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Abstract: Metal—benzene complexes of the form M(benzene), (M = Ti, V, Fe, Co, Ni) are produced in the
gas-phase environment of a molecular beam by laser vaporization in a pulsed nozzle cluster source. These
complexes are photoionized with an ArF excimer laser, producing the corresponding cations. The respective
mono- and dibenzene complex ions are isolated in an ion-trap mass spectrometer and studied with infrared
resonance enhanced multiple-photon dissociation (IR-REMPD) spectroscopy using a tunable free electron
laser. Photodissociation of all complexes occurs by the elimination of intact neutral benzene molecules,
and this process is enhanced on resonances in the vibrational spectrum, making it possible to measure
vibrational spectroscopy for size-selected complexes. Vibrational bands in the 600—1700 cm~? region are
characteristic of the benzene molecular moiety with systematic shifts caused by the metal bonding. The
spectra in this solvent-free environment exhibit periodic trends in band shifts and intensities relative to the
free benzene molecule that varies with the metal. Density functional theory calculations are employed to
investigate the structures, energetics, and vibrational frequencies of these complexes. The comparison
between experiment and theory provides fascinating new insight into the bonding in these prototypical
organometallic complexes.

Introduction troscopy has frequently been applied to study condensed-phase
metal-benzene sandwich complexes to investigate their bonding
yia spectral shifts of the ligand-based vibratiéns: However,

until recently, such information has not been available for gas
phase ion complexes. We have recently reported the application

of infrared resonance-enhanced multiple-photon dissociation
addition to the fundamental importance that aromattwonding (IR-REMPD) as a method to obtain vibrational spectroscopy
has for organometallic chemistfy. Metal ion—benzene com-  Of metal ion-benzene complexés:*In the present work, we
plexes are also interesting because they form sandwich structure@PP!Y this method to several catiohenzene complexes of the
and can thus be compared to similar complexes synthesized andirst-row transition metals to investigate the trends in their

isolated in conventional synthetic chemist&Infrared spec- properties. ) ) .
After the discovery of ferrocedtand the explanation of its

bonding stability through metaligand charge transfer, diben-
zene chromium was synthesized as the first example of a-metal
benzene sandwich complex, and its stability was understood
via the familiar 18-electron rul® Since that time, neutral

Transition-metal-containing iermolecule complexes that are
produced, isolated, and studied in the gas phase provide model
for metal-ligand interactions and metal ion solvatibrf. Of
these, metatbenzene ions have a special attraction because of
their relevance for catalysis and biological processei
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in the condensed phase, as have some complexes with net chargelectron laser provides high fluence and broad tunability in the

that are produced and stabilized via counterithi® gas-phase
studies, many metal iorbenzene species have been studied
with mass spectrometAf: 2! Collision-induced dissociatiot?,
equilibrium mass spectrometty,and UV—vis photodissocia-

infrared to make these experiments possible.

Although many transition-metal ierbenzene complexes have
been studied, significant issues remain about their electronic
structure and bonding. It is well-known that metiband

tion'®1”measurements have been employed to determine bondbonding can include both electrostatic and covalent components.
energies in these systems. Theory has examined the structure€ovalent interactions are complex in transition-metal systems

and energetics of these speciég?28 As shown by Kaya and
co-workers, various metabenzene complexes form fascinating
multiple-decker sandwiché&8 Prominent M(CsHe)y stoichiom-
etries were observed by mass spectrometryyavalues where

y = x + 1, and this tendency was most pronounced for the
early transition metals, especially vanadium. Bowers and co-
workers probed the vanadium complexes with ion mobility
measurements, confirming the multiple-decker sandwich struc-
tures?! Photoelectron spectroscopy has been applied to metal
benzene anion®?2°and recently an IR absorption spectrum
was obtained for V(benzenghat was size-selected as a cation
and then deposited into a rare gas matrix and neutratfzeidy

and co-workers have reported infrared spectroscopy in thid C
stretching region on alkali catietbenzene complexéin two
recent communications, we have shown how IR-REMPD can
be employed to measure vibrational spectroscopy for metal
mono- and dibenzene complexX@43 In work related to this,
Crf(aniline) complexes have been studf@d’he tunable free
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because of the frequent occurrence of low-lying metal excited
states that can mix with the ground state or compete with it for
the most stable bonding configuration. Theory is often not able
to distinguish between different electronic states and metal spin
configurations to determine the ground states of these com-
plexes. In the case of metal ieibenzene systems, it is not
always clear tha® z-bonding will be preferred. Strong metal
binding interactions may distort benzene from its symmetric
structure. In dibenzene sandwich species, staggddeq 6r
eclipsed Deg) ligand conformations are possible. However,
without detailed spectroscopy, it has not been possible to probe
these details of the structure and bonding in any systematic way.
Different electronic configurations and geometric structures can
lead to different vibrational spectra, and thus IR spectroscopy
may provide a probe of these structural details.

Experimental Methods

Transition metatbenzene complexes of the form-MCsHg)n (M
=Ti, V, Fe, Co, and Ni) were produced by laser vaporization in a
pulsed nozzle (Jordan) source using an argon expansion seeded with
benzene vapor at ambient temperature. Neutral complexes in the
molecular beam passed through the center of a quadrupole ion trap
mass spectrometer (Jordan), and the corresponding cations were
produced by photoionization with an ArF excimer laser (Neweks, PSX-
100; 193 nm; 6.42 eV; 4 mJ/pulse). The ionization potentials of all of
the neutral metatbenzene complexes studied here have been measured
previously, and these were lower than the ArF photon energy, so that
a one-photon process could cause efficient ionizaidihe density of
ions produced in this experiment was far too low for IR absorption
spectroscopy, and therefore we used IR photodissociation to measure
the vibrational spectroscopy. The experimental methodology for IR
photodissociation has been described previously in the study of
polycyclic aromatic hydrocarbon ior,TigCi," clusters’* and both
V*(CeHe)12 and Al(CeHe) complexes?1® The cation complexes
produced by photoionization were trapped for several milliseconds and
isolated by mass with the RF potentials of the ion trap (1 MHZ; up to
~1000 V p—p). In our implementation of the ion trap, it was not
possible to stabilize the trajectories of the trapped ions by the use of a
collisional gas. Unfortunately, this prohibited absolute mass selection
of specific ions. However, ions below a selected mass threshold could
be rejected from the trap by adjustment of the RF potential. In these
experiments, all molecules below the mass of interest were eliminated,
allowing their fragments to be monitored on a zero background. For
example, ions below NMCsHg), were eliminated to monitor the
appearance of the MCsHe) fragment.

Infrared excitation was accomplished with the tunable Free Electron
Laser for Infrared eXperiments (FELIXjwhich delivers intense 10
50 mJ pulses of infrared light throughout the spectral region of the
main IR-active skeletal vibrations of benzene (6700 cn1?).36 After

33) Oomens, J.; van Roij, A. J. A.; Meijer, G.; von Helden,ABtrophys. J.
200Q 542, 404-410.
(34) van Heijnsbergen, D.; Duncan, M. A.; Meijer, G.; von HeldenG&em.
Phys. Lett2001, 349 220-226.
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WebBook, NIST Standard Reference Database Number 69; Linstrom, P.
J., Mallard, W. G., Eds.; National Institute of Standards and Technology:
Gaithersburg, MD, July 2001. http://webbook.nist.gov, accessed April 2004.
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excitation with FELIX, the contents of the ion trap were extracted into
a time-of-flight spectrometer (Jordan) for mass analysis. Infrared | FELIX @ 770 cm-! V+(bz) V*(bz),

absorption led to IR-REMPD. This was evident from the appearance
of fragment ions following IR excitation. The infrared spectrum was
obtained by monitoring the intensity of these fragment ions versus the
frequency of the infrared laser.

Theoretical Methods

The molecular structures, harmonic vibrational frequencies, and
infrared absorption intensities were calculated for a variety of transition
metal-benzene monobenzene (“monomer”) and dibenzene (“dimer”)
cation complexes using density functional theory (DFT). These
calculations employed the Becke-3 Lee-Yang Parr (B3LYP) functiénal
and the 6-31%++G(d,p) basis seté The transition-metal ions from Ti
to Cu" were investigated. In each complex, the metal cations were
assumed to bind to the central region of the benzene aromatic rings
for both the monomer and dimer calculations. The dimers were assumed
to exist in a sandwich structure, with the metal ions separating the two
benzene rings. The metal ions were allowed to deviate fromCthe
symmetry axis as necessary to obtain all real frequencies. Similarly,

reduced symmetries were considered as appropriate for the benzene

rings. In one or two instances, one imaginary frequency remained even
in C; symmetry, which was likely an artifact of the numerical methods
employed in the calculations. A variety of electronic states were
considered with the results presented expected to correlate with the
ground electronic states. Spin-restricted wave functions were employed
for the singlet states, while unrestricted wave functions were employed
for all other electronic states. The density functional calculations were
performed on a Parallel Quantum Solutighisnux cluster employing

the Gaussian98 quantum chemistry softwire.

Results and Discussion

Metal-benzene complexes with different transition metals
were produced efficiently in the laser vaporization process, as
we have described previousi§” Upon photoionization with
ArF radiation, a mass distribution of fbenzeng)was obtained
for values up ton = 6—8, depending on the amount of benzene
added. The benzene in this experiment was introduced into the
expansion gas at its ambient vapor pressure, and it flows through
the vaporization zone. There is therefore excess benzene vapo
in the cluster growth region, and we primarily produce clusters
of atomic metal cations surrounded by multiple benzene
molecules, rather than complexes of benzene with larger meta
clusters. We adjust the pressure to produce mainhynthel,

2 complexes during infrared scans.

Figure 1 shows the mass spectra observed for vanagium
benzene complexes and how the ions fragment upon irradiation
with the infrared light when it is tuned to a resonance. Because
of the characteristics of the ion trap, it is not possible to select
only the V*(CgHg) ion for study, since the RF potentials only
allow elimination of masses below a certain threshold. In the

(37) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.

(38) Hehre, W. J.; Radom, L.; Pople, J. A.; Schleyer, P. \AlRInitio Molecular
Orbital Theory Wiley: New York, 1987.

(39) Parallel Quantum Solutions (PQS) QS16-2000R Parallel QuantumStation.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. ASaussian 98revision A.11.2; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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Figure 1. Mass spectra and fragment ions produced by IR-REMPD of
trapped vanadiumbenzene ions. In the upper trace, the RF potentials of
the trap are adjusted so that all ions up to(bz) are ejected before the IR
laser fires. The V mass peak appears as a result of IR-induced photodis-
sociation. In the lower trace, all ions up to"{z), are blocked before the
laser. The V(bz) fragment appears following IR excitation. These
measurements show that\s the photofragment from ¥bz) and Vf(bz)

is the photofragment from Ybz),.

upper trace, both ¥(CsHg) and V*(CeHe), are present, but no
masses below Y(CsHg) are seen until the IR laser fires. After
this, the V" ion appears as a fragment, but it is not yet clear
which parent ion produced it. The situation is clarified, however,
by the data in the lower trace, where ions beloW(®Hg), are
blocked before laser excitation. Only a small amount 6t V
(CeHe) appears here as a photofragment. In particular, it is
evident that no V fragment is produced from the™CsHs)2
parent. \f and V*(CgHg) are therefore the fragments frontV
(CeHe) and V(CgHe),, respectively, and these fragments can
Pe used to measure uniquely the dissociation spectra of their
parent ions, as we have shown previodglyThis same
methodology is employed for all of the MCgHe)1,. complexes
studied here.

The dissociation energies of "Ce¢He) (55.8 kcal/mol;
~19 500 cn1?) and V" (CeHe)2 (58.8 kcal/mol;~20 600 cntl)
have been measured previously with collision-induced dissocia-
tion.18 It is therefore clear that photodissociation of these ions
requires the input of many infrared photons. However, multiple-
photon processes involving 100 or more photons have been
measured previously with FELIX:43 We make the distinction
betweermmultiphotonprocesses, involving nonresonant absorp-
tion steps, andnultiple-photorprocesses that involve resonant
absorption, intramolecular vibrational relaxation (IVR), and
continued resonant absorption within a single laser pulse. As
discussed in our previous articl&s?3 the latter mechanism,
which gives rise to rather efficient resonant enhancement on
vibrational fundamentals, is believed to be active in the present
study. This process is facilitated by the temporal profile of the

(41) (a) von Helden, G.; Holleman, I.; Meijer, G.; Sartakov,@pt. Express
1999 4, 46-52. (b) von Helden, G.; Holleman, I.; Knippels, G. M. H.;
van der Meer, A. F. G.; Meijer, @hys. Re. Lett. 1997, 79, 5234-5237.

(42) van Heijnsbergen, D.; von Helden, G.; Duncan, M. A.; van Roij, A. J. A,;
Meijer, G.Phys. Re. Lett. 1999 83, 4983-4986.

(43) van Heijnsbergen, D.; von Helden, G.; Meijer,I5Phys. Chem. 2003
107, 1671-1688.
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Table 1. Positions of the IR Bands Observed for Transition-Metal lon—Benzene Complexes and Their Comparison to the Spectra of Neutral
Complexes and to the Predictions of Theory

v1; out-of-plane H bend v C ring stretch (IR inactive in benzene) Vg in-plane C—H bend V19 in-plane C ring distortion
complex exptl theory? exptl theory exptl theory? exptl theory?

CeHs 673 687(122) 992 979/981(0) 1038 1059/1059(6/6) 1486 1510/1510(7/7)
Tit(bz) 756(100) 899(4) 1003/1004(8/8) 1450/1450(11/11)
Tit(bz) 739 751(88) 946 922/974(10/19) 992 1011/1034(15/6) 1421 1466/1478/1530(17/15/22)
Ti(bz), 946 979
V+(bz) 769 744 980 1000/101% 1425 1447/1458

791(103) 986/1001(5/11) 1005(2) 1423/1455/1528(7/217)
V*(bz) 769 724 962 1005 1010/1023 1449 1456/1465

761(75) 947/993(21/13) 998/1020(11/3) 1462/1535(16/58)
V(bz), 739 959 985 1410
Cr(bz) 794 971° 999 1426
Fe"(bz) 767(101) 926/931(2/2) 1004/1021(5/3) 1458/1465(16/20)
Fet(bz), 768 777(99) 996 955(7) 1005/1031(4/7) 1440 1453/1472(31/26)
Co*(bz) 740 786(105) 929/931(1/1) 1012/1012(5/5) 1430 1456/1457(15/15)
Cof(bz) 748 737(160) 927(2) 1023/1023(5/5) 1472 1469/1469(28/27)
Ni*(bz) 744 764(105) 1005/1021(4/3) 1444 1454/1464(19/18)
Ni*(bz), 732 733(205) 1006(1) 1021/1032(5/5) 1469 1469/1477(36/36)

aThis work, except as note#l Literature values from the condensed phase, ref$19 ¢ Reference 12.

within the 5-7 us macropulse. The photodissociation of the
other metal ion complexes is conducted in a way similar to the
vanadium experiments. On the basis of their known or calculated
dissociation energies, all of these complexes are expected to
require multiple-photon dissociation.

As we have described previously for'{CsHs), V(CsHg)2,
and Af*(benzene}2 13 IR multiple-photon dissociation is sig-
nificantly enhanced when the laser is tuned into vibrational
resonances of these complexes. Tuning the laser while recording
the corresponding fragment ion yield provides IR-REMPD
vibrational spectra for these complexes that are believed to
match well in band positions with the infrared absorption
spectrum. Because of the multiple-photon process, resonances
in the IR-REMPD spectrum may be shifted slightly to the red
from the corresponding bands in the absorption spectrum, which
unfortunately cannot be measured. The line widths in these
spectra (about 30 cm here) are usually greater than the laser .
line width (5-7 cnm'?), again due to the dynamics of the 600" 800 1000 1200 1400 1600 1800
multiple-photon excitatiod!4* Moreover, band intensities are Frequency (em™")
affected by the dissociation yield, and these may not match Figure 2. IR-REMPD vibrational spectra of Ybz), Co"(bz), and Ni-
exactly with the corresponding absorption band intensities. _(bz)_ measured in the Mfragment ion channel. Experiments such as those
Despite these limitations, the IR-REMPD method does allow in Figure 1 were conducted to show that the fvagment ion in each system

’ comes from the corresponding™ibz) parent. The small peaks indicated
vibrational spectra to be measured and systematic trends in thewith * in the Co'(bz) spectrum are noise peaks that are not reproducible.
resonances to be investigated.

Figure 2 shows the IR-REMPD spectra for the monobenzene Figures 3 and 4 show similar IR-REMPD vibrational spectra
complexes of vanadium, cobalt, and nickel cations. Although for the dibenzene complexes of titanium, vanadium, iron, cobalt,
we were able to measure spectra for dibenzene complexes ofand nickel in the same infrared wavelength region. The positions
other metals (see below), these are the only monobenzeneof the vibrations in the free benzene molecule are again shown
complexes that were produced with high enough intensity for with vertical dashed lines. These spectra are qualitatively similar
these studies. As indicated, all three complexes have resonanto the monobenzene complexes, with strong resonances seen
bands in their photodissociation spectra in the region o600 near thev;; and v1g vibrations for all five metal complexes.
1700 cntl. We also indicate in the figure three dashed vertical The titanium and vanadium complexes have additional structure
lines at 673, 1038, and 1486 ch These mark the positions of  near thevig band, but this region of the spectrum has little or
the main IR-active vibrational bands of the gas-phase benzeneno intensity for the iron, cobalt, and nickel complexes. The band
molecule3® They are respectively they; (out-of-plane G-H positions for these spectra are also given in Table 1.
bend),vg (in-plane C-H bend), and/19 (in-plane carbon ring It is evident from Figures 24 that all of these complexes
distortion) vibrational modes. It is apparent that strong reso- have vibrational bands near those of the free benzene molecule.
nances in the IR-REMPD spectra occur for all three complexes The bands in the 736770 cnt?! region all occur at higher
near thevi; andvig bands in benzene, and a weaker band in frequency than the;; (&) out-of-plane C-H bending mode
the vanadium complex occurs near thgband in benzene. The  in benzene, which lies at 673 cth The bands in the 900
band positions in the IR-REMPD spectra are given in Table 1. 1000 cn?! region are not seen for all complexes, but they

FELIX laser pulse, which has a series of picosecond micropulses Vi Vi Y”
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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Vi Vig Vis guide for our work. For comparison to our cation work, we
include the band position of the previously studied neutral \§(bz)
and Ti(bz) complexe% 1 in the table. Even though we were
unable to obtain spectra for Qbz) . complexes, we also
include the known vibrations for neutral Cr(b2)!

In the IR spectra of condensed-phase mel@nzene com-
plexes, thevy; and vig bands are the most prominent peaks.
Thevi;1 band is usually shifted to the blue compared to the free
benzene molecule, while thgg andv,9 bands are also shifted
to the red. These trends have been discussed previbiisly.
When a transition metal binds to benzene, there-a®nation
of electron density from the molecularcloud to empty orbitals
on the metal, and alse-back-bonding from the populated metal
orbitals into the antibonding molecular orbitals. These effects,
~ N N which are analogous to those seen for metal carbonyls and

600 800 1000 1200 1400 1600 metal-olefin complexes, constitute the well-known Dewar
Frequency (cm™) Chatt-Duncanson model af-bonding?4~46 The net result of
Figure 3. |R-REMPD vibrational spectra of T{bz), and V*(bz), measured these charge-transfer processes is that the molecular bonding
in the M*(bz) fragment ion channel. Experiments such as those in Figure i the benzene is weakened, which drives many of its vibrational
L were conducted to show that thetz) fragment ion in each system frequencies to lower values. This explains the red shifts seen
comes from the correspondingbz), parent. :
for thevig andvyg vibrational bands. The exception to this trend
Vu Vis Vis occurs for thesy; bands, which shift to higher frequencies. While
the red shift is a chemical bonding/charge-transfer effect, the
blue shift of ther1; mode is more of a mechanical effect. The
presence of the metal atom over the benzene ring provides an
impediment to the out-of-plane hydrogen bend. The extra
repulsion at the outer turning point of this vibration produces a
steeper potential in this region, which drives the frequency
higher. These trends have been seen previously in the condensed-
phase neutral dibenzene complexes that could be made and
studied? 11 We see the same effect here in cations of monoben-
zene complexes, which could not be studied before as neutrals,
and for dibenzene cations of a wider variety of transition metals.

Another aspect of the previous IR spectroscopy on condensed-
phase complexes is that vibrational modes that are forbidden
for benzene itself may become IR-active in the reduced
symmetry of the metal complexes. For example, theayg)
vibration (symmetric ring stretch, 992 c®) is only Raman-
active in isolated benzene, but this mode is IR-active in many
dibenzene complexés!! The assignment of vibrational struc-
P ture near 1000 crt may involve this vibrational mode in
addition to the expectedhg mode.

To investigate these IR spectra in more detail and to elucidate

1
|
|
|
|
I
I
I
I
|
|
|
|
|

| 1
600 800 1000 1200 1400 1600
Frequency (cm)
Figure 4. |R-REMPD vibrational spectra of Fébz),, Co(bz),, and Nit- | : i
(bz), measured in the Mbz) fragment ion channel. Experiments such as the trends in vibrational band shifts, we performed DFT
those in Figure 1 were conducted to show that th(ht) fragment ion in calculations on these complexes. The binding of benzene to

each system comes from the correspondinghd), parent. The small peaks
indicated with * in the Ni(bz) spectrum are noise peaks that are not
reproducible.

cationic transition metals has been the subject of a variety of
theoretical studies in the padt?® The pioneering work of
Bauschlicher and co-workers examined the monomer binding
. with the modified coupled pair functional formalisthThe study
generally appear at frequencies lower than those of{éige,.) of ref 24b provided the first wide-ranging density functional
in-plane C-H bending mod_e, which occurs at 1938 om study of the monomer binding. The B3LYP results were in good
Strong bands are also seen in the 14270 cn region, and agreement with the MCPF results, thereby validating the use
these generally lie at lower frequency than thg(eiy) carbon of this method for the present study of the dimer complexes. A
ring deformation mode that occurs at 14867¢nn benzene.  ojated comparison of CCSD(T) and B3LYP estimates for the
Vibrational patterns similar to these have been seen andyinging of the cationic transition metals to acetylene and

d!scussed previously for a variety of condensgd-phase met,alethylene further validates the B3LYP density functional for the
dlben;ene complexes produced by conveptlo_nal synthetlc study of cationic transition-metal ligand bindiAt.

chemistry?~11 These systems are usually studied in solution or
in thin solid films, and therefore vibration band positions are (44) Chatt, J.; Rowe, G. A.; Williams, A. Aroc. Chem. Sod 957, 208-208.
not generally known for the isolated molecules. However, the (42) Chatt, J.; Duncanson, L. A.; Guy, R. G.Chem. Socl961, 827-834.

. . . . . . (46) Chatt, J.; Duncanson, L. A.; Guy, R. G.; Thompson, DJ.TChem. Soc.
vibrational assignments and their trends provide a convenient 1963 5170-5183.

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10985



ARTICLES Jaeger et al.

Table 2. B3LYP/6-311++G(d,p)-Predicted Metal Ligand Binding Energies (kcal/mol) and Bond Lengths (A) for Cation Metal Benzene (bz)
Monomer and Dimer Complexes

species state? sym D (theory)® Dy (exptl) Rua® Rux? Oy
Ti(bz)* 4A1 (3de?3da) Cev 54.5 1.886
Ti(bz),* A, (3de?3da) Ds 47.4 1.984
Ti(bz)* 2Aq(3ded) Dazn 48.3 51.0-60.4 1.938
Ti(bz)z" 2By, (3de3da) Dan 53.5 1.872
V(bz)* 5B, (3de?3da3de) Co» 475 1.959
V(bz)" 3A, (3de3da) Ca 48.4 49.6-58.9 1.685
V(bz);" 5(3de?3da3de) C1 32.2 2.039 2.181 168.5
V(bz)2+ 3B3q (3de3da) Dan 55.7 1.801
Cr(bz)" 6A; (3de?3da3de? Cev 36.4 2.114
47.0-55.3
Cr(bz)*+ 2A14(3de3da) Dén 36.8 57.9 1.662
Mn(bz)" A1 (3de”3da3de?4s') Cev 315 2.379
Mn(bz)* 5A; (3de3da3de?) Ca 27.8 1.816
Mn(bz)," 1A, (3de*3da?) Den 29.9 40.6-48.4 1.631
Fe(bz)y 6A,(3de3da3de?4sh) Ca 38.9 2.218
Fe(bz) 4A1(3de’3da?3de?) Ca 49.0 1.810
Fe(bzy" “A14(3de*3da3de?) Déh 325 1.865
Fe(bz)*+ 4A(3de3da?3da?) Co 36.2 2.040
Fe(bz)* 2B,(3de*3da23de) Dan 40.6 37.8-44.7 1.714
Co(bz)" 3A,(3de?*3da?3de?) Ca 58.6 1.672
Co(bzp* 3A1(3de*3da?3de?) De 35.9 34.6-39.9 1.857
Ni(bz)* 2B,(3de3da?3de’) Ca» 57.4 1.738
Ni(bz),* 2(3de*3da23de?) Ci 33.7 30.735.1 1.971
Cu(bz)" ?A1(3de*3da?3dg?) Csu 49.1 1.859
Cu(bzy* 2A1(3de*3da3da?) C 35.2 32.+37.1 2.434 2.407 146.7

aThe orbital prescription in parentheses corresponds to the occupation of the metal 3d and 4s orbitals using a notation corresponding to ttedt of the met
orbitals in Cg, Symmetry.P B3LYP/6-31H+G** predicted dissociation energy for the process(bkz), — M*(bz)—1 in kilocalories per mole including
zero-point correctiont Distance from metal cation to center of C6 ring. For asymmetric dimers, this corresponds to the value for one of thistaysce
from metal cation to center of second C6 ring for asymmetric dinfeksgle in degrees from the center of one C6 ring to the metal to the center of the other
C6 ring. For the symmetric dimers, this value is 18Dissociation energy obtained from modeling of collision-induced dissociation measurements of ref
18b. The first number corresponds to that obtained from a tight RRKM modeling, while the second number corresponds to that obtained from a loose RRKM
modeling.9 Dissociation energy obtained from modeling of photoelectipmotoion coincidence experiments of ref 27.

Rao and co-workers have provided a fairly complete analysis
of the dimer binding employing the BPW91 density functiotfal.

The present study, which employs the B3LYP rather than
BPWO9L1 functional, provides a more detailed description of the 3
electronic states involved, allows for symmetry breaking from
C C

Den Symmetry to obtain true minima, and obtains vibrational Cey v
properties for each of the states considered. The present study (Ti,.Cr,Mn,Cu) (V.Fe,Co,Ni)

is directly analogous to that of ref 24b for the monomers, but
employs a slightly larger basis set to obtain more well-converged @ W C%:g:o
estimates of the infrared spectral properties for comparison
with the present experimental results. More limited DFT studies 9 O
of the V*, Crt, and Fe& benzene dimers have been provided
by Bowers and co-workefd, by Li and Baer’’ and by @
Kaczorowska and Harvedj, respectively.

The present B3LYP/6-31+G(d,p) calculations find stable  Dg;, Eclipsed D, Eclipsed C, Slipped
minima for all the monomer and dimer metdlenzene cation (Cr,Mn,Co) (Ti,V,Fe) (Ni,Cu)
complexes. The structures found and the low energy electronic Figure 5. Schematic structures calculated for various metal dibenzene
states are indicated in Table 2. For the monomer Comp|exes,sandwich complexes. Hydrogens are removed, and ring _di_stortions are
the structures found are either the sim@ig or theCy, in which exaggerated in these structures compared to the actual predictions of theory.
the benzene ring has two carbon atoms distorted toward theare distorted. For example, @y, structure occurs for several
metal. Ti*, Crt, Mn*, and Cd complexes adopt thé&s, complexes that have two carbons in each benzene ring displaced
structure, while V', Mn*, Fe", Co", and Ni adopt theC,. toward the metal, analogous to the monor@gy structure. A
Only Mn™ exhibits both structures in different spin states. There C; complex has the metal localized over ahsite on each
is a noticeable trend for the more strongly bound complexes benzene ring. Selected structures for some of these monomer
(see below) to form thé&,, structure. The dimer complexes and dimer complexes are shown in Figure 5.
may also have undistortedg, and Dgq Structures, depending The binding energies and metdigand bond lengths for the
on whether the benzene rings are eclipsed or staggered withmonomer and dimer cationic metal benzene complexes are
respect to each other. For several complexes, there is a negligibleoresented in Table 2 and shown graphically in Figures 6 and 7,
energy difference between the staggered and eclipsed formsrespectively. These values are compared to previous experi-
However, as in the monomers, many of the more strongly bound mental results in Table 2. These results are based on the coupling
dimer complexes have structures in which the benzene ringsof purely theoretical estimates for the spin-conserving dissocia-
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Figure 7. Plot of the calculated metal ligand bond length versus number
of valence electrons for the monomer and dimer metal benzene cations.

tion process with experimental values for the spin excitation
process in the metal cation. For thén™ configuration we could
not obtain a®d® state in the metal ion, and folMn™ an
experimental value was not available. Thus, purely theoretical
estimates were employed for these states.

The ground electronic state generally corresponds to a

configuration in which the degenerate (@,, Dgn, and Dgg
symmetry) 3dgorbitals are occupied first, followed by the 3da
orbital, and finally the 3dgorbitals, which are also degenerate
in Cg,, Dgn, andDgg Symmetries. Only the quartet Febenzene
monomer and dimer complexes break this rule by doubly
occupying the 3dgorbital before adding the fourth electron to
the 3de orbitals.

The results for the monomer complexes are very similar to
those presented in an earlier sté#@but with slightly decreased

the earlier work and thus is not included here. The present results
also suggest that th&\, state in the V(bz) complex has a
slightly greater binding energy than tPB; or °B, states. This

is in contrast to the result presented in our previous communica-
tion on V" (benzene), IR-REMPD spectroscop¥?

The dimer complexes tend to have a low-spin ground state,
while the monomer complexes tend to be high-spin. In
particular, Ti"(bz), is calculated to be a doublet, whereas-Ti
(bz) is a quartet; V(bz), has a triplet binding energy that is 23
kcal/mol greater than the quintet, whereas the monomer triplet
and quintet are within 1 kcal/mol of each other;"(hz), is a
doublet, whereas Ctbz) is a sextet; Mh(bz), is a singlet,
whereas Mri(bz) is a septet; and Féz), is a doublet, whereas
Fe'(bz) is a quartet. The spin state for a given complex is the
result of a balance between the promotion energy required to
pair up the spins in the metal and the improved melighnd
binding for paired spins. The enhanced binding for the two
ligands of the dimer complexes more than compensates for the
promotion energy, while the single ligand binding generally does
not.

The bond strengths for the second ligand in th&, Tr,
and M dimer complexes are essentially identical to those for
the corresponding monomer complexes, indicating a near
equivalence of the promotion energy and the improved binding.
For the V" complex, even the monomer complex appears to
have a reduced spin configuration, and the dimer bond strength
is significantly greater than the monomer value. For the later
transition metals (Fethrough Cu), the filling of the d-shell
adds significant repulsion, and the dimer complexes are much
more weakly bound than the monomer species. For these later
transition metals, the predicted first dissociation energy of the
dimer complexes is in good agreement with those extracted from
modeling of collision-induced dissociation experimefitsn
contrast, the first dissociation energies forr@nd Mn" appear
to be significantly underestimated, while those fot &ind V*
are slightly below the lower of the experimental estimates. It is
perhaps worth noting that the estimated kinetic shifts applied
to the extraction of the binding energies from the CID
experiments tend to be much greater for these early transition
metals. For Tf, which has the largest kinetic shift, it is 33 kcal/
mol for the tight RRKM modeling. For the dimer complexes,
the increased ligandligand repulsion implies that the tight
RRKM-based modeling is more likely valid than in the
| monomer cases. Thus, some of the discrepancies may just be
due to the uncertainty in the RRKM modeling process.
Alternatively, the discrepancies may be related to the apparently
nonadiabatic nature of the dissociations for these earlier transi-
tion metals or to simple inaccuracies in the quantum chemical
simulations. For Mn, the error may also be related to the
absence of an experimental spin correction for the singlet
dissociation predictions.

The present predictions for the bond strengths differ greatly
from those obtained by Rao and co-workérsn the basis of
the BPW91 density functional. For example, for the dimer
complexes only the predictions for Nagree to within 10 kcal/

binding energies, apparently due to the increased size of themol. The spin state for the dimer complexes is predicted to be
basis set employed for the C and H atoms. This decrease in thethe same in both studies. However, Rao and co-workers predict

predicted bond strength is fairly consistent, ranging from 2.2
to 3.0 kcal/mol, with an average decrease of 2.5 kcal/mol. A

a quintet ground state for the Mn monomer system.
The present B3LYP-predicted metal ligand bond lengths

detailed comparison with experimental results was provided in generally decrease with decreasing spin. However, the decrease
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with spin competes with an increased repulsion and thus bond 10+
length for multiple ligands. Thus, for Tiand Fe, where the R
dimer complex spin is lower (quartet versus doublet), the theory sandwich
monomer and dimer complex bond lengths are similar. For V 10+
and Cd, the spins are identical and the dimer system has a
somewhat greater bond length. For@nd Mn", the two dimer
complexes have much smaller bond lengths because of theE .-
pairing of multiple sets of electrons. ForNand Cu, the nearly
complete filling of the d-shell leads to increased repulsions, and
the dimer complexes have much greater bond lengths. Indeed,

Free Benzene

theory half sandwich

for the Cu" case, the repulsions lead to a significant distortion : o sand
away from the @ axis. 607 -

The present B3LYP/6-3H+G(d,p) predictions for the 0
vibrational properties of these complexes are reported in Table TV, G Mn o Fe Co N Cu

1. For brevity, only those modes with significant IR activity _  Metal Cation _
Figure 8. Shift of thevg vibrational mode relative to the energy of the

(ie., pre,dICted to have an,mFenSIty of g.reat.er than 1.0 km/mol) free benzene mode for the different mono- and dibenzene complexes studied
are provided. A complete listing of the vibrational and structural here. @) Measured shift for dibenzene complexes) Measured shift for
properties can be found in the Supporting Information. The monobenzene complexes. The lines indicate the predictions of theory.
entries in Table 1 have been scaled from those resulting OllreCﬂylower dissociation yield here is not surprising because dissocia-

from the D'.:T calculatlpns. The un_scaled _values are I|sted_ ' tion at thevy; band requires more photons than dissociation at
the Supporting Information. The scaling, which amounts to shifts the v16 band

l i i - i i . . .
O.f 10-20 cm*, is applied on a per-mode t_)aS|s, using the Theory can also help in the assignment of bands in the 1000
difference between the calculated and experimental values forcm_l region, where the IR-activesg band and the IR-forbidden

each vibration when free benzene is calculated at this same 1evel, . q'in free benzene occur. Doublet peaks are observed here
of theory. These IR intensities and vibrational frequencies are for the Ti*(bz), and V*(bz), complexes, and a weak feature is
used below as an aid in the interpretation of the IR spectra. also seen in the F¢bz), spectrum. In the previous work in the
The theoretically predicted vibrations are first useful in condensed phage!! both of these modes have been assigned
confirming our suspected vibrational assignments and in clarify- in the IR spectra of metal complexes. As seen in Table 1, the
ing other questionable assignments. The bands measured in oupwer frequency mode in the 1000 chregion for the monomer
spectrum near the positions of the benzepeandvig bands  and dimer complexes of Tj V', and Fé is indeed predicted
are indeed found by theory to be the corresponding vibrations tg pe they; mode that is IR-forbidden for benzene. This mode
in all of the respective mono- and dibenzene complexes. As js calculated to have a comparable or even greater intensity than
discussed above, theory confirms the general trend thatthe  the v,5 band that is IR-active in benzene.
bands shift to higher frequencies in the metal complexes and  Theory not only aids in the assignment of bands, but it also
that the v19 bands shift to lower frequencies in the metal elucidates patterns in the vibrational band shifts.has been
complexes compared to the frequencies of free benzene.identified in the previous theoretical work of Chaquin and co-
However, the quantitative agreement between theory andworkers as a key indicator for the degree of metsénzene
experiment for the positions of vibrational bands is less charge-transfer interactidf.In the present work, both the
satisfying. Although for some bands the agreement is close (10 experiment and theory find substantial red shifts imthgands
20 cnm?), for others the differences are as great as@Dcnt L. for all of these complexes. Figure 8 shows a comparison of the
The IR-REMPD bands can easily be red-shifted by 10%tar red shift of this mode measured for the different metal ion
so from the absorption bands; consideration of this would reduce complexes versus the predictions of theory. As indicated, there
some of these discrepancies but would make others worseis a general trend seen in the experiments and predicted by
Throughout these metal complexes, thevibrational band is  theory for the early transition-metal complexes to have a greater
predicted to have by far the highest IR oscillator strength of all v red shift than the later ones. In a general way, the shifts
the bands, consistent with the much higher measured intensitypredicted seem to parallel the trend in bond energies. For
for this band in the infrared spectrum of benzene. For example, example, relatively small shifts are predicted for emd CF,
the calculated intensity of the; band compared to that of the  consistent with their low calculated binding energies. Unfortu-
v19 band ranges from a factor of about 2 in the early transition nately, we are not able to obtain the experimental shifts for these
metals and becomes as much as about a factor of 5 in the lateimetals. However, the correspondence with binding energy does
transition metals. However, these predicted IR intensity differ- not always hold up. A nice comparison is possible for V, Co,
ences are not so obvious in the measured spectra, where thand Ni, where we have data for both the mono- and dibenzene
v11/v19 bands are often about the same size or within a factor complexes. In the case of cobalt and nickel, the bond strengths
of 2. Only in the Cd(bz), >, complexes is there a measured calculated for the dibenzene complexes are less than those for
intensity ratio for these bands that approaches the calculatedthe monomers, and thejg red shifts are also less for the
values. As noted above, the intensities measured in IR-REMPD dibenzene species. This trend is predicted by theory. However,
spectra depend on both the IR absorption strength and thefor vanadium, the monomer hasveakerond and yet greater
dissociation yield in these clusters. Apparently, the relative vigred shift. Again, this trend is predicted correctly by DFT. If
intensities of thevi; bands in IR-REMPD are sometimes it is correct to associate thgg shift with metat-ligand charge
depressed compared to the calculated absorption intensities. Arransfer, then charge transfer does not correlate directly to bond
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Figure 9. Measured relative intensity of the; vibrational band M) P —
compared to the predictions of theory (line) for the various dibenzene Ti'(bz), Staggered
complexes.
strength. However, it is reasonable that the amount of charge
transfer would be greater for the early transition metals that | A
H I ' 1 N I ' 1 N I N 1
have the great_ewlg red shifts. Th_ese metals have _fewer 600 800 1000 1200 1400 1600
d-electrons available fat-back-bonding, and thus-donation P
of charge toward the metal should be the dominant bonding ) em- )
interaction Figure 10. Comparison of the vibrational spectrum measured for- Ti

) . (benzeng)with that calculated for the quartet versus doublet spin for the
Another trend apparent in both the theory and the experi- ground state.

mental vibrational spectra is the relativetensity of the v,
vibrational bands. As noted above, this band is prominent in energetically within about 6 kcal/mol of each other. Figure 10
the spectra of Ti(bz), and V*(bz), complexes, but is hardly ~ shows the vibrational spectrum measured fdr(z), together
detected in any other systems except(®e),.. Figure 9 shows  with stick spectra predicted for the two spin configurations. It
a comparison of the intensities measured for this band in the is evident that the doublet species has strong vibrational bands
dibenzene complexes to those predicted with DFT. Our IR- predicted near 1330 and 1510 thwhere no bands are detected
REMPD spectra do not measure IR absorption strengths directly,experimentally. On the other hand, the quartet has a much
and therefore, to obtain this comparison we have arbitrarily set simpler predicted spectrum, with bands nicely matching the
the measured intensity of this band in the (biz), spectrum to experiment. In this case, the IR spectrum favors the quartet spin
be equal to its calculated IR intensity. It is then evident that the configuration, even though theory finds that the doublet is more
relative trend predicted and measured is for a greatetensity stable. A similar discrepancy was discussed in our earlier work
for the early transition metals. We have incomplete data for on V*(bz).'? Our newer calculations here agree with those done
the monobenzene complexes, but consistent with this trend, thebefore, indicating that the triplet state is more stable than the
V*(bz) spectrum does have a measurahldand while the quintet by about 25 kcal/mol. However, as we discussed in the
corresponding Coand Nit complexes do not. This is interesting ~ earlier communicatio®; the vibrational spectrum that we
because the monomer complexes offCand Nit are more measured matches the quintet significantly better than it does
strongly bound than the ¥species. The’; band intensity is the triplet. Perhaps the simplest explanation to consider for both
apparently also not correlated directly with bond strength. of these discrepancies is that the energetics of different spin
However, it appears to be correlated with the extent of charge States are not handled correctly by DFT. In fact, it is well-known
transfer. In every case, a higher intensity for théand parallels that DFT has difficulties with the energetics of open shell
a strongvig red shift. Both effects are greatest in the early species’ The energy difference between quintet and triplet
transition metals. It is important to note that these complexes States for V/(bz), is substantial, but the energy difference of 6
with IR intensity in thev; band all have distorted benzene, i.e., kcal/mol between the two spin states for'{liz), is much
C,, structures for the monomers armp, structures for the smaller, perhaps making such a mistake understandable for the
dimers. Indeed, it is this distortion that induces the IR activity latter system. On the other hand, as we discussed previgusly,
in this mode. The presence ofvavibration could therefore be it is conceivable that the ion production method used here
a diagnostic for distorted benzene. (photoionization) preferentially produces the ions in metastable
As noted above, the metal spin state is a significant issue in excited states that do not relax within the time between the

the electronic structure of these complexes. We therefore wishionization laser and the probe IR pulse. In the present config-
to compare the vibrational spectra predicted for different spin Uration of the experiment, it is not possible to introduce
configurations to the measured spectra to see if the IR datacollisions that might relax excited states if they are formed. In

pr_owde any InSIth' T’](bz)z prowdes a_n interesting test f_or (47) Cramer, C. Essentials of Computational ChemistWyiley: West Sussex,
this, because th#A; and?Bsq configurations are found to lie U.K., 2002.
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Figure 11. Comparison of the vibrational spectrum measured for- Ti

(benzene) with that predicted for the eclipsed versus staggered isomers
for the quartet ground state.

the future, it will be important to make the ions in different
ways to try to ensure that the lowest configuration is indeed
produced. We have already done this for thg(bz), complex

a splitting here of about 42 cm, consistent with our measured
value of about 46 crrtt. The eclipsed conformation is predicted

to have a splitting of about 20 crh It is tempting, therefore,

to conclude that our data is more consistent with the staggered
conformation. However, we must bear in mind that the
IR-REMPD methodology can itself lead to vibrational band
shifts of this same order of magnitude that may be mode-
dependent. This, taken together with the widths of the features
in our spectrum, suggests that a firm conclusion on this issue
is really beyond the present capability of the experiment. An
added complication is the temperature of the ions. Because the
energy difference between eclipsed and staggered conformations
is small, there will likely be a superposition of these conforma-
tions present in the beam at any finite temperature. Indeed, it is
conceivable that there could be dynamic rotation about the C
axis at higher temperatures. It is impossible to estimate the
temperature resulting from the photoionization process here, and
therefore, an in-depth examination of conformation is likely
premature under these conditions. However, such studies may
become relevant when ions can be produced in colder sources.

Conclusion

A variety of transition-metal mono- and dibenzene complexes
have been studied for the first time with infrared photodisso-
ciation spectroscopy in the gas phase. Corresponding studies
have investigated these complexes with density functional theory
calculations, providing a systematic investigation of geometry,
bond energies, and electronic structure for the series of first-
row transition metals. Vibrational spectra exhibit sharp bands
in the fingerprint region that can be compared to the spectra
measured for condensed-phase complexes produced by con-
ventional synthesis. Through the interaction with theory, these

using a different molecular beam machine, where the ions werevibrational bands can be assigned and related to corresponding

produced directly in a laser plasma and then cooled by
supersonic expansidf.Studies of the &H stretch vibrations

vibrational motions in the free benzene molecule. In the region
of this experiment (6061700 cnt?), vibrational bands are

in this experiment were also more consistent with the assignmentobserved for thes; 1, v15, andvig modes that are IR-active in

of the ground state of this ion as a quintet, again calling into
guestion the capability of DFT for this spin state problem. Other

benzene, as well as for thg mode that is IR-forbidden in
benzene. The strongii1 and vi9 bands are observed for

metal complexes studied here are also predicted to have closelyessentially all complexes, while thgg andv; bands are seen

lying spin configurations. However, we were not able to obtain
spectra for all of these. Of the complexes for which we have
spectra, the V(bz) monomer and the Fébz), dimer are the

mostly for the earlier transition metals. In the same way seen
previously for dibenzene sandwich complexes in the condensed
phase, the systems studied here exhibit red shifts fowibe

only other species that have two closely spaced states withvibrational bands and blue shifts for the, vibrational bands.

different multiplicities. However, the vibrational patterns cal-

The v19 mode, which was predicted previously as an indicator

culated for these complexes are very similar in both spin states, for the degree of charge transfer in these complexes, exhibits a
precluding any critical comparison with the measured spectra. systematic trend with larger red shifts for the earlier transition
Another more subtle effect in the spectroscopy of these metals. Likewise, we find a similar trend for the intensities of
complexes is the possibility of detecting the conformation of thev; bands, which are also stronger for the earlier transition
the two rings in a dibenzene complex. The issue of staggeredmetals. Theory agrees with the qualitative trends revealed by
versus eclipsed rings has been pervasive in the historicalthese spectra, but the agreement on vibrational band positions
discussion of metaldibenzene complexés!! It is therefore is not highly quantitative.
interesting to see if the comparison between theory and The vibrational structure in these complexes was investigated
experiment can provide any insight into this issue. Figure 11 together with theoretical predictions to determine if this would
shows the experimental spectrum of {liz), together with the be a reliable indicator for different spin multiplicities and/or
stick spectra predicted for both the eclipsed and staggeredconformations (staggered versus eclipsed) in these complexes.
conformations. As indicated in the figure, the only spectroscopic Clear differences were found by theory for the vibrational
difference predicted by DFT for these two conformations is the structure in electronic states with different multiplicities.
splitting between the; andv,g bands. The staggered conforma- However, in selected systems where exact comparison was
tion, which is calculated to be more stable, is predicted to have possible (dibenzene complexes of vanadium and titanium), the
measured spectra do not agree with the patterns predicted for
the lowest-energy electronic states. It is conceivable that this

(48) Jaeger, T. D.; Duncan, M. Al. Phys. Chem. 2004 108 6605.
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