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Ar clustering dynamics around the metal-benzene sandwich complex, bis(η6-benzene)chromium: Cr(Bz)2, is
found to occur in two distinct regimes. The shift of the ionization potential (IP) upon the addition of Ar is
measured to be 151 cm-1, and it is constant until the number of Ar solvents (n) becomes 6. The IP shift per
Ar is found to be suddenly decreased to 82 cm-1 for the clusters of n ) 7-12. The cluster distribution
indicates that the n ) 6 cluster is most populated in the molecular beam. These experimental findings with
the aid of ab initio calculation indicate that the first six Ar solvent molecules are attached to top and bottom
of Cr(Bz)2 to give the robust structure for the Cr(Bz)2-Ar6 cluster whereas the next six Ar molecules are
gathered on the side of the solute core to give the highly symmetric structure of the Cr(Bz)2-Ar12 cluster.

Cluster chemistry has been both intensively and extensively
studied as the relation of the structure and chemical reactivity
in the presence of solute-solvent interactions can be unambigu-
ously investigated at the atomic level. Unlike the hydrogen-
bonded cluster of which the geometrical layout is determined
by the local charge distribution of the solute core, the structures
of van der Waals clusters are often considered to be less sensitive
to the microscopic structure of the solute because the dispersive
force is usually not oriented in a particular direction with respect
to the specific nuclear layout.1,2 Accordingly, the effect of the
microscopic solute-structure on the whole geometrical layout
of the associated van der Waals cluster has been little studied
to date. In this communication, we have found that the
metal-benzene sandwich complex, because of its highly sym-
metric structure, plays an important role in the determination
of the cluster structure. The understanding of noncovalent
interactions in the close proximity of the organometallic
compound might be quite useful for the understanding of the
catalytic process at the molecular level.3 Additionally, because
the organometallic compound in porous composites is currently
being considered as a potential container for the hydrogen
storage,4,5 van der Waals interaction in the vicinity of the
metal-organic sandwich complex could be quite informative
in this regard.

Here, we have investigated the Ar clustering dynamics of
the metal-benzene sandwich complex, bis(η6-benzene)chromium
or Cr(Bz)2. Bis(η6-benzene)chromium was purchased from
Aldrich (97%) and used without further purification. The sample
was heated at 110 °C, mixed with the Ar carrier gas, expanded
into vacuum chamber through a 0.8 mm diameter nozzle orifice
(General Valve series 9) with a backing pressure of 1.5 atm.
The resultant supersonic jet was then skimmed through a 1 mm

diameter skimmer (Precision Instrument) before it was col-
linearly overlapped with the UV laser pulse. The background
pressure of ∼10-7 Torr was maintained when the nozzle was
operated with a 10 Hz repetition. A tunable laser pulse (1-2
mJ/pluse, ∆t ∼ 5 ns) in the 220-228 nm range was generated
by the frequency doubling of the output of a dye laser (Lambda
Physik, Scanmate 2) pumped by the third harmonic output of a
Nd:YAG laser (Continuum, Precision Π) through a BBO crystal
placed on a homemade autotracker. The generated ions were
extracted after a certain delay time, accelerated, drafted along
the time-of-flight axis and detected by dual multichannel plates.
The signals were digitized by an oscilloscope (LeCroy, LT584M)
and stored in a personal computer. Photoionization efficiency
spectrum of each cluster was obtained by monitoring the
corresponding cluster ion signal as a function of the excitation
laser wavelength. For mass-analyzed threshold ionization (MATI)
spectra, the pulsed field ionization method was employed to
detect the long-lived high-n,l Rydberg states generated by the
UV laser excitation.

Photoionization efficiency (PIE) spectrum of each mass-
selected Cr(Bz)2-Arn cluster has been taken using the delayed
pulsed-field ionization method for n ) 1-15, Figure 1. The
onset found at the sharply rising edge of the PIE signal
corresponds to the adiabatic ionization potential (IP), as clearly
demonstrated in the comparison of mass-analyzed threshold
ionization (MATI) and PIE spectra for n ) 0, 1 and 2, Figure
1. The sharp rise of PIE at the ionization threshold strongly
indicates that the 0-0+ origin is the strongest band, and thus
the cluster structure remains almost same upon the ionization.
And also, as shown in the PIE and MATI spectra of the
Cr(Bz)2-Ar2 cluster in Figure 1, the sharp rise of PIE indicates
that there is only a single structural isomer in the beam. The IP
shows the red shift as the cluster size increases. The IP of the
bare Cr(Bz)2 is 5.4665 eV6–9 whereas that of the Cr(Bz)2-Ar
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cluster is found to be red-shifted by 151 cm-1 to give the
corresponding IP of 5.4477 ( 0.0006 eV.

Interestingly, the IP shift of 151 cm-1 upon the single Ar
atom clustering is found to be very regular until the number of
Ar atoms surrounding Cr(Bz)2 becomes 6. The red shift of IP
upon clustering indicates that the binding energy of the cluster
becomes higher as the cluster is ionized. The relation of the IP
shift as a function of the cluster size can be written as follows.

IP(n-1)- IP(n))BE+(nfn-1)-BE(nfn-1) (1)

Here, n is the number of Ar atoms, BE(nfn-1) is the binding
energy of the Cr(Bz)2-Arn cluster with respect to the asymptotic
limit of the Cr(Bz)2-Arn-1 + Ar dissociation, and BE+(nfn-1)
is that for the ion. Suppose that the binding energy is
proportional to the number of solvent molecules for both neutral
and cationic clusters, then BE(nfn-1) ) nBE(1f0) and
BE+(nfn-1) ) nBE+(1f0), giving the following relation.

∆IP) IP(n-1)- IP(n)) n[BE+(1f0)-BE(1f0)] (2)

In this case, the IP shift is proportional to n, and the slope
corresponds to the energy difference between binding energy
of Cr(Bz)2-Ar in the neutral ground state and that in the cationic
ground state. The straight line shown in Figure 2 from n ) 0 to
n ) 6, therefore, strongly suggests that the binding energy of
the solute-solvent cluster is equally increased as the additional
Ar is attached to the solute core until the number of the solvent
molecules becomes six. From n ) 7, however, the IP shift is
found to be suddenly decreased to 82 cm-1, indicating that the
Ar cluster binding site becomes different and its associated
binding energy probably weaker. Interestingly, the IP shift
plotted from n ) 7 to 12 gives another straight line with a slope
of 82 cm-1. This experimental fact indicates that the clustering
site may be equivalent for the seventh to twelfth addition of Ar
in terms of its binding energy per Ar. For the clusters larger
than n ) 9, instead of sharp rising edges, the PIE spectrum
shows the smoothly rising curve at the ionization threshold,
suggesting that the Ar solvent becomes less rigid and the
intermolecular structural change upon the ionization is severe,

Figure 1. The present IP trend as a function of the cluster size
gives the important insight into the clustering dynamics of
Cr(Bz)2-Arn. That is, Ar clustering takes place on the equivalent
binding site of Cr(Bz)2 until n ) 6, and then another at least
six equivalent binding sites of the cluster are occupied for the
larger clusters of n g 7 with the relatively weaker binding
energy. This makes the Cr(Bz)2-Ar6 cluster (n ) 6) unique in
terms of the structure and stability. For instance, in the time-
of-flight (TOF) spectrum in Figure 2, the relative population of
the clusters is peaked at the Ar clustering number of 6. The
maximum ion intensity at n ) 6 indicates that the Cr(Bz)2-Ar6

cluster is robust, because otherwise the excitation of the large
clusters much above the dissociation threshold should result in
the efficient fragmentation leading to the relatively larger
population of the small clusters. No such a cluster distribution
had been observed for the much studied benzene-Ar clusters.10–12

It is noteworthy that the population of the n ) 9 cluster is also
irregularly peaked in the cluster distribution. This observation,
with the fact that the Cr(Bz)2-Ar9 cluster is the largest cluster
showing the sharp rising edge in the PIE spectrum, leads us to
conclude that there may be another robust structure at n ) 9.

The Cr(Bz)2 molecule belongs to D6h, and thus the six
equivalent binding sites for Ar solvent molecules are quite well
conceivable. Considering the symmetric nature of the Cr(Bz)2

molecule, there are three plausible structures for the
Cr(Bz)2-Ar6 cluster. The first structure is the one in which six
Ar molecules are directed to the center Cr atom from the six
equivalent side positions between two benzene moieties.
Alternatively, all six Ar molecules may attach to one side of
benzene plane of Cr(Bz)2 or three Ar molecules could be
noncovalently attached to each benzene plane of the solute core.
These three possible structural isomers can be designated as
[0,6,0], [6,0,0], or [3,0,3] where n1, n2, and n3 in [n1,n2,n3]
represent the number of Ar solvent molecules attached to the
top, side, and bottom of Cr(Bz)2, respectively. Considering the
steric hindrance and entropy factors, the most crowded [6,0,0]
structure seems to be least likely.10–12 Therefore, the
Cr(Bz)2-Ar6 cluster may adopt either the [0,6,0] or [3,0,3]
structure. The origin of the cluster binding force is mainly the
dispersive interaction, but the induced dipole interaction could

Figure 1. Photoionization efficiency spectra of the Cr(Bz)2-Arn

clusters. In the inset, MATI spectra of Cr(Bz)2, Cr(Bz)2-Ar, and
Cr(Bz)2-Ar2 are shown with corresponding PIE spectra for the
comparison. BBC ) Cr(Bz)2.

Figure 2. IP shift versus the number of Ar in the cluster. The
uncertainty of IP is less than the size of the point. Inset: time-of-flight
distribution of the clusters showing the maximum intensity at n ) 6.
The irregular peak at n ) 9 is also noteworthy (see the text).
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also be responsible depending on the charge allocation in the
cluster. In the case of the Cr(Bz)2-Arn cluster, because of the
nature of the metal-to-ligand charge transfer partly occurring
even in the ground state, two benzene moieties have partial
negative charges whereas the Cr atom has a partial positive
charge.13–15 For instance, a recent study on the energy partition-
ing analysis of the metal-ligand bond15 suggests that the Cr-
benzene interaction in Cr(Bz)2 is 38% electrostatic and 62%
covalent in nature mainly via the metal-to-ligand δ back-
donation. Therefore, even though the charge of the whole
molecule is neutral, the Cr(Bz)2 molecule has two internal weak
dipoles of which directions are opposite to each other. These
weak internal dipoles may contribute to the induced dipole
interaction along the longitudinal axis of Cr(Bz)2, making the
[3,0,3] structure to be the preferred one. Because the deficiency
of an electron in the dz2 orbital of the cationic state induces the
change of the charge distribution along the Br-Cr-Bz axis,
the extent of stabilization of the [3,0,3] structure upon ionization
is likely to be larger than that of [0,6,0]. This supports the [3,0,3]
structure for the Cr(Bz)2-Ar6 cluster because the IP shift upon
clustering, which corresponds to the extent of stabilization upon
ionization, is expected to be higher for [n1,0,n2] clusters
compared to that for [0,n3,0] where n1, n2 e 3 and n3 e 6.

The MP2 calculation has been carried out for the elucidation
of the most stable structure of the clusters using the Gaussian03
electronic structure package.16 The CRENBL-ECP17 was used
for Cr whereas the 6-31++G(d,p) was used for C and H. The
aug-cc-pVTZ basis set was used for Ar. Spin multiplicites are
1 for all atoms. The [1,0,0] structure is predicted to be more
stable than the [0,1,0] structure for n ) 1 whereas the [1,0,1]
structure is favored compared to the [0,2,0] structure for n ) 2
by the preliminary MP2 calculation in this work, Table 1. This
theoretical result is consistent with the predication based on the

qualitative desription of the metal-ligand bond descibed above.
For the cluster of n ) 6, it turns out to be nontrivial to explore
all possible [3,0,3] local minimum structures among which the
geometrical difference could be subtle. Nevertheless, because
the experiment clearly indicates that the Ar clustering dynamics
around Cr(Bz)2 occurs in two distinct regimes, it is concluded
here that the first six Ar solvent molecules are attached to the
top and bottom of Cr(Bz)2 to give the [3,0,3] structure for the
Cr(Bz)2-Ar6 cluster whereas the next six Ar molecules are
gathered on the side of the solute core to give the [3,6,3]
structure for the Cr(Bz)2-Ar12 cluster. Theoretical calculations
for large clusters are quite demanding, and subjected to further
investigation. This report demonstrates that the microscopic
structure of the solute at the atomic level plays an important
role in the clustering dynamics. Clustering dynamics around
the metal-organic sandwich complex in general should provide
the fundamental framework for the understanding of the
solute-solvent interaction in many catalytic reactions and
possibly the mechanism of the hydrogen storage around the
unique structure of the organometallic compound.
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TABLE 1: Relative Energies (kcal/mol) of the Cr(Bz)2-Arn

Clusters Predicted by MP2a

a R(Cr-Ar) is 4.45 and 4.50 Å for [0,1,0] and [0,2,0],
respectively, and it is 4.97 Å for both [1,0,0] and [1,0,1]. R(Cr-C)
is 2.13(2) Å for all above structures. All C-Cr-C angles are
calculated to be 84.02° for both [0,1,0] and [0,2,0]. The
C(1)-Cr-C(2) or C(3)-Cr-C(4) angle is 84.08° or 83.92°,
respectively, for [1,0,0] whereas these are calculated to be same to
give 83.99° for [1,0,1].
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