have attracted muchstructureZ.l*? The cluster.su’e dependence of the |on|;at|on
attention for the detailed stud ’of metahetal interactions in energy provides a quantitative measure of the evolution of

y electronic structures, which can be directly compared to

?r:ggg%rzgleilrlr(l:e?\);si(t)irglsét:ctiirr?g?ogrg’(;ngz E:ﬁneiﬁﬁwléﬁt_theoretical predictions. For vanadiuthenzene clusters, in
. King poun : particular, the ionization energies of the clusters drop signifi-

conducting or even conducting properties in the solid Stéte. cantly with increasing cluster si2é.This tendency has been

Although many synthetic experiments have been conducted g ,ccessfully explained by Yasuike et al. as the delocalization
on novel organometallics in the condensed phase, variousgs g glectrons along the molecular a##sThe bonding orbitals
environmental factors such as oxidation or reduction of the 4a formed mainly betweensdV atom) and ls (benzene)
products make these approaches problematic. Since the adveniiais, respectively. Qualitatively, increasing the size of the
of laser and molecular beam techniques, gas-phase experiments, jiiple-decker sandwich clusters leads to the formation of
have offered ideal environments for detailed investigations of 4,55i-hand electronic structure of these bonding orbitals by one-
chemical reactions of metal ionS.Furthermore, gas-phase  gimensjonal delocalization of the dlectrons. The lowest energy

experiments enable us to make novel complexes and to Us&gnization process corresponds to ionization from the upper end
several powerful spectroscopic me&h& One of the advantages ¢ the a band.

of gas-phase sypthess is the exclusion of enwronmgnta} factors In this study, the photoionization efficiency (PIE) curves for
such as counterions and solvent molecules. In addition, in some

) - the multiple-decker sandwich clusters are measured to inves-
cases removal of solvent and counterions can stabilize the

molecul inst nonradiative d ; lowing excit dtigate the quasi-band electronic structure, using a new cluster
olecule against nonradialive decay processes, allowing excileGy .,y coment technique based on laser vaporization of a double
electronic state properties to be probed. For example, some

. . . rod source. The second ionization threshold is found as a second
groups have investigated the reactivity of neutral metal atoms

onset in the PIE curve, and the values obtained are compared
toward small hydrocarbon molecules, and they made clear thatWith theoretical predictions
each electronic state exhibits different chemidtrip '

- ) 2. Experimental Section
T Part of the special issue “R. Stephen Berry Festschrift”.

* To whom correspondence should be addressed: E-mail: nakajima@ Details of the experimental setup have been described
sepia.chem.keio.ac.jp or kaya@ims.ac.ip.

* Present address: Graduate School of Arts and Sciences, the Universityelsewheré®+7Briefly, V(CeHe)m clusters were synthesized by
of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo, 153-8902, Japan. the reaction of laser-vaporized metal atoms and benzene
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molecules. In the cluster source chamber, two vanadium rods 2 2)
(5-mm diameter, purity 99.8%) were vaporized by the tightly 5 |
focused second harmonic output (532 nm) of two pulsed .g (5, 6)(6 7
Nd®*: YAG lasers (New Wave Research Inc., Tempest-30, 532 z ¥
nm, 3-5 ns pulse width). The rods were simultaneously rotated g 2,3) x20
and translated within a stainless steel block in order to avoid £
drilling a hole in the sample. The distance between the two laser 5 eyl @4

. : S ' (4, 5)
vaporization spots on the target rods was 4 mm. Vaporized hot 3 [ T
metal atoms were cooled by pulsed He carrier gas (purity x

_ _ 200 400 600 800

99.9999%,~6 atm backing pressure). The cooled vanadium Mass Number (m/z)

atoms were sent into a flow-tube reactor where the saturatedrigyre 1. Typical time-of-flight spectrum for MCeHe)n+1 Clusters
benzene vapor seeded in a He gas{R2%tm; room temper-  jonized by 193 nm (6.42 eV). Peaks are labeled according to the notation
ature) was injected in synchronization with the pulsed flow. The Vy(CsHe)m= (n, m), where the prominent series af (i + 1) is assigned
diameter of the channel inside the reactor was 3 mm. as multiple-decker sandwich clusters. Using two-rod vaporization, the

The generated MCeHe)m Clusters were sent into the ionization production of larger clusters was significantly enhanced.
chamber through a skimmer. Typical background pressure in
the ionization chamber was3 x 1076 Torr. The photoionization
of these clusters was performed in the extraction region of a
reflectron time-of-flight (RTOF) mass spectrometer. The
photoions formed from the neutral clusters were accelerated by
the static extraction field (3 kV) and were sent into the RTOF
mass spectrometer. Signals were detected from a scintillation
ion detector of the modified Daly type (the Even cup), operated
in conjunction with a fast photomultiplier tulsé.26

The cluster beam was intersected with two ionization laser
beams in the same space. One is an ArF excimer laser (193
nm, 6.42 eV; Lambda Physik LPX110i), and the other is a Lo =
tunable laser pulse from an optical parametric oscillator (MOPO- |ae/Ear  Aopo
730, Spectra Physics). The ArF excimer laser provides photons
of sufficient energy to ionize any of the vanaditimenzene where lopo, Aarr are the wavelengths of each ladgA PIE
clusters in a one-photon process. This is employed to measurecurve was plotted against photon energy. The ionization energy
a reference signal, which is used to correct for shot-to-shot (E;) was evaluated by extrapolating the first linear rise in the
fluctuations in cluster density. The second harmonic output of PIE curve to the baselirfé:?2The fitting error is mainly due to
OPO laser (346220 nm) or its mixing output with the the uncertainty in the determination of linear increase of PIE
fundamental of a N&:YAG laser (246-193 nm) was used as  curves and is estimated to be about 0.05 eV.
a “probe” laser. The wavelength of the probe laser was varied
in intervals of 2 or 4 nm (about 0.620.05 eV). The fluences 3. Results and Discussion
of the both the ArF laser and the tunable ultraviolet laser were
monitored by two independent pyroelectric laser energy detec- tio
tors (Molectron, J3-05) following transmission through the
instrument. Laser fluences were typically kept near 20@n?
to avoid multiphoton processes. Under this condition of low

laser fluence, the ionization process occurs independently foryjo'of (1, 2) means that this cluster consists of one vanadium
the two lasers without any multiphoton processes. atom and two benzene molecules. The predominant peaks have
The PIE curves forr, n + 1) of the vanadiumrbenzene  magic numbered compositions af, (W + 1), and most of the
clusters & = 1-3) were previously measured for a limited minor peaks are assigned to the i) clusters. Together with
energy region around their lowest ionization energfedow- other experimental and theoretical studié&l620 strong
ever, it is generally difficult to measure PIE curves for a wide evidence exists that the clusters have a sandwich structure at
energy range, because fluctuation in the cluster abundance maken, n + 1), where vanadium atoms and benzene molecules are
small features difficult to detect. Therefore a particular stable ajternately piled up.
source is indispensable if one hopes to detect the second As shown in Figure 1, the intensities of the vanadium
ionization threshold in the PIE curves. Two improvements were henzene sandwich clusters in the mass spectrum decrease with
made in this experiment to measure reliable PIE curves; The cluster size. To measure electronic properties, the abundance
first enhanced and stabilized the production of larger clusters of the lager clusters must be increased sufficiently for accurate
via a two-rod Vaporization source. The second corrected for shot- measurements. When the partia| pressure of benzene vapor was
to-shot fluctuations by measuring the relative cluster concentra-increased by heating the benzene reservoir from 300 to 330 K,
tion on every shot. the mass spectrum was unchanged. On the other hand, a higher
In this work, both of the lasers used for ionization were concentration of V atom vapors produced by laser vaporization
intersected with the cluster beam in the same space with a shorbf two rods sufficiently increased the cluster concentrations;
delay between them (for example(.6us). This technique can  the combination of up- and downstream laser vaporization gains
effectively cancel out the fluctuations in the cluster abun- much more clusters than the sum of the individual laser
dance?”28 The normalized photoionization intensityy of a vaporization processes, especially for the larger cluster sizes.
certain cluster is evaluated by the ratio of the signal intensity This result indicates that the production of V atoms is the rate-
lopo to the signal intensityar including the normalization of determining step, while the benzene vapor is in excess.

laser fluence of the probe and the reference lasers. The laser
fluence is calculated from the outputs of the pyroelectric
detectors Eopo, Ear) and the wavelength of the ionization
lasers. Since a pyroelectric detector measures the total energy
incident on it, this may be converted to a value proportional to
the number of photons using the wavelength. The abundances
of photoions were obtained from the peak intensity of a certain
cluster in a TOF spectrunidpo, |arr). Thus, the photoionization
intensity les can be written as

_ IOP(JEOPO_ Aarr

)

3.1. Enhanced Cluster Production by Two-Rod Vaporiza-

n. In this section, the effect of the metal vapor concentration
on cluster abundance is discussed to obtain insight into how
the vanadium-benzene clusters are produced. Figure 1 shows
the photoionization TOF spectrum of,\CsHe)m. The abbrevia-
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[ rod vaporization source enables us to produce considerably
8t larger vanadiumbenzene clusters, up to = 10, and also

I enables us to measure the PIE curves of (4, 5) and
I (5, 6) as well asr, n + 1) forn = 1-3.
4r It is interesting to note that excited metal atoms are thought
I to be a key reactant for production of the sandwich clusters,
although the electronic state population of laser vaporized metal
0 1.2 23 B8 @5 6.6 atoms is not obvious. Yasu.|ke et_all. have given theorgtlcal

Cluster Size descriptions for the production eff|.C|ency for. the transn_lon-

] metal-benzene complexé8.According to their work, spin
Figure 2. Laser power dependence of the enhancement of two-rods -ynservation is expected to dominate the sandwich growth

vaporization for the production of ¥CeHe)nt+1. The intensity ratio . o
between (a) the summation of single-rod independent vaporizations angProcess. As a result, excited atoms produced by laser vaporiza

(b) two-rod simultaneous vaporization, calculated as (b)/(a), was tiON are expected to play an important role in the reaction with
evaluated for each cluster size. When there is no enhancement using?énzene. Electronically excited metal atoms that have no
the two-rod vaporization source, the value of (b)/(a) becomes 1. Solid electrons in the 4s orbital are likely to react more easily because

circles, open circles, and solid boxes indicate the lowt.6 mJ), of the unfavorable repulsion between electrons in the large 4s
intermediate {-4.8 mJ), and high+5.0 mJ) laser power conditions,  qrpital and the benzene molecules is reduced. Furthermore,
L?jsﬂiﬁg‘ﬁzi gvr\nli:‘tir;;?](tzlgfiﬂﬁgrnlsgg.r power, the production of the larger electronically excited atoms having _Iower electron spin prefer-
ably form complexes with benzene ligands through an electron-
spin-conserved pathway, because the complexes in the ground
state usually prefer to take a lower spin state. Indeed, the relative
abundance for (1, 2) was slightly enhanced by laser vaporization
cyvith higher fluence, as indicated in Figure 2. From this point
of view, it is expected that a population of vanadium atoms in
electronically excited states is crucial for enhanced production
of large sandwich clusters. Unfortunately, it is experimentally

Relative Enhancement

Figure 2 shows the laser power dependence of the relative
enhancement of the two-rod vaporization process for the
production of vanadiumbenzene clusters. Under the same
production conditions, the cluster abundances were measure
in the cases of (a) the summation of single-rod independent
vaporizations and (b) two-rod vaporization. The signal plotted
in Figure 2 as the relative enhancement is the ratio of the signals™. . ) . .
(1 botl{ Lupsureantt ldownstea). The two-rod vaporization method dlffl_cult to dete_rmlne_ how many excited vanadium atoms survive
significantly enhances the formation of the clusters, when the until the reaction with benzene.
time delay between two Vaporization lasers was set #t B 3.2. Photoionization Efﬁciency Curves and the Second
us. This time de|ay Corresponds reasonab|y well to the time Lowest lonization Energies.3.2.1. Photoionization EfﬁCiency
that it takes for the He gas to flow from one rod to the other Curves With time-delayed probe and reference photoionization,
(4 mm separation) for a helium flow velocity of about 800 m/s the series ofif, n + 1) clusters are observed as a sequence of
in the channel. ion pairs, where they were ionized by both the probe and the

The different symbols plotted in Figure 2 provide the reference lasers. A time delay 6f0.6 us between the probe
enhancement factors obtained at different vaporization laserand the reference lasers appears as the interval between each
energies. Solid circles, open circles, and solid boxes indicate Pair of peaks. The intensity ratio of the probe and reference
the low (~4.5 mJ), intermediate~(4.8 mJ), and high~5.0 signals reflects the phot0|on|zat|o_n efﬂmency_ for eac_h size. Since
mJ) laser power conditions, respectively. With increasing laser the Ei of (n, n + 1) decreases with increasimg the intensity
power, the abundance of the larger cluster is considerably "atio of the probed ion to the referenced ion increases with the
enhanced. Above 5.5 mJ, however, the cluster intensity dropped Size. Figure 3 shows the PIE spectra for (1, 2) to (5, 6), where
presumably because the helium was incapable of cooling thethe cluster photoionization efficiency was plotted as a function
clusters adequately under these conditions. of photon energy. The PIE was normalized at the photon energy

In this experimental setup, the vanaditirenzene clusters of 6.42 eV. The f_irst onset corresponds to the ic_m_ization
are generated inside the fast-flow reactor. If the formation threshold for removing an electron from the HOMO, giving the
reaction is of multiple order, the higher concentration of [Onization energyk;. TheE value was evaluated by extrapolat-
vanadium atoms produced using the two-rod source should yieldind the first linear rise in the PIE curve to the baseline. Ene
more products than the sum of the products formed in the two ©f (5, 6) was obtained for the first time in this work. TEgs
single-rod sources. Indeed, the cluster abundance was increasef (0, n+ 1) forn = 1—4 are in agreement with those reported
more than the sum, especially in large sandwich clusters. Then,Previously.
the V vapors from two laser-vaporization processes were As well as the first onset, a second ionization onset was
evidently supplied into a common cluster growth region, observed as the change of slope in the PIE curves of (3, 4) and
allowing more effective growth of the larger clusters. The high (4, 5), as shown in Figure 3; the PIE curve rises up more
sensitivity to cluster abundance for the larger sizes indicates conspicuously at higher photon energy. This second onset can
that they are produced through consecutive reactions with be regarded as the opening of another ionization channel.
alternate additions of V atoms and benzene. Under conditionsAlthough the second onset for (5, 6) is somewhat obscure, the
of excess benzene vapor, the reaction rate seems to be governeenergies for the second onsets were obtained to be-38l,
by the multiple-order of the vanadium atom concentration; the 4.9 + 0.1, and 4.7+ 0.1 eV for (3, 4), (4, 5), and (5, 6),
production rate is expected to be proportional to "[\{@gr respectively. The energy for the second onset decreases with
production of ther§, n + 1) cluster. Although this behavior is  cluster size, which is similar to the trend in the lowest ionization
approximately found for small values of Figure 2 shows that ~ energy,E. The electronic features that were found as the first
the higher concentration of vanadium atoms does not necessarilyand the second onsets in the PIE curves can be explained by
accelerate the formation efficiency of larger clusters. This the following quasi-band model for one-dimensional sandwich
probably occurs because the contact period inside the reactorclusters as ionization processes from the HOMO and the
limits the production of larger clusters. In any case, the double- HOMO-1.
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Figure 3. Photoionization efficiency curves for{CeHeg)n+1 (n = 1-5).
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Figure 4. Quasi-band electronic structure gfathitals for Vi(CeHeg)n+1.
Numbers in parentheses indicate experimental values in electronvolts
with uncertainties; 5.75(3) represents 5#9.03 eV. Calculated values
obtained by the simple Hikel model are given in italics. Solid and
open arrows indicate the lowest and the second lowest ionization
processes, which were observed, respectively.

—V1+45

€romol(2,3) = 1 2 (4)
and
] . 2
€romo(3:4) = ! 1+ 8 4\/5)[3 u )

2

With the experimental lowed;s forn =1, 2, and 3, shown
in Figure 4, we can semiempirically determine the abovekdu

Solid and open downward arrows indicate the lowest and the second parametersJ, 8, and the vacuum level position relative to the

lowest ionization thresholds, respectively.

3.2.2. Analysis of the Quasi-Band Electronic Structure by
Simple Hekel Model The theoretical analysis of tHes was
carried out by applying the simpleldkel method to the one-
dimensional BzV—Bz—V— --- —V—Bz structure (Bz ben-
zene) as befor®. As discussed there, charge-transfer interactions
between the vanadium garbital and benzene LUMO form
quasi-band structures and are responsible for both th8a/
bonding and the significant size dependence of lovizgstn

atomic 3d level, andU and 8?2 evaluated are 2.766 eV and
0.9893. Having determined these parameters, we can obtain all
the remaining eigenvalues for various cluster size. It is interest-
ing to point out that the above simple’ekel method predicts
that the next HOMO (HOMO-1) of (3, 4) and the HOMO of
(1, 2) have identical energy. Therefore, the second loEgest
for (3, 4) is expected to be similar to the lowéstfor (1, 2).
Likewise, the second lowe§ for (5, 6) is expected to appear
close to the lowesE; for (2, 3).

Figure 4 summarized the experimentally obtained lowest and

the present study, we further enforce the above statement bysecond lowesE;s in boldface along with the theoreticBls
comparing the experimental and theoretical quasi-valence-bandcalculated with this Hekel model and the Koopmans theorem

structure. The Hekel Hamiltonian with these fragment orbitals
in 6 symmetry has the following simple form:

1 3
B 0 B
B 1B
ﬁ..
H=U .- )
..ﬁ
B OB
g1

whereU is the orbital energy difference between the benzene
LUMO and 3¢ andU g is the resonance integral between these
neighboring fragment orbitals. For simplicity, we set the orbital
energy of 3d to be zero. It is straightforward to derive the
following HOMO energies¢nomo(n, n + 1), from the above
Huckel Hamiltonian:

— V1485

ronol12) =+ (3)

in italics. The experimentally determined lowéss for (4, 5)

and (5, 6) are well predicted by this simple model calculation.
Furthermore, the positions of the second onsets in the PIE curves
were consistent with the theoretical prediction for ionization
from the next HOMO's. In fact, there is no orbital other than
the @ orbitals in this energy region and splitting in the evolution

of the d, orbitals is much smallé From these facts, the change

in the slope of the curve can be reasonably ascribed to the second
lowest ionization.

The differences between the experimentally and theoretically
obtained values are somewhat larger in the case of the second
lowestE;s. It seems that the experimental values for the second
lowestE;s take slightly lower energy than the theoretical ones,
and that they exhibit a difference of 0.24 eV for (4, 5). This
may indicate that the assumption that all of the vanadium atoms
and benzene molecules are located at an equal distance and are
fixed on the molecular axis may be in error.

4. Conclusion

The Vi(CgHe)n+1 Clusters were produced by a combination
of laser vaporization and molecular beam methods. The two-
rod laser vaporization source enabled us to enhance the
production of larger vanadiurrbenzene clusters. The photo-
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ionization efficiency curves obtained for the (3, 4), (4, 5), and

J. Phys. Chem. A, Vol. 106, No. 45, 2000781

(11) Meyer, F. M.; Khan, F. A.; Armentrout, P. B. Am. Chem. Soc.

(5, 6) clusters indicated the presence of another ionization 1993 117 9740.

channel from the next HOMO orbital (HOMO-1). This result
can be regarded as clear experimental evidence that the.s
vanadium-benzene clusters have a quasi-band electronic struc-

ture with multiple-decker sandwich structures.
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