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The one-photon mass-analyzed threshold ionization (MATI) spectroscopy of bis(η6-benzene)chromium is
reported. The adiabatic ionization energy is accurately measured to be 44 087( 5 cm-1 (5.4661( 0.0006
eV). The Cr-benzene stretching vibrational mode in the ion with a fundamental frequency of 264 cm-1 is
found to be optically active. The MATI spectra of bis(η6-benzene)chromium‚Ar and bis(η6-benzene)chromium‚
benzene clusters are also reported to give ionization potentials of 43 941( 5 cm-1 (5.4480( 0.0006 eV)
and 42 576( 5 cm-1 (5.2788( 0.0006 eV), respectively. A van der Waals mode with the fundamental
frequency of 65 cm-1 is optically active in the MATI spectrum of the bis(η6-benzene)chromium‚benzene
cluster, suggesting an intermolecular structural change upon ionization. The larger bis(η6-benzene)chromium‚
(benzene)n (n ) 2-9) clusters are found to be generated in the molecular beam. Their ionization potentials,
from photoionization efficiency spectra, show the gradual decrease as the cluster size gets larger, down to the
value of 5.02 eV forn ) 9.

I. Introduction

Gas-phase studies of transition metal-molecule complexes
have provided the unique opportunity to give insights into the
molecular structure and bonding characteristics of those im-
portant compounds without complexity due to surrounding
solvents.1 Metal-benzene complexes have been spotlighted
especially because their intriguing sandwich-like structures are
closely related to catalytic and biological activities.2-4

Bis(η6-benzene)chromium, Cr(C6H6)2, is an 18-electron closed-
shell compound having two benzene rings with Cr in the center,
which is one of the most prototypical examples of organome-
tallic sandwich complexes. Since its discovery in 1955,5 Cr-
(C6H6)2 has been the subject of extensive studies in terms of its
catalytic chemistry and structural properties. And also, its high
symmetry ofD6h makes this relatively large molecule a good
model for many kinds of quantum mechanical calculations.6-8

Laser spectroscopy and dynamics of bis(η6-benzene)chromium
in the molecular beam have also been extensively investigated
because of its intriguing dynamic simplicity despite of its
intrinsic complexity as a large chemical system.9-13

Ionization dynamics of Cr(C6H6)2 has got special attention
because many highn-Rydberg states are readily accessible by
the UV laser source.10,12,13 A number of Rydberg bands just
below the ionization threshold have been identified by Even et
al.10 Quite recently, Ketkov et al.12,13reported an extensive study
on vibrational bands associated with the lowest Rydberg p state
of Cr(C6H6)2 and its deuterated isotopic compounds. Though
the ionization dynamics seem to be well-understood from these

previous other studies, the ion spectroscopy of Cr(C6H6)2 still
lacks in terms of its vibrational frequency and the structural
change upon ionization. Here, we present one-photon mass-
analyzed threshold ionization (MATI) spectrum of Cr(C6H6)2

for the first time. Since the ionization level is reached by the
one photon process, any complexity associated with intermediate
levels could be avoided to provide a nice and simple ionic
vibrational spectrum. Additionally, we report here MATI spectra
of Cr(C6H6)2‚Ar and Cr(C6H6)2‚(C6H6) clusters. Especially, for
the latter, many van der Waals modes are found to be optically
active, meaning that the removal of an electron induces the
intermolecular structural change of the cluster. The larger
Cr(C6H6)2‚(benzene)n (n ) 2-9) clusters are also found to be
generated in the molecular beam. These clusters may provide
nice model systems for the study ofπ-stacking property of
aromatic systems.

II. Experimental Section

The detailed experimental setup has been previously de-
scribed.14,15 Briefly, bis(η6-benzene)chromium (Aldrich) was
heated to 100°C, mixed with the Ar or Ne carrier gas, and
expanded into vacuum through a 0.8 mm diameter nozzle orifice.
A tunable laser pulse in the 220-227 nm range was generated
by the frequency doubling of the dye laser output (Lambda
Physik, Scanmate 2) induced by the 355 nm pumping of a Nd:
YAG laser (Spectra-Physics, GCR-150). Molecules excited to
MATI states via the one-photon absorption process were allowed
to stay for∼10 µs in the presence of a spoil field of 0.5-1
V/cm and ionized by applying a pulsed electric field of 20-80
V/cm. MATI ions were then accelerated, drifted along the field-
free region, detected by dual microchannel plates (MCP, Jordan),
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and A/D converted by an oscilloscope (LeCroy 9361), and the
data were stored in a personal computer, which also controlled
the dye laser and home-built autotracker in which the second
harmonic generation via a KD*P crystal is made.

III. Results and Discussion

The MATI spectrum of Cr(C6H6)2 gives an accurate adiabatic
ionization potential (IP) of 44 087( 5 cm-1 (5.4661( 0.0006
eV) (Figure 1). The spectral position of the origin band has
been measured at several different ionization electric fields (F)
to determine the true ionization threshold by extrapolating the
measured IP to the value at the zero electric field (∆E ∼ 0.5
cm-1 F1/2). The intrinsic broad MATI bandwidth (fwhm∼ 2
cm-1) and laser calibration accuracy ((1 cm-1) are mainly
responsible for the uncertainty of the reported IP. Shoulder peaks
at energies lower than IP are ascribed to autoionizing rotational
levels.9,10Here, in this case, internal energy associated with the
nuclear motion of Cr(C6H6)2 in the ground state is transferred
to the electronic energy used for the molecular ionization. The
IP in this work is quite close to the value of 44 090 cm-1

determined earlier from high-n Rydberg series.10 A series of
the totally symmetric Cr-benzene stretching band (ν21)12,13 is
clearly observed with the fundamental frequency of 264 cm-1

for Cr(C6H6)2
+. Vibrational energies of the first and second

overtone bands, 527 and 788 cm-1, respectively, indicate that
the potential along the Cr-benzene stretching mode is quite
harmonic. No other vibrational mode is found to be optically
active in this one-photon MATI spectrum, indicating that the
geometrical change upon ionization of Cr(C6H6)2 is little,
especially for benzene moieties. The strong MATI origin band
in Figure 1 suggests that the difference in the Cr-benzene
distance is rather small between the neutral and ionized forms.
These experimental observations are consistent with the elec-
tronic nature of the ionization of Cr(C6H6)2, the removal of an
electron in the nonbonding d-orbital of Cr.9-11 And also, the
experiment is consistent with the theoretical prediction that the
Cr-ring distance remains constant in the ionization of
Cr(C6H6)2.6,8 It is interesting to note that theν21 vibrational
frequency (263 cm-1) in the 3dz2-R4px,y Rydberg transition12,13

is almost identical to that in the cationic ground state.
In Figure 2a, the MATI spectrum of the Cr(C6H6)2‚Ar cluster

is shown to give the ionization energy of 43 941( 5 cm-1

(5.4480 ( 0.0006 eV). The red shift of IP from the bare
Cr(C6H6)2 indicates that Cr(C6H6)2

+ is ∼146 cm-1 more
stabilized by clustering with Ar compared to the neutral ground

Cr(C6H6)2‚Ar cluster. This is quite similar to the IP shift of
∼173 cm-1 reported for the benzene‚Ar cluster with respect to
that of benzene,16 suggesting that Ar may be attached on the
plane of the benzene moiety of Cr(C6H6)2. No discernible van
der Waals band is observed in the MATI spectrum, indicating
that there is little structural change upon ionization of the
Cr(C6H6)2‚Ar cluster.

Benzene molecules freed from Cr(C6H6)2 in the partly
occurring decomposition process in the sample chamber are
found to undergo the cluster formation with Cr(C6H6)2 in the
supersonic jet. As a prototypical case for the aromaticπ-π
interaction, the benzene dimer has long been investigated both
extensively and intensively.17 In the Cr(C6H6)2‚(benzene)n
cluster, the intermolecular interaction is also theπ-π type but
somewhat unique in the sense that it is through a neighboring
metal atom that should affect the charge density of the benzene
moiety of Cr(C6H6)2 clustering with solvent benzene molecules.
The MATI spectrum of the Cr(C6H6)2‚(benzene) cluster (Figure
2b) gives an ionization potential of 42 576( 5 cm-1 (5.2788
( 0.0006 eV). On the contrary, in the case of the Cr(C6H6)2‚
Ar cluster, a series of van der Waals bands with the fundamental
frequency of 65 cm-1 is strongly observed. The Cr-benzene
stretching frequency of Cr(C6H6)2‚(benzene)+ is identical to that
of Cr(C6H6)2

+ within experimental uncertainties, and thus, the
Cr-benzene ring distance seems not to be modified by the
addition of a benzene molecule. Considering the fact that
Cr(C6H6)2 itself is the stable 18-electron molecule, Cr is less
likely to form a metal-ligand bond with additional benzene
molecule in the Cr(C6H6)2‚(benzene) cluster. The solvent

Figure 1. The MATI spectrum of bis(η6-benzene)chromium. A series
of the benzene-Cr stretching modes (ν21) is clearly observed. Shoulder
peaks are ascribed to autoionizing rotational levels (see the text).

Figure 2. The MATI spectrum of (a) bis(η6-benzene)chromium‚Ar
and (b) bis(η6-benzene)chromium‚(benzene). A series of van der Waals
modes with a fundamental frequency of 65 cm-1 is strongly observed
in part b. The shaper band shapes in part a compared to those in Figure
1 are due to the colder beam condition in the former case, where the
higher backing pressure is used to produce the clusters in the beam.
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benzene molecule is thus likely to be placed on the benzene
ring of Cr(C6H6)2 in the cluster.

It is well-known that there is a strong charge-transfer from
Cr to benzene in neutral Cr(C6H6)2, for instance, giving a
Mulliken charge of+0.80 for Cr, according to the work by
Sahnoun and Mijoule.6 Therefore, even in the neutral Cr(C6H6)2‚
(benzene) cluster, the interaction between benzene and the
benzene moiety of Cr(C6H6)2 cannot be ascribed to dispersive
forces. For instance, the Mulliken charge of-0.121 and+0.05
is found for the individual C and H atoms of Cr(C6H6)2,6

respectively, meaning that the benzene ring of Cr(C6H6)2 is
negatively charged due to the strong metal-ligand charge
transfer.6 Therefore, as found for the benzene dimer ion,17 the
electrostatic charge resonance interaction should be more
responsible for the formation of the Cr(C6H6)2‚(benzene) cluster.
Naturally, it is most plausible then that the structure of the Cr-
(C6H6)2‚(benzene) cluster adopts the parallel sandwich geometry,
as depicted in Figure 2b, similarly to the case of (C6H6)2

+.17

When Cr(C6H6)2 is ionized, the Mulliken charge of Cr is
decreased to+0.68, while those of individual C and H atoms
become-0.08 and+0.107, respectively, implying that the
effective charge depletion mainly occurs from the benzene
moiety.6 This somewhat large change in the charge delocaliza-
tion in Cr(C6H6)2

+ may lead to the geometrical change of the
Cr(C6H6)2‚(benzene) cluster upon its ionization. However, the
simple Mulliken charge analysis does not give enough informa-
tion for the geometrical change of the cluster upon ionization.
For instance, the AIM atomic charges calculated from density-
functional theory give corresponding values [for Cr(C6H6)2, Cr,
+0.993; C,-0.167; H,+0.092; and for Cr(C6H6)2

+, Cr,+1.121;
C, -0.163; H,+0.156]8 quite different from those obtained from
the Mulliken analysis. Our experimental findings indicate that
the intermolecular interaction of benzene and Cr(C6H6)2 is
stronger in the ion than that in the neutral (vide infra) and the
ionization of the Cr(C6H6)2‚(benzene) cluster is accompanied
by a certain geometrical change in terms of the intermolecular
displacement. In the present work, we suggest that the 65 cm-1

band observed in Figure 2b is ascribed to the Cr(C6H6)2
+-

benzene intermolecular stretching mode. That is, as Cr(C6H6)2‚
(benzene) is ionized, the intermolecular distance between
Cr(C6H6)2 and benzene becomes shorter to give the MATI
spectrum with many overtones of the benzene-Cr(C6H6)2

+

stretching mode.
It is interesting to compare our results with the case of

benzene dimer, though the direct comparison would not be
appropriate because of the intramolecular charge transfer
occurring in Cr(C6H6)2. The MATI or ZEKE (zero-electron
kinetic energy) spectrum of the benzene dimer has never been
successfully obtained, possibly because of its large structural
change17-19 from a T-shaped or parallel-displaced geometry of
the neutral benzene dimer to a parallel-sandwich geometry in
the benzene dimer ion.17-19 Therefore, the fact that we could
successfully obtain the MATI spectrum of the Cr(C6H6)2‚
(benzene) cluster itself may indicate that the geometrical change
of Cr(C6H6)2‚(benzene) in the ionization process is not so
dramatic, and this may support the parallel-sandwich geometry
for both neutral and cationic forms of Cr(C6H6)2‚(benzene). The
IP of Cr(C6H6)2‚(benzene) is∼1511 cm-1 red-shifted from that
of Cr(C6H6)2 (Figures 1 and 2b). This shift is less than that of
(benzene)2 (∼4920 cm-1), while much larger than the further
shift of ∼558 cm-1 of (benzene)3.20 The red-shift of IP
represents how much more the cluster is stabilized in the ionic
state compared to the cluster stabilization in the neutral state.
Therefore, qualitatively speaking, the above experimental fact

suggests that the extent of stabilization of Cr(C6H6)2‚(benzene)
by ionization is less than that of the benzene dimer, while it is
more than that induced by the addition of one more benzene to
the benzene dimer. In (benzene)2

+, the charge-resonance
interaction is largely responsible for the cluster ion stabilization,
while the stabilization by the additional benzene molecule in
(benzene)3+ is ascribed to the polarization effect.17,21This more
evidence that the stabilization in Cr(C6H6)2‚(benzene)+ is not
merely due to the “solvent” polarization effect. The close
interaction of the benzene molecule with the charge-transferred
ring moiety of Cr(C6H6)2 should be responsible for the cluster
formation, as proposed above. For the minimum energy
structure, however, theoretical calculation is definitely needed,
since there could be many other local minimum structures and
these should be investigated further.

Lowering the excitation energy makes possible the observa-
tion of a new type of organometallic cluster, Cr(C6H6)2‚
(benzene)n (n ) 2-9) (Figure 3). For these larger clusters,
MATI spectra could not be obtained as for the present work.
The difficulty comes from the fact that the stronger spoil field
is needed to separate out the MATI signal of these larger clusters
and the strong spoil field destroys lots of ZEKE states.18,19

Furthermore, photoionization efficiency (PIE) spectra of these
clusters show smoothly rising behaviors in the ionization
threshold region, implying that a large structural change may
take place upon ionization (Figure 4). It should be noted that
the PIE spectrum of a particular Cr(C6H6)2‚(benzene)n cluster
can be easily contaminated by the dissociative ionization of
Cr(C6H6)2‚(benzene)n+1, especially whenn > 4. Therefore, we
adjusted the molecular beam condition to minimize the popula-
tion of the larger (>n) clusters when the PIE spectrum of
Cr(C6H6)2‚(benzene)n is recorded. This experimental effort
provides the graph in Figure 5, showing a gradual decrease of
∆IP ) IPn - IPn-1 as the number of benzene solvent molecules
increases. The decrease of IP and the convergence to a certain
value upon increasing the cluster size is frequently observed in
many different types of clusters such as metal clusters22 and
hydrogen-bonded organic clusters.23 That is, as the number of
solvent molecules increases, the role of benzene molecules as
the solvent seems to be apparent. The interesting experimental
finding is that no clusters with more than one Ar atom are
populated in the jet (Figure 3). The Cr(C6H6)2‚(benzene)n‚Ar
clusters show a similar small red-shift in their IP’s compared
to those of their corresponding Cr(C6H6)2‚(benzene)n clusters

Figure 3. TOF mass spectrum of bis(η6-benzene)chromium‚(benzene)n
clusters taken atλex ) 223.7 nm. Peaks denoted with asterisks are due
to Cr(C6H6)2‚(benzene)n‚Ar clusters. It is interesting to note that clusters
with only a single Ar atom are populated. Broadening of mass peaks
asn increases is due to widening of the isotope distribution.
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(Figure 4), suggesting that the Ar may be attached to one of
two benzene rings of Cr(C6H6)2 while the benzene solvent
molecules gather around the other ring of Cr(C6H6)2. This
observation might be closely related to the cluster formation
mechanism such as (C6H6)n + Cr(C6H6)2 f Cr(C6H6)2‚(C6H6)n

+ Ar f Cr(C6H6)2‚(C6H6)n‚Ar. And yet, this conjecture is
subject to further detailed investigation. Present work does not
provide direct information about microscopic structures of
clusters. However, if reasonable calculation can be carried out
for this system, it will quite helpful to compare the experimental
result of this work with the theory.

IV. Summary and Conclusion

MATI spectroscopy of bis(η6-benzene)chromium and its Ar
and benzene clusters are reported to give precise ionization
potentials of 5.4661, 5.4480, and 5.2788 eV, respectively. The
structure of the bis(η6-benzene)chromium‚benzene cluster may
adopt the parallel-sandwich geometry in both neutral and
cationic forms, due to the strong charge-transfer characteristics
of the organometallic compound. The large bis(η6-benzene)-
chromium‚(benzene)n (n ) 2-9) clusters show the gradual
decrease of the ionization potential as the cluster size gets larger.
The present sandwich complex and associated clusters provide
a unique opportunity for the study of aromaticπ-π interaction
and also the metal-ligand charge-transfer process. Theoretical
calculation would be desirable to stimulate the further experi-
mental investigation of these interesting systems.

Acknowledgment. This work was supported by Korea
Research Foundation Grant No. KRF-2002-070-C00046. We
thank Prof. Yoon Sub Lee (KAIST) for the helpful discussion.
We also thank reviewers for very helpful comments.

References and Notes

(1) Gas-Phase Metal Ion Chemistry; International Journal of Mass
Spectrometry; Leary, J. J., Armentrout, P. B., Eds.; Elsevier: Amsterdam,
2001; Vol. 204.

(2) Long, N. J.Metallocenes; Blackwell Sciences, Ltd.: Oxford, UK,
1988.

(3) Nakajima, A.; Kaya, K.J. Phys. Chem. A2000, 104, 176, and
references therein.

(4) Duncan, M. A.Intl. ReV. Phys. Chem.2003, 22, 407, and references
therein.

(5) Fischer, E. O.; Hafner, W. Z.Naturforsch.1955, 10B, 665.
(6) Sahnoun, R.; Mijoule, C.J. Phys. Chem. A2001, 105, 6176.
(7) Rayón, V. M.; Frenking, G.Organometallics2003, 22, 3304.
(8) Perrier, A.; Gourier, D.; Joubert, L.; Adamo, C.Phys. Chem. Chem.

Phys.2003, 5, 1337.
(9) Penner, A.; Amirav, A.; Tasaki, S.; Bersohn, R.J. Chem. Phys.

1993, 99, 176.
(10) Even, U.; Levine, R. D.; Bersohn, R.J. Phys. Chem.1994, 98,

3472.
(11) Li, Y.; Baer, T.J. Phys. Chem. A2002, 106, 9820.
(12) Ketkov, S. Yu.; Selzle, H. L.; Schlag, E. W.; Domrachev, G. A.

Chem. Phys. Lett.2003, 373, 486.
(13) Ketkov, S. Yu.; Selzle, H. L.; Schlag, E. W.J. Chem. Phys.2004,

121, 149.
(14) Baek, S. J.; Choi, K.-W.; Choi, Y. S.; Kim, S. K.J. Chem. Phys.

2003, 118, 11040.
(15) Baek, S. J.; Choi, K.-W.; Choi, Y. S.; Kim, S. K.J. Chem. Phys.

2002, 117, 2131.
(16) Krause, H.; Neusser, H. J.Chem. Phys. Lett.1993, 213, 603.
(17) Hobza, P.; Selzle H. L.; Schlag E. W.Chem. ReV. 1994, 94, 1767,

and references therein.
(18) Schlag E. W.ZEKE spectroscopy; Cambridge University Press:

Cambridge, UK, 1998, and references therein.
(19) Ng C.-Y., Ed. Photoionization and Photodetachment; World

Scientific: Singapore, 1999; Part I, pp 296-346.
(20) Krause, H.; Ernstberger, B.; Neusser, H. J.Chem. Phys. Lett.1991,

184, 411.
(21) Bouvier, B.; Brenner, V.; Millie´, P.; Soudan, J.-M.J. Phys. Chem.

A 2002, 106, 10326.
(22) Knickelbein, M. B.Phys. ReV. A 2003, 67, 013202.
(23) Okai, N.; Takahata, A.; Fuke, K.Chem. Phys. Lett.2004, 386, 442.

Figure 4. Photoionization efficiency (PIE) spectra of Cr(C6H6)2‚
(benzene)n for n ) 1, 2, 3, and 4. Forn ) 1, The MATI spectrum of
Cr(C6H6)2‚(benzene) is shown on the same energy scale for the
comparison. The onset energy of the PIE spectrum corresponds to the
MATI origin peak position within(25 cm-1.

Figure 5. Ionization potentials as a function of the size of Cr(C6H6)2‚
(benzene)n clusters (close circles) and Cr(C6H6)2‚(benzene)n‚Ar clusters
(open circles). The exponential decaying solid curve is drawn just to
show the trend of IP versusn. Uncertainties are within the areas of the
circles.
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