
A

i
a
a
s
r
©

K

C

1

b
c
d
f
f
d

1
d

Available online at www.sciencedirect.com

International Journal of Mass Spectrometry 272 (2008) 99–118

Review

Structures, energetics and spectroscopy of gas phase transition
metal ion–benzene complexes

Michael A. Duncan ∗
Department of Chemistry, University of Georgia, Athens, GA 30602-2556, USA

Received 3 December 2007; received in revised form 16 January 2008; accepted 17 January 2008
Available online 10 March 2008

bstract

Metal–benzene complexes provide classic examples of organometallic chemistry, and their ions have similar appeal for mass spectrometry and
on chemistry. This review covers new formation methods for the generation of novel metal ion–benzene complexes and clusters in the gas phase,
s well as new measurements of their properties. Collision induced dissociation, radiative decay kinetics and photodissociation methods have been

pplied to determine bonding energetics, while UV–vis, infrared and photoelectron spectroscopic measurements have been applied to determine
tructure and bonding patterns. Electronic structure calculations have been pursued to complement these various experiments. This review surveys
ecent progress in these areas, providing an overview of the field and suggesting future research directions.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The special bonding between transition metal cations and
enzene was recognized early on in the history of organometallic
hemistry. The addition of metal salts to liquid benzene pro-

electron rule and its role in electronic structure was recognized,
and variations on this theme were explored. A number of spec-
troscopic methods from conventional chemistry were applied to
these systems over the years, and systematic concepts about sta-
bility were developed [10–19]. Although sandwich structures
uced colored solutions, which were soon interpreted to arise
rom metal–benzene complexes [1–6]. When species such as
errocene [7,8] and di-benzene chromium [9] were synthesized
irectly and found to be especially stable, the concept of the 18-
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aving the metal on or near the sixfold symmetry axis were
ost common, it was also found in the early work that late

ransition metals such as ruthenium might adopt lower sym-
etry and/or lower coordinated (η2 or η4) structures [20]. In
ecent years, many of the same concepts explored in conven-
ional organometallic chemistry have been extended to the gas
hase environment of mass spectrometry [21–24]. This is espe-
ially true for metal–benzene complexes, whose ions have been
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tudied extensively. This review article focuses on metal ion
enzene complexes and the many recent experiments that have
nvestigated the structure and bonding in these prototypical
rganometallic complexes. Although these systems are some-
hat well-studied, they still provide challenges to theory and

hey are convenient models for more complex metal � bonding,
s found in intercalated metal materials and in the bonding of
etals at aromatic surfaces (e.g., polycyclic aromatics, carbon

anotubes).
Transition metal ions can be produced in the gas phase via

olatile precursors (e.g., carbonyls), metal oven sources, ion
puttering, etc. Using these methods, metal ion–benzene com-
lexes have been produced for many years in mass spectrometry
xperiments [21–24]. Early work focused on the formation reac-
ions that generated these complexes, followed by reactions
f the metal–benzene ions with other systems. In some cases,
etal mediated chemistry made it possible to produce benzene

rom smaller hydrocarbon precursors, e.g., ethylene [25]. More
etailed examinations of the chemistry of these systems has been
overed elsewhere [21–25], and are beyond the scope of the
resent article. A critical juncture for this field occurred with
he introduction of the laser vaporization source by Smalley and
oworkers [26]. Over the last 20 years or so, the production
f metal ions and metal clusters in the gas phase has become
xtremely efficient using this methodology. Virtually any tran-
ition metal that is available in powder, solid rod or disk form can
ow be produced in high densities in any kind of mass spectrom-
ter. Even weakly bound ions can also be cooled and stabilized
ia collisions using pulsed nozzle cluster sources. Because of the
igher metal densities available, metal-molecular ion–molecule
omplexes such as those with benzene can be produced and
tudied under well-defined conditions. Investigations using more
ophisticated mass spectrometry methods and ion manipulation
ave become possible, including experiments designed to mea-
ure bonding energetics, spectroscopy and structures. It is these
atter areas that are the focus of this review on transition metal
on–benzene complexes. Complementing this new experimen-
al work, there have been many computational studies of the
lectronic and geometric structures of metal ion–benzene com-
lexes, as well as their bonding energetics and spectroscopy
27–42].

. Mass spectrometry distributions

Simple adducts between metal ions and benzene have been
een for many years in mass spectrometers [21–24]. In situa-
ions in which higher vapor pressures of benzene were present,
i-benzene adducts could also be produced. Because of the
nown stability of species such as di-benzene chromium from
ondensed phase studies, these adducts were not surprising,
nd many studies were carried out to investigate their forma-
ion rates, equilibrium concentrations, collisional dissociation
nergies and photodissociation processes. These experiments

re discussed below in later sections of this paper. However,
ignificant insight into the stabilities of metal ion benzene com-
lexes began to be found when laser vaporization processes in
ulsed nozzle supersonic expansion sources were first combined

t
c
b
t

ig. 1. The mass spectra of metal ion–benzene complexes of titanium, vanadium
nd nickel.

ith mass spectrometry detection [26]. In these experiments,
he greater metal concentration and cooling provided by this
ew environment made it possible to produce larger complexes
ontaining more benzene molecules. It also became possible to
roduce clusters with multiple metal atoms and multiple benzene
olecules.
Fig. 1 shows an example of the kind of mass spectra that

an be produced via a laser vaporization source with a pulsed
ozzle expansion [43]. In these three mass spectra for titanium,
anadium and nickel systems, complexes that each contain a
ingle metal cation with 6–8 or more benzene molecules are pro-
uced. These spectra represent the cation complexes that grew
irectly form the cluster source; there is no post-ionization pro-
ess. Cation clusters are entrained in the expansion gas flow,
ollimated into a molecular beam by a skimmer, and then they
ow into a second chamber which houses a mass spectrom-
ter. Cations are sampled with pulsed acceleration plates into
he time-of-flight mass spectrometer situated perpendicular to
he molecular beam axis. The spectra contain a number of

asses other than metal–benzene adducts, including fragmen-
ation products and impurities from the expansion gas. A small
mount of water is added as an electron scavenger to enhance the
on yield, and water-containing ions are also present. At the low

emperatures of these expansions, electron-ion recombination
an be efficient, which tends to neutralize the clusters formed,
ut experience has shown that a small amount of water can limit
he neutralization processes. However, the main progressions of
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Fig. 2. The mass spectrum of vanadium–benzene complexes containing multiple
m
e
r

o
t
B
v
s
s
d
i
l
n
a
i
s
[

3

n
w
a
b
p
w
H
v
o
m
t
h
m
u
m
t
p
o
e

M.A. Duncan / International Journal

asses seen here correspond to ion–molecule complexes of the
orm M+(benzene)n. These mass spectra were generated using
so-called “cutaway” cluster source developed in our lab, in
hich the laser vaporization spark is positioned immediately at

he exit point of the supersonic expansion of gas. There is no con-
nement of the metal vapor downstream from this point. This
akes a colder expansion, but there are fewer metal–metal col-

isions, and very little formation of clusters containing multiple
etal atoms.
Multiple metal atom clusters were produced previously from

lectron impact ionization of volatile organometallics, from
ven sources or from sputtering sources [21–24,44,45]. How-
ver, the laser vaporization source is much more efficient for
etal cluster production and it is general for many metal sys-

ems [26]. To make such larger metal atom clusters by laser
aporization, a suitable sample (rod, disk, etc.) is mounted on
he front of a gas valve, similar to the configuration used above
or M+(benzene)n complexes, but a so-called “growth channel”
s added to the gas flow beyond the laser vaporization point [26].

etal clusters or metal cluster ions containing up to several hun-
red atoms can be produced by this method. The extent of the
lustering can be controlled with the vaporization laser power
nd wavelength, the pressure of the expansion gas, the dura-
ion of the gas pulse and the specific configuration (length and
iameter) of the growth channel. Using sputtering methods or
aser vaporization sources, reactions of multiple metal atom clus-
ers with benzene have been studied by several research groups
46–49]. Production of benzene from smaller hydrocarbons has
een observed [45], and chemisorption or dehydrogenation reac-
ions were found to vary with the number of metal atoms in the
luster for several different metal systems [46–49].

Perhaps the most spectacular results from the mass spectrom-
try of metal–benzene complexes is found in the work of Kaya,
akajima and coworkers [50–55]. In studies in which clus-

ers were produced containing multiple transition metal atoms
nd multiple benzene molecules, dramatic preferences were
bserved for species with [Mn(benzene)n+1]+ stoichiometries.
his preference was most apparent for the early transition met-
ls such as titanium and vanadium, but it was found for several
etal systems. An example mass spectrum showing this behav-

or is presented in Fig. 2. Because of the striking stoichiometry in
hese clusters, their structures were proposed to be based on the
andwich motif, in which the first member would be the familiar

(benzene)2
+ sandwich and subsequent members would repre-

ent the alternating addition of metal–benzene-metal–benzene
. . units. The larger units would then represent multiple-decker
etal–benzene sandwiches. The surprising observations first

escribed by Kaya, Nakajima and coworkers have been repro-
uced in other labs (including ours). The tendency to make these
ulti-decker sandwiches is less in the late transition metal sys-

ems. These species apparently also form clusters with metal
ores surrounded by a layer of benzene molecules on their sur-
ace in a so-called “rice-ball” structure [50–55].
Because of the unusual and fascinating structures suggested
or the multiple-decker metal benzene systems, these clus-
ers have attracted tremendous interest. Several groups have
nvestigated the electronic structure and bonding properties

m
s
b

etal atoms and multiple benzene molecules. The Mn(benzene)n+1 stoichiom-
try pattern suggests that the structures are multiple-decker sandwiches. Figure
eceived from Nakajima, Kaya and coworkers.

f these systems with various forms of ab initio computa-
ions, including both ions and neutrals in these studies [55–59].
owers and coworkers employed ion mobility methods to the
anadium–benzene systems, which confirmed the multi-decker
andwich structures [60]. The neutral analogues have now been
tudied by Nakajima, Knickelbein and coworkers with magnetic
eflection experiments to investigate the potential magnetism
n these species that might arise from spin coupling along the
ength of the sandwich [61–63]. The stability of these ion and/or
eutral species is apparently substantial. The V(benzene)2

+

nd V2(benzene)3
+ cations were mass-selected and deposited

nto rare gas matrices or organic thin films and the infrared
pectra of the corresponding neutral species were measured
64,65].

. Photodissociation patterns

The mass spectra shown here in Figs. 1 and 2, and in the
umerous other studies of metal ion and metal cluster reactions
ith benzene, indicate that complexes can be formed efficiently,

nd that certain cluster sizes are more effective in adsorbing
enzene. Some circumstantial evidence for cluster structures is
rovided by stoichiometry in the case of the multi-decker sand-
ich structures described by Nakajima, Kaya and coworkers.
owever, mass spectrometry experiments alone do not pro-
ide any direct determination of the structures or energetics
f these systems. To obtain such insight, additional measure-
ents beyond simple mass spectrometry are required. One of

he simplest of these is mass-selected photodissociation, which
as been performed in many kinds of mass spectrometer instru-
ents. In some of the early work, Freiser and coworkers used

ltraviolet lamp sources to excite ions produced and isolated by
ass in a Fourier transform instrument (FT-MS) [66–69]. For

he most part, these studies examined mono- or di-benzene com-
lexes, which eliminated intact ligands. The energy dependence
f the dissociation yield was used to determine bond dissociation
nergies, as discussed further below.
Our group has employed laser photodissociation measure-
ents in a specially designed time-of-flight instrument to study

ome of the larger metal ion–benzene complexes produced
y laser vaporization/pulsed nozzle sources [43,70–74]. Fig. 3
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Fig. 3. Photodissociation mass spectra of V+(benzene)n complexes for n = 3–7.
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sometimes occur via photodissociation. Most metal ion–benzene
n each case, the V+(benzene)2 complex is the only photofragment, suggesting
hat this complex is much more stable than others with more benzenes.

hows an example of this kind of photodissociation experiment
or the V+(benzene)n complexes (n = 3–7) which have been
xcited with the third harmonic of a Nd:YAG laser (355 nm)
43]. This data and that shown in Figs. 4 and 5 are collected
ith a computer difference method in which the intensity of the

elected parent ion with the fragmentation laser “off” is sub-
racted from that with it “on.” The negative-going signal shows
he depletion of the parent ion, and the positive peaks indicate the
harged photofragment ions. As shown, each of these complexes
liminates one or more neutral benzene molecules, eventually
roducing the n = 2 complex as the final product. This indicates
hat the first two benzene ligands are much more strongly bound
han subsequent ones, thus unequivocally establishing that the
referred coordination of V+ is two benzene molecules. Similar
xperiments have been done on a variety of metal ion–benzene
omplexes, and also on some metal cluster–benzene systems.
ach of the experiments on atomic metal ion complexes finds
vidence for a coordination of two benzene ligands.

While most photodissociation experiments detect the elimi-
ation of intact benzene molecules, some of these experiments
nd evidence for photochemical insertion chemistry. Fig. 4

hows an example of this behavior for the uranium–benzene
ystem [70]. In this case, photodissociation not only elimi-
ates intact benzene molecules, but other fragments detected

c
T
t

ig. 4. Photodissociation mass spectra of U+(benzene)n complexes for n = 1–3.
ragmentation processes disrupt the benzene ligand.

nclude the metal adduct with C2 or C4 hydrocarbon prod-
cts. Interestingly, in the case of uranium, these products are
bserved for the bare metal ion complexes, but not for the
orresponding uranium oxide ion complexes with benzene.
mong the first row transition metals, titanium also exhibits

ome formation of similar hydrocarbon fragment ions [43].
t is not completely clear in these studies when the dissoci-
tion process took place. The mass spectrum in the case of
he titanium or uranium systems contained some fragment ions
hich grew out of the source, as well as the nominally intact
+(C6H6)n units. However, it is conceivable that some of these

ons already fragmented in the growth process, when they inter-
cted with the hot ions resulting from the vaporization process.
he laser could then be either eliminating smaller molecules

rom already-fragmented benzene units, or it could be inducing
ragmentation via photochemistry. Unfortunately, photodissoci-
tion experiments cannot distinguish between these alternatives.
ollisional experiments are better suited to this kind of prob-

em.
Fig. 5 shows another interesting kind of result that may
omplexes photodissociate by losing neutral benzene molecules.
his is the expected lowest energy channel for these sys-

ems because the metal atom has a lower ionization potential



M.A. Duncan / International Journal of Mass Spectrometry 272 (2008) 99–118 103

Fig. 5. Photodissociation mass spectra of Cu+(benzene) and Ag+(benzene) com-
plexes at 355 nm. Both systems produce the charge transfer product of C H +
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excitation energy would be known from the dissociation laser
6 6

s the only photofragment. The double peak for the silver–benzene parent ion
rises from the two naturally occurring isotopes of silver.

usually 7–8 eV for transition metal atoms) [75] than benzene
IP = 9.24 eV) [75]. However, in certain M+(benzene) systems,
hotoexcitation produces the benzene cation (and the neutral
etal atom) as the primary dissociation channel, in a charge

ransfer dissociation process. In many of these systems, colli-
ional dissociation of the same complex produces the expected
etal ion and neutral benzene fragments. This indicates that the

round state complex has the charge in the expected position,
ut that the photoexcitation transfers the charge from the metal
tom to the benzene ligand. Fig. 5 shows an example of this kind
f behavior, in which the photodissociation of Ag(benzene)+

nd Cu(benzene)+ each produces exclusively the benzene cation.
uch charge transfer photodissociation has been observed now
or a number of metal ion–benzene complexes [71–73]. For tran-
ition metal ions that have low-lying excited electronic states
Fe+, Co+, Cr+), excitation of metal ion-based transitions may
ccur competitive with the charge transfer; the branching ratio
etween charge transfer and neutral ligand elimination varies
ith the excitation energy. However, for metal ions like silver

nd copper, which have virtually no low-lying atomic states that

re optically coupled to the ground state via allowed transitions,
he charge transfer channel may dominate completely, as shown
n the figure [72,73].

w
b
t

ig. 6. A schematic diagram of the potential surfaces involved in the charge
ransfer photodissociation of certain metal ion–benzene complexes (such as that
or silver).

Fig. 6 shows a schematic diagram of the electronic states of
he metal ion–benzene complex involved in the photodissocia-
ive charge transfer process for a metal ion like silver or copper
72,73]. The ground state has the expected character with the
harge localized essentially on the metal atom, which has the
ower ionization potential. Because silver and copper are closed
hell ions, covalent interactions are not strong and the bonding
s largely electrostatic in nature. In these systems, the charge-
nduced dipole electrostatic interaction is especially favorable,
ecause the atomic ion is able to polarize the large benzene
olecule. The ground state potential therefore has a significant

inding depth. Because the silver or copper ions have no low-
ying excited states, the only excited state of the complex is that
orresponding asymptotically to the charge-transferred species

+ benzene+. The asymptotic energy difference between this
nd the ground state M+ + benzene is the ionization potential
ifference between the metal and that of benzene (1.67 eV in
he case of Ag) [72,73]. However, the charge-transfer excited
tate for species like this is derived from a benzene ion, with a
elocalized charge, polarizing a neutral metal atom. This inter-
ction is much weaker than that described for the ground state,
nd consequently the excited potential minimum is shifted to
longer bonding distance. The Franck–Condon factors in the

xcitation process for this kind of ion naturally hits the excited
tate somewhere on its inner wall, and this may well be already
bove the asymptotic dissociation energy in the excited state,
esulting in a direct dissociation process on the excited potential.
he fragments corresponding to this excited asymptote are the
enzene cation, which is detected, and the neutral metal atom.
n principle, an analysis of the kinetic energy of these fragments
ould be used to determine the excess energy here and in turn
o pin down the overall energetics of the system. Because the
avelength, and the ionization potential difference would also
e known, a determination of the excess energy could lead to
he M+-benzene dissociation energy in the ground state, which
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re not generally well-known. However, this kind of analysis
ould have to assume that no internal energy was produced in

he benzene moiety, which is not guaranteed. To date, there are
any examples of kinetic energy determinations for other kinds

f molecules by time-of-flight methods or by photofragment
maging [76,77], but these methods have not been applied to

etal–benzene complexes at the time of this writing.

. Determination of dissociation energies

One of the most fundamental properties of metal ion–benzene
omplexes is their dissociation energies. In particular, it would
e highly desirable to determine the bond energies for mono-
nd di-benzene complexes of different transition metals and
o investigate how these vary for different metal electronic
tates and spin configurations. Synthetic chemistry can produce
omplexes efficiently when they have near 18-electron config-
rations, but metal ion chemistry has virtually no limit on the
inds of complexes that can be produced. Therefore, several dif-
erent methodologies have been applied over the years to try to
etermine metal ion–benzene dissociation energies. These meth-
ds are described below, and a summary of the values obtained
y the different experimental methods is presented in Table 1.

he dissociation energy is also readily obtained through ab ini-

io computational chemistry [27–42], and the results of selected
heoretical work are also presented in the table for compari-
on.

v
p
m
h

able 1
inding energies for M(benzene)x

+ ions determined by experiment and theory (kcal/m
s given

Experimenta

M+(C6H6) state x = 1

c 3E2 (3de2
14s1)

i 4A2 (3de2
23da1

1) 61.8
5E1 (3de2

23da1
13de1

1) 55.8, 62b

r 6A1 (3de2
23da1

13de1
2) 40.6, 39.2c,d

n 7A1 (3de2
23da1

13de1
24s1) 31.8

e 4A2 (3de2
43da1

13de1
2) 49.6, 55b

o 3A2 (3de2
43da1

23de1
2) 61.1, 68b

i 2E1 (3de2
43da1

23de1
3) 58.1

u 1A1 (3de2
43da1

23de1
4) 52.1

b 66b

u 48b

g 37.4,e 55f, 38.7g

u ∼70h

a Armentrout, Ref. [80], unless otherwise noted.
b Freiser, Ref. [23].
c Dunbar, Ref. [83].
d Baer, Ref. [87].
e Armentrout, Ref. [78].
f Freiser, Ref. [69].
g Ho et al., Ref. [84].
h Schwarz, Ref. [86].
i Bauschlicher, Ref. [27], unless otherwise noted.
j Klippenstein, Ref. [31].
k Klippenstein, Ref. [97].
l Values are the 6D and 4F asymptotes.

m Values are the 1S and 3D asymptotes.
ss Spectrometry 272 (2008) 99–118

Some of the first values for the dissociation energy of metal
on–benzene complexes were reported by Freiser and cowork-
rs [66–69]. Ions were produced either by reactions of volatile
rganometallic precursors or by laser vaporization followed by
ssociation of the metal ions with benzene. Various visible and
ltraviolet lamp sources were employed with optical filters for
pproximate wavelength selection. In this work, the threshold
nergy at which the fragment ion from a selected metal–benzene
r metal–di-benzene complex was first detected was designated
s the dissociation threshold. No modeling was done to account
or the rate of dissociation following excitation, and how it
ight vary with energy (see discussion of kinetic shifts below).
dditionally, it was inherently assumed by this method that the
etal–benzene ions had a continuous absorption spectrum. Ions

annot dissociate unless they first absorb energy into an excited
tate and then this energy must be transferred efficiently to the
round state via internal conversion. Therefore, the photodisso-
iation threshold energy is actually an upper limit to the ground
tate dissociation threshold, which is the quantity of interest.
owever, for many transition metal ions with partially filled
alence shells, the density of excited states is high and the thresh-
lds determined in this way by photodissociation do provide a
easonable value for the ground state dissociation energy. The

alues determined this way for vanadium, iron and cobalt com-
lexes are in reasonable agreement with those obtained by other
ethods. The situation is much less favorable when the metal ion

as no low-lying excited states, as found for the Ag+(benzene)

ol). The most likely ground state configuration for the mono-benzene complex

Theory

x = 2 x = 1i x = 2j

44.1
60.4 62.8, 56.9j, 54.5k 47.4
58.8 51.1, 47.9j, 47.5k 32.2
55.3, 50.7,c 49.6d 37.4, 38.9j, 36.4k 36.8
48.4 35.1, 34.5j, 31.5k 29.9
44.7 51.1, 56.8l, 51.5j, 49.0k 40.6
39.9 62.6, 61.2j, 58.6k 35.9
35.1 59.3, 59.9j, 57.4k 33.7
37.1 51.1, 51.7j, 49.1k 35.2

40.8, 46.1m

52.1
48.7
36.5
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omplex [69]. In this system, the dissociation energy reported
y Freiser (55 kcal/mol) was almost a factor of two greater than
he values determined by other groups (e.g., 37.4 kcal/mol by
rmentrout [78]). The source of this discrepancy is undoubtedly

hat Ag+(benzene) does not absorb light efficiently anywhere
ear the energy of its ground state dissociation energy.

The appearance of photodissociation at an excited state
harge-transfer threshold can also be used to determine an upper
imit on the ground state dissociation energy. As shown in our
ork on Ag+(benzene), this can be done using the threshold

or the appearance of the charge transfer channel producing
he benzene cation photofragment. As shown in Fig. 6, the
xcited state charge-transfer threshold energy should be found
hen the photon energy used for excitation (hνCT) equals the

ombined energy of the ground state dissociation energy (D0′′ )
lus the ionization potential difference between the metal ion
nd the benzene molecule (�IP). The limit on the ground
tate dissociation energy is then simply given by the difference
0′′ ≤ hνCT−�IP. If the Franck–Condon factors in the photoex-

itation process allow efficient excitation at the actual threshold,
he true ground state dissociation threshold can be obtained in
his way. Fig. 7 shows the excitation spectrum for Ag+(benzene)
n which the wavelength dependence was recorded for the ben-
ene cation channel [72]. Neither benzene itself nor the silver
ation have any low energy excited states, but the complex
ctually absorbs light down into the blue visible region of the
pectrum. The onset measured at 418 nm leads to a derived upper
imit on the ground state dissociation energy of 30.0 kcal/mol.
his value is significantly lower than the value reported by
reiser using the onset of the Ag+ + benzene photodissocia-

ion channel [69]. Surprisingly, this lower limit value is also
ower than the collision induced dissociation value determined
y Armentrout (37.4 kcal/mol [78]). It is not at all clear what
auses this discrepancy. However, if the ions in our experiment

ere internally hot or if there were multiple photon absorption

vents, the threshold derived in our experiment could be lower
han the real value. Because these effects are difficult to exclude

ig. 7. The photodissociation action spectrum of the Ag+(benzene) complex
howing the wavelength dependence of the C6H6

+ product ion.
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ompletely, we believe that the dissociation energy determined
y Armentrout is probably more accurate.

Perhaps the most widely applied method for the determi-
ation of bond energies is energy variable collision induced
issociation (CID). In this method, which has been applied to
any transition metal ion–molecule complexes by Armentrout

nd coworkers [78–81], the metal ion complex of interest is pro-
uced and size-selected, and then the ion beam kinetic energy
s adjusted prior to guiding the beam into a collision cell which
s filled with a rare gas. Experience has shown that heavier rare
ases (krypton, xenon) are more effective at energy transferring
ollisions. The pressure must be adjusted to ensure that only
single collision takes place for each ion as it passes through

he collision cell, and the lab frame kinetic energy must be con-
erted into the center-of-mass frame. Additionally, it is found
hat dissociation following such collisions take place within the
ormal framework of unimolecular dissociation theory. Because
nergy can be randomized over the available internal degrees of
reedom of the ion–molecule complex, the rate of bond break-
ng depends on the density of vibrational states and the amount
f internal energy deposited and how it compares to the energy
hreshold for bond breaking. In practice, the dissociation yield
or larger molecules such as metal ion–benzene complexes is
ow at threshold and rises up to a measurable value only at an
nergy somewhat above threshold. This so-called kinetic shift
n the threshold, and the rate of dissociation as a function of
nergy, can be analyzed with various forms of transition state or
hase space methods to pin down the exact dissociation thresh-
ld energy. The required input is a set of vibrational frequencies
or the complex, which are not generally known. However, vibra-
ional frequencies from theory are usually acceptable for this
nalysis, as the unimolecular rate is less sensitive to these fre-
uencies than it is to the dissociation threshold. Because of the
eed for vibrational frequencies in the data analysis, CID studies
re often accompanied by ab initio or density functional theory
alculations. The Armentrout group has been a leader in the mea-
urement of CID thresholds and in the development of methods
or the analysis of the threshold data. A number of dissociation
nergies for metal ion–benzene and metal ion–di-benzene com-
lexes determined by this group are presented in Table 1, where
hey are compared to the results of other experiments and to the
redictions of theory. As shown, these bond energies vary over
he range of 30–60 kcal/mol for different metals.

Another method for the determination of metal ion–benzene
issociation energies is the analysis of radiative association
inetics. If a metal ion and a benzene molecule are brought
ogether in vacuum, they can form an association complex,
hich may simply re-dissociate or it may become stabilized
ia the emission of infrared light (i.e., heat). The kinetic scheme
or this system is
where kf and kb are the rates of complex formation and back
issociation, kr is the rate of IR radiative stabilization of the
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omplex, and kc is the rate of collisional stabilization of the com-
lex. If the pressure is low, kc is negligible. Studies as a function
f pressure can be used to obtain the low-pressure limit. The
adiative rates can be determined from an ab initio calculation
f the vibrational frequencies and infrared oscillator strengths
f the vibrations. Finally, the reverse rate of dissociation of the
omplex depends in a very sensitive way on its internal energy
elative to the dissociation energy of the bond which breaks.
ariational transition state theory can be employed to calculate

he rate constants in this system, where the variable parameter
sed to fit the rates is the dissociation energy. This methodol-
gy has been described in detail by Dunbar [82]. A number
f metal ion–benzene systems have been studied using radia-
ive association by Dunbar and coworkers and by Schwarz and
oworkers [83–86]. The Au+(benzene) complex has attracted
pecial attention in this regard, because the ionization energies
f benzene (9.244 eV) [75] and gold (9.226 eV) [75] are essen-
ially the same. The charge exchange channel therefore adds
dditional complexity to the kinetic modeling for this system.

Li and Baer have employed the threshold photoelectron-
hotoion coincidence method (TPEPICO) to investigate the
issociation energies of Cr+(benzene)1,2 [87]. This method,
hich models the experimental product ion time-of-flight dis-

ribution, makes it possible to identify the initial ionization
hreshold and higher fragmentation thresholds with high accu-
acy, thus allowing the metal ion-ligand bond breaking energy to
e extracted. This methodology has been employed extensively
n non-metal ion chemistry, but it has not been applied to many

etal ion–benzene complexes.
As can be seen from the entries in Table 1, the bond ener-

ies of these metal ion–benzene complexes are substantial, and
hey vary significantly with different transition metals. The bond
nergy for Ti+(benzene) (61.8 kcal/mol) is among the highest
alues for the mono-benzene complexes of the first-row transi-
ion metals, and then the values for V+, Cr+ and Mn+ complexes
re gradually lower. Mn+ has the lowest bond energy of the first
ow species. After Mn+, the bond energies increase, with Co+

nd Ni+ having values about the same as Ti+ and V+, and then
he value for Cu+ is somewhat lower again. The di-benzene com-
lexes have bond energies for the second ligand comparable to
hose of the first, with the values falling off gradually across the
eriod. The noble metal ions, with nominally filled d shells, have
elatively lower bonding energies than those for the open shell
pecies, except for the case of Au+, where the binding energy is
elieved to be quite high.

It is interesting to consider the electronic structure patterns of
onding stability suggested by these dissociation energies. The
tability of sandwich complexes like ferrocene and di-benzene
hromium is usually associated with the 18-electron rule.
owever, all metal cation mono-benzene complexes and most
i-benzene complexes (Mn+(benzene)2 is the only exception) do
ot have 18 electrons, but these systems exhibit significant bond-
ng stability. As described by Bauschlicher [27] and others since,

he bonding in these ionized complexes represents a composite
f electrostatic (charge-induced dipole) and covalent interac-
ions. Because of the d contraction, the size of transition metal
ations generally decreases across the period, and this reduced

c
t
w
n

ig. 8. Schematic molecular orbital diagram for mono-benzene complexes with
ransition metal cations.

olume enhances the electrostatic component because the metal
on more closely approximates a point charge. The covalent
haracter depends on the details of the bonding orbitals of the
omplex and their occupation. Although structural variations are
xpected in some of these complexes (see below), it is conve-
ient for the sake of bonding comparisons to assume symmetric
tructures for the mono-benzene complexes. In C6v symmetry,
he outermost metal 3d orbitals of a M+(benzene) complex are
n the energetic order of 3de2(�) < 3da1(�) < 3de1(�) [27]. A
chematic diagram showing the molecular orbitals for a mono-
enzene complex like this is shown in Fig. 8. Occupation of
he 3de2(�) orbitals causes back-donation into the �* orbitals
n benzene and strengthens the metal-ligand bonding, while the
de1(�) orbitals overlaps with the benzene � orbitals and are
ntibonding. The 3da1(�) orbital points to the center of the ben-
ene ring and its overlap with the benzene orbitals is small.
he 3de2(�) orbitals are filled in all the metal ion–benzene com-
lexes. Therefore, we can focus on the occupation of the 3de1(�)
rbital to explain at least some of the trends in the bonding. If we
o this, then the decreasing bond energy for the Ti+→V+→Cr+

omplexes can be attributed to the 3, 4, and 5 electrons, respec-
ively in the 3de1(�) orbital. Likewise, the decrease in bond
nergy for the Co+→Ni+→Cu+ series can be associated with
he 8, 9, and 10 electrons in this orbital. The Mn+ complex has
he lowest bond energy of the first-row complexes, suggesting
hat occupation of the 4s orbital is also unfavorable, presumably
ecause of the increased ligand repulsion. On the other hand, the
ncrease in bond energy on going from the Cr+ complex to the
e+ system can be attributed to the addition of a bonding elec-

ron to the 3de2(�) orbital. The di-benzene complexes exhibit
smooth decrease in bond energies across the period. Surpris-

ngly, the 18-electron species Mn+(benzene)2 falls in this smooth
rend and has no obvious “extra” stability. Additional subtleties
ome into play in the bond energies depending on structural vari-
tions from C6v or D6h symmetries and depending on whether
igh-spin versus low spin electronic states are preferred, as dis-
ussed in many previous theoretical studies [27,31,97].

. Electronic spectroscopy

As shown above in the discussion of bond energies, any dis-

ussion of transition metal ion–benzene complexes eventually
urns to questions of structures and electronic configurations,
hich can only be probed directly with spectroscopy. Unfortu-
ately, as is well-known in the ion chemistry community, the
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pectroscopy of ions is quite challenging because of the low
ensities produced, and the density becomes even lower after
ass-selection. Because none of the ion sources used for this

ind of work can produce only one species, mass selection is
bsolutely essential for well-defined experiments. Progress in
he spectroscopy of metal ion–benzene complexes is therefore

uch more limited than in other experimental studies on these
ons. To our knowledge, there are no examples yet of direct
bsorption or laser induced fluorescence measurements on these
ystems. Instead, the spectroscopy to date has involved photo-
lectron and mass-selected photodissociation measurements.

In some of the earliest work, Kaya and coworkers probed
heir multiple-decker sandwich systems of vanadium with anion
hotoelectron spectroscopy (PES) [88]. In this measurement, a
egative ion complex is mass-selected and photo-excited with a
xed-frequency laser whose energy exceeds the electron affin-

ty of that complex. Because of the pulsed ion source employed,
ulsed lasers (Nd:YAG laser harmonics at 532 and 355 nm) were
sed for these experiments. Electron kinetic energy analysis was
ccomplished with a magnetic-bottle time-of-flight photoelec-
ron spectrometer. More recently, Bowen and coworkers have
pplied similar methods to mono- and di-benzene complexes of
obalt, nickel and titanium [89–91]. In all of these PES studies,
he structure in the spectrum is associated with specific elec-
ronic transitions; vibrational structure is not usually resolved.

oreover, the main information about state splittings, etc., is for
he neutral metal–benzene species, which is the final state popu-
ated after photodetachment. Nevertheless, the specific electron
ffinity value obtained and the Franck–Condon profiles of the
lectronic states allow information to be obtained about the
lectronic states involved. For example, Bowen and cowork-
rs concluded that Cr(benzene)2

− (electron affinity = 1.31 eV)
as a symmetric sandwich structure with a singlet ground state
onfiguration [89]. Electron affinities for other transition metal

omplexes are given in Table 2.

Higher resolution information can be obtained in photo-
lectron spectroscopy using the pulsed field ionization-zero
lectron kinetic energy (PFI-ZEKE) photoelectron spectroscopy

able 2
onization potentials and electron affinities for selected transition metals [75]
nd their benzene complexes (eV)

etal M M(benzene) M(benzene)2

IP EA IP EA IP EA

c 6.54 0.188 5.158a 5.069a

i 6.82 0.079 0.85b 5.732c 0.18b

6.74 0.525 0.62d 5.784c neg.d

r 6.77 0.666 5.465e

o 7.86 0.662 0.5f

o 7.10 0.748 5.527e

7.98 0.815 5.410e

or comparison, the IP of benzene is 9.24 eV [75].
a Ref. [93].
b Ref. [91].
c Ref. [95].
d Ref. [88].
e Ref. [94].
f Ref. [89].
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ethod [92]. Yang and coworkers have applied this method-
logy to a number of cation–molecular complexes, including
etal–benzene systems [93–95]. This experiment begins with

he neutral metal–benzene complex which is excited near its
onization threshold with a tunable ultraviolet laser such as a
ye laser. High energy Rydberg states lying within a cm−1 or so
f the ionization threshold are produced by the optical excitation,
nd field ionized by a small voltage pulse. Spectra are recorded
y measuring the yield of the near-zero energy electrons that
re produced at this threshold and for those corresponding to
ther electronic and/or vibrational resonances that occur above
his initial threshold. The resolution of this technique depends
n the laser bandwidth and the voltage pulse amplitude, but not
n the energy resolution of devices used to analyze the electron
inetic energies. Any shifts in peak positions induced by the
ulsed-field sampling method can be corrected for by a system-
tic study of the voltage dependence of the bands. In this way,
FI-ZEKE spectra provide a highly accurate determination of

he ionization potential and a measurement of vibrational struc-
ure in the corresponding metal cation–benzene ground state.

ass selection is also obtained in the sense that different com-
lexes usually have different ionization potentials. The threshold
ignal can be measured with a time-of-flight mass spectrometer,
hus identifying the ion, and then the threshold electron spec-
rum can be measured at this same energy. (The experimental
onfiguration for PFI-ZEKE is easy to incorporate into a time-of-
ight mass spectrometer.) Small clusters (mono-benzene versus
i-benzene) can usually be distinguished in this way, but this
ethod is less discriminating for larger clusters with similar ion-

zation potentials. An example of PFI-ZEKE spectra obtained
or the scandium benzene and scandium di-benzene complexes
s shown in Fig. 9.

Several aspects of the PFI-ZEKE experiment as it is
mplemented for metal–benzene complexes are worth noting.
lthough the ionization potentials of many transition metal

toms are in the range of 6–9 eV [75] and the ionization poten-
ial of benzene itself is 9.24 eV [75], the ionization potentials
f metal–benzene complexes are often found to be much lower
han this, as shown in Table 2. Because the ionization poten-
ial of the metal is lower than that of benzene, the electron
emoved upon ionization can be viewed to come from the metal
tom, and the charge in the complex will be localized on the
etal atom. Because the cation–benzene complex has both

ovalent and electrostatic components in its bonding and the
orresponding neutral complex has only the covalent contribu-
ion, cation–benzene complexes are usually more strongly bound
han their corresponding neutrals. The potentials and energy lev-
ls for the ionization process then are inverted with respect to
hose shown in Fig. 6. The ground state is more weakly bound
nd the excited state (the ion) is more strongly bound with a
eeper well. The transition from the ground state of the neutral
omplex to that of the cation complex is then at lower energy
han the asymptotic transition for the metal atom. This is the

rigin of the lower ionization potential for the complex. Closely
elated to this is the vibrational activity that accompanies ion-
zation. Again, because the electron is essentially removed from
he metal atom, there is a significant change in the metal–ligand
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ig. 9. Experimental ZEKE spectra (top) and simulations (bottom) of Sc(C6H6)
hereas the simulations of Sc(C6H6)2 are for the 1Ag← 2B3g (lower energy) a
ang.

ond distance between the neutral ground state and the cation
nal state. This provides the greatest Franck–Condon activity in

he metal–ligand stretch coordinate. This stretch for most transi-
ion metal ion complexes with benzene lies in the 200–400 cm−1

egion (see progressions in Fig. 9), and this is generally too low
n frequency for infrared laser experiments. PFI-ZEKE is there-
ore the only method presently available to detect these low
requency vibrations. Other totally symmetric vibrations that
ight couple to the metal–benzene stretch may also be active

n the ZEKE spectrum. This means that the vibrations detected
n this experiment may have quite different symmetries from
hose detected by infrared spectroscopy (see below), and indeed
FI-ZEKE and IR spectroscopy complement each other quite
icely.

A final variety of electronic spectroscopy that has been
pplied to metal cation–benzene complexes is electronic pho-
odissociation. In this method, the cation is produced in a cluster
on source, mass-selected and photo-excited with a visible or
ltraviolet laser such as a dye laser or an optical parametric
scillator (OPO). If fragmentation occurs, the fragment ion
an be detected and recorded as a function of the excitation
nergy to record a spectrum. Because the mass spectrometer
s the detector, and essentially all fragment ions can be col-
ected and recorded, this method is far more sensitive than
imple absorption spectroscopy and also much more sensitive
han laser induced fluorescence. Fig. 7, which was discussed

arlier, shows an example of the electronic photodissociation
pectrum of Ag+(benzene) [72]. In such a photodissociation
pectrum, the excited states probed by the excitation can be
erived from the states of the metal ion or its ligand, or there

b

s
p

d Sc–(C6H6)2 (B). The simulation of Sc(C6H6) is for the 3A1← 4A1 transition,

1g← 2B3g (higher energy) transitions. Figure received from Prof. Dong-Sheng

ay be a charge-transfer transition, as shown in Fig. 7. Unfortu-
ately, because transition metal ions have ionization potentials
n the 6–8 eV range and the IP of benzene is 9.24 eV [75], the
P difference between the two often falls in the range of 2–3 eV,
hich corresponds to the middle of the visible spectrum. Thus,
ost transition metal ion–benzene complexes are expected to

ave charge-transfer electronic transitions like that shown in
ig. 7. The Franck–Condon considerations discussed above for

hese kinds of transitions usually lead to intense broad reso-
ances, which would therefore overlap and obscure any other
iscrete electronic transitions for these species. To a large degree
ecause of this, no sharp spectra (vibrationally resolved) have
een obtained for transition metal ion–benzene complexes via
his kind of electronic photodissociation spectroscopy.

. Infrared spectroscopy

Infrared spectroscopy is one of the most common tools for
olecular structural analysis, and it is therefore expected to

e extremely important for the determination of the structures
nd bonding configurations of metal ion–benzene complexes.
owever, IR spectroscopy suffers from all the same difficulties

hat electronic spectroscopy does. The density of mass-selected
ons is too low for absorption spectroscopy, and so some sort of
ction spectroscopy is required. Infrared photodissociation spec-
roscopy has become the method of choice for these experiments,

ut there are some serious caveats in its implementation.

The most obvious problem with infrared photodissociation
pectroscopy involves the energetics of this experiment. In the
hotodissociation method, absorption of light is detected by
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he breaking of a bond that occurs after absorption. Hence,
ragmentation provides the evidence of absorption at a spe-
ific wavelength. However, the ability to break bonds with light
epends on the specific energies of the bonds that are to be
roken compared to the photon energy employed. As noted
n Table 1, the bond energies of metal cation–benzene com-
lexes are in the range of 30–60 kcal/mol, which corresponds
o 24,000–48,000 cm−1. Visible or near-UV light therefore has
nough energy to break these bonds, explaining the success
f UV–vis laser photodissociation, as described above. How-
ver, infrared excitation necessarily involves photon energies
orresponding to vibrational fundamentals, and the highest fre-
uencies for metal ion–benzene complexes are those of the C H
tretches, which occur near 3000 cm−1. Infrared excitation at
his energy is far below the threshold for bond-breaking, and
herefore “simple” photodissociation experiments with infrared
ight are not possible.

Two general approaches have been successful in overcoming
he energetics of infrared photodissociation. If high intensity
ight sources are available, resonance-enhanced infrared mul-
iple photon photodissociation (IR-REMPD) can be achieved.
n this method, the first photon is absorbed on a vibrational
undamental, and then additional photons are absorbed rapidly
ollowing this until the sum of the multiple photon energies
s able to accomplish dissociation. IR-MPD has been applied
o neutral molecules beginning with the advent of high-power
ulsed CO2 lasers almost 30 years ago, and its mechanism
as been studied extensively [96]. This methodology was first
pplied to mass-selected ions by Beauchamp and coworkers
97], but it has been employed extensively in ion chemistry over
he years [98]. In the case of metal ion–benzene complexes,
he dissociation energies indicated above require the absorp-
ion of at least 8–10 photons to reach the dissociation threshold.
nimolecular dissociation then proceeds at a rate dictated by

ntramolecular energy redistribution (IVR) and the amount of
xcess energy, as has also been well studied [99]. In spec-
roscopy measured with IR-REMPD, high laser pulse energies
re therefore required to accomplish efficient dissociation on a
ast enough time scale for detection, but the pulse energy must
e low enough so that off-resonant absorption is not too efficient,
hus allowing resonances to be detected. In the delicate interme-
iate pulse energy range, resonances may be power broadened,
nd they may be shifted toward lower energies than the actual
undamental absorption frequencies because of the effects of
n harmonicity in the multiple photon process [96,100,101]. In
collaboration with the group of Meijer and coworkers, our

esearch group has performed IR-REMPD spectroscopy on a
umber of mono- and di-benzene complexes of the first row
ransition metals [102,103] using the tunable free electron laser
nown as FELIX [100]. Some of the spectra resulting from these
tudies are presented in Figs. 10–12.

A second way to deal with the dissociation energy problem
n IR photodissociation is the method of “inert gas tagging”

104–108]. In this method, a weakly bound rare gas atom (argon,
eon) or small molecule (hydrogen, nitrogen) is added to the
on of interest as a leaving group to enhance the efficiency of
hotodissociation. The mixed complex, e.g., M+(benzene)Ar, is

i
t
b
t

ation mono-benzene complexes using the FELIX free electron laser. The peaks
arked with an asterisk are from electrical noise and not caused by true ion

ignals. The dashed lines indicate the position of free benzene vibrations.

ass-selected and, because the argon tag atom bonding energy
s relatively low, infrared excitation of this complex leads to
fficient elimination of the argon. The technique works well
hen the tag binding is small. This is not always true for argon,
hose binding energy with some transition metal ions can be
500–3000 cm−1. In these cases, tagging with a more weakly
ound species such as neon would be preferred. The tagging
ethod also requires that the indicator atom or molecule not

erturb the spectroscopy too much. To make sure that this is the
ase, it is typical to apply computational methods to both the iso-
ated ion and its tagged counterpart. Predictions of the infrared
pectra with and without the tag can be used to determine the
erturbation, if any. In many cases, we have found that shifts in
ibrations caused by tagging range from 1 to 2 cm−1 in favorable
ases up to about 10 cm−1 in the worst cases. The exception to
his occurs for argon tagging of protonated molecular species,

n which the argon binds directly to the proton. In these cases,
he proton stretch vibration is highly perturbed and may shift
y 100 cm−1 or more [106]. Our lab has pioneered the study of
ransition metal ion complexes using the tagging method [108].
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ig. 11. The IR-REMPD spectra measured for the titanium and vanadium cation
i-benzene complexes using the FELIX free electron laser. The dashed lines
ndicate the position of free benzene vibrations.

igs. 13–16 show examples of vanadium and nickel ion–benzene
omplexes studied in this way [109,110].

Another serious problem with infrared photodissociation
pectroscopy has been the limited availability of broadly tunable,
igh intensity infrared laser sources. Until recently, laboratory-
ased pulsed infrared light with enough intensity to study
ulsed ion beams was only available from optical parametric
scillators (OPO’s) using lithium niobate crystals or from dye
aser difference frequency generation in these same crystals.
oth of these methods provided light in the 2700–4000 cm−1

egion with reasonably good intensity. Beginning about 5–7
ears ago, new OPO systems became available using potassium
itanyl phosphate (KTP) and arsenate (KTA) crystals, making
t possible to expand the coverage of the OPO sources down
o about 2000 cm−1 on the lower frequency end [111]. Our
roup has used these KTP/KTA OPO systems to study several
etal ion–benzene complexes with argon tagging, as shown in
igs. 13–16 [109,110]. Unfortunately, the KTP/KTA OPO sys-

ems still do not provide coverage of the fingerprint region of
he infrared, where the most distinctive structurally dependent
atterns are to be expected. The solution to this problem has
een to obtain tunable IR light at lower frequencies from free-
lectron lasers (FEL’s) such as those available at the F.O.M.
aboratory for PlasmaPhysics in Rijnhuisen, The Netherlands

known as FELIX), or at the Centre Laser Infrarouge d’Orsay

CLIO) in Orsay, France. These FEL laser sources provide cov-
rage of the 400–2000 cm−1 region and with some modifications
an also work at higher frequencies. The disadvantage of these
ystems is of course their limited access compared to benchtop

t

c
t

i-benzene complexes using the FELIX free electron laser. The peaks marked
ith an asterisk are from electrical noise and not caused by true ion signals. The
ashed lines indicate the position of free benzene vibrations.

R systems. As mentioned above, our group, in collaboration
ith Meijer and coworkers, used the FELIX FEL to measure IR-
EMPD spectroscopy in the fingerprint region for several metal

on–benzene complexes, as shown in Figs. 10–12 [102,103].
final advance in IR-OPO systems has occurred in just the

ast two years or so. New silver gallium selenide (AgGaSe2)
nd lithium thiol indate (LiS2In2) crystals now provide cover-
ge over the 600–2000 cm−1 region, completing the spectral
overage of the KTP/KTA OPO systems [112]. Many new IR
pectroscopy experiments on ions have been described using
hese systems, but this new capability has not yet been applied

o metal ion–benzene complexes.

Although the infrared measurements on metal ion–benzene
omplexes have been somewhat limited by all the experimen-
al difficulties, some significant insight has been possible from
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Fig. 13. The infrared photodissociation spectra of the V+(benzene)Ar,
V+(benzene)2Ar and V+(benzene)3 measured in the loss of argon channel (for
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Fig. 14. The infrared photodissociation spectra of the V+(benzene)Ar and
V+(benzene)2Ar complexes in the argon elimination channel compared to the
predictions of theory for the IR absorption spectra for these complexes. The
blue versus red band positions from theory correspond to the spectra for the
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and therefore vibration band positions are not generally known
he mono- and di-benzene species) and the loss of benzene channel (for the
ri-benzene species).

he experiments done so far. Figs. 10–12 show the IR-REMPD
pectra that we have measured in our collaboration with Meijer
nd coworkers using the FELIX free-electron laser [103]. For
hese experiments, the ions were produced by photoionization
f the corresponding neutrals, and mass-selected using an ion
rap/time-of-flight instrument. Multiple photon photodissocia-
ion resulted in the elimination of benzene from the selected
arent ion, and the fragment ion intensity was recorded versus
he IR wavelength. Several vibrational spectra in the fingerprint
egion were obtained for mono- and di-benzene complexes.

Fig. 10 shows the IR-REMPD spectra for the mono-benzene
omplexes of vanadium, cobalt and nickel cations. As indicated,
ll three have resonances in the 600–1700 cm−1 region. The
ashed vertical lines at 673, 1038 and 1486 cm−1 mark the posi-
ions of the main IR-active vibrational bands of the gas phase
enzene molecule [113]. They are respectively the �11 (out-of-
lane C H bend), �18 (in-plane C H bend) and �19 (in-plane
arbon ring distortion) vibrational modes. Strong resonances in
he IR-REMPD spectra occur for all three complexes near the
11 and �19 bands in benzene, and a weaker band in the vanadium
omplex occurs near the �18 band in benzene. Figs. 11 and 12

how similar IR-REMPD spectra for the di-benzene complexes
f titanium, vanadium, iron, cobalt and nickel. These spectra
re qualitatively similar to the mono-benzene complexes, with

f
m
w

riplet versus quintet ground states. In both cases the quintet spectra exhibit
etter agreement with the observed spectra (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the
rticle.).

trong resonances seen near the �11 and �19 vibrations for all
ve metal complexes. The titanium and vanadium complexes
ave additional structure near the �18 band, but this region of
he spectrum has little or no intensity for the iron, cobalt and
ickel complexes.

It is evident from Figs. 10–12 that all of these complexes have
ibrational bands near those of the free benzene molecule. The
ands near 730–770 cm−1 all occur at higher frequency than the
11 (a2u) out-of-plane C H bend in benzene at 673 cm−1. The
ands in the 900–1000 cm−1 region are not seen for all com-
lexes, but they generally appear at frequencies lower than that
f the �18 (e1u) in-plane C H bend at 1038 cm−1. Strong bands
re also seen in the 1420–1470 cm−1 region, and these generally
ie at lower frequency than the �19 (e1u) carbon ring deformation

ode that occurs at 1486 cm−1 in benzene. Vibrational patterns
imilar to these have been seen and discussed previously for a
ariety of condensed phase metal di-benzene complexes pro-
uced by conventional synthetic chemistry [10,12,18]. These
ystems are usually studied in solution or in thin solid films,
or the isolated molecules. However, the vibrational assign-
ents and their trends provide a convenient guide for our
ork.
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Fig. 15. The infrared photodissociation spectra of the Ni+(benzene)Ar2 complex
in the argon elimination channel compared to the prediction of theory for the IR
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Fig. 16. The infrared photodissociation spectra of the Ni+(benzene)2Ar complex
in the argon elimination channel compared to the prediction of theory for the IR
absorption spectrum for this complex in the C1 versus D2h structures shown. The
spectrum predicted for the D2h structure matches the experiment better, even
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bsorption spectrum for this complex in the C2v structure shown. The dashed
ine indicates the position calculated for the �12 vibration in free benzene in the
bsence of the Fermi resonance.

In the IR spectra of condensed phase metal–benzene com-
lexes, the �11 and �19 bands are prominent. The �11 band
s usually shifted to higher frequency than in the free ben-
ene molecule, just as seen here, while the �18 and �19 bands
re shifted to the red, again as seen here. The trends that we
ee for vibrational shifts upon metal ion binding to benzene
re therefore the same as those reported before; these patterns
nd their origin have been discussed extensively [10,12,18].

hen a transition metal binds to benzene, there is �-donation
f electron density from the molecular � cloud to empty
rbitals on the metal, and also � back-bonding from the pop-
lated metal orbitals into the antibonding molecular orbitals.
hese effects, which are analogous to those seen for metal car-
onyls and metal–olefin complexes, constitute the well-known
ewar–Chatt–Duncanson model of �-bonding [114,115]. The
et result of these charge transfer processes is that the molecular
onding in the benzene is weakened, which drives many of its
ibrational frequencies to lower values. This explains the red
hifts seen for the �18 and �19 vibrational bands. The exception
o this trend occurs for the �11 bands, which shift to higher fre-
uencies. While the red-shift is a charge transfer effect, the blue

hift of �11 is a mechanical effect. The presence of the metal
tom over the benzene ring impedes the out-of-plane hydrogen
end. The extra repulsion at the outer turning point of this vibra-
ion produces a steeper potential in this region, which drives the

f
c
m
a

hough this is not the lowest energy structure predicted by density functional
heory. The dashed line indicates the position calculated for the �12 vibration in
ree benzene in the absence of the Fermi resonance.

requency higher. These trends have been seen previously for
ondensed phase neutral di-benzene complexes [10,12,18]. Our
ork provides the first view of these effects for mono-benzene

omplexes, and allows the cations of di-benzene complexes to
e compared for a wide variety of transition metals.

Another aspect of the IR spectroscopy on these com-
lexes is that vibrations forbidden for benzene itself may
ecome IR-active in the reduced symmetry of the metal sys-
em. For example, the �1 (a1g) vibration (symmetric ring stretch;
92 cm−1) is only Raman active in isolated benzene, but this
ode is IR-active in many di-benzene complexes [10,12,18].
he assignment of vibrational structure near 1000 cm−1 may

nvolve this vibrational mode in addition to the expected �18
ode.
To investigate these IR spectra in more detail and to elucidate

he trends in vibrational band shifts, we performed new density
unctional theory (DFT) calculations on these complexes [103].
lthough there were many previous theoretical studies of these

ystems, previous work did not examine the full set of complexes
or the first-row metals at the same level of theory while also

ocusing on the infrared spectra. Our B3LYP/6-311++G(d,p)
alculations found stable minima for all the monomer and dimer
etal benzene cation complexes. The schematic structures found

re shown in Fig. 17; additional details about these calculations
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Fig. 17. The structures predicted by density functional theory com

re given in our original paper [103]. For the monomer com-
lexes, the structures are either the simple C6v, or the C2v in
hich the benzene ring has two carbon atoms distorted slightly

owards the metal. Ti+, Cr+, Mn+ and Cu+ complexes adopt the
6v structure, while V+, Mn+, Fe+, Co+ and Ni+ adopt the C2v

tructure. Only Mn+ exhibits both structures in different spin
tates. There is a noticeable trend for the more strongly bound
omplexes to form the C2v structure. The dimer complexes may
lso have undistorted D6h and D6d structures, depending on
hether the benzene rings are eclipsed or staggered with respect

o each other. For several complexes, there is a negligible energy
ifference between the staggered and eclipsed forms. However,
s in the monomers, many of the more strongly bound dimer
omplexes have structures in which the benzene rings are dis-
orted. For example, a D2h structure occurs for several complexes
hat has two carbons in each benzene ring displaced toward the

etal, analogous to the monomer C2v structure. A C1 complex
as the metal localized over an η3 site on each benzene ring.

The ground electronic states in these complexes generally
orrespond to configurations in which the degenerate (in C6v,
6h and D6d symmetry) 3de2 orbitals are occupied first, fol-

owed by the 3da1 orbital, and finally the 3de1 orbitals, which are
lso degenerate in C6v, D6h and D6d symmetries. Only the quar-
et Fe+-benzene monomer and dimer complexes break this rule
y doubly occupying the 3da1 orbital before adding the fourth
lectron to the 3de2 orbitals. The dimer complexes tend to have
low spin ground state, while the monomer complexes tend to
e high spin. In particular, Ti+(benzene)2 is calculated to be a
oublet whereas Ti+(benzene) is a quartet; V+(benzene)2 has a
riplet binding energy that is 23 kcal/mol greater than the quintet
hereas the monomer triplet and quintet are within 1 kcal/mol

f each other; Cr+(benzene)2 is a doublet whereas Cr+(benzene)
s a sextet; Mn+(benzene)2 is a singlet whereas Mn+(benzene) is
septet; and Fe+(benzene)2 is a doublet whereas Fe+(benzene)

s a quartet. The spin state for a given complex is the result

i
s
t
m

ions for different metal mono- and di-benzene cation complexes.

f a balance between the promotion energy required to pair up
he spins in the metal and the improved metal–ligand binding
or paired spins. The enhanced binding for the two ligands of
he dimer complexes more than compensates for the promotion
nergy, while the single ligand binding generally does not.

The B3LYP/6-311++G(d,p) predictions for the vibrational
roperties of these complexes are reported in Table 3. The bands
easured in our spectrum near the positions of the benzene �11

nd �19 bands are indeed found by theory to be the correspond-
ng vibrations in all of the respective mono- and di-benzene
omplexes. Theory confirms the trends that the �11 bands for
he metal complexes shift to higher frequencies and that the �19
ands shift to lower frequencies compared to the vibrations of
ree benzene. However, the quantitative agreement between the-
ry and experiment is less satisfying. Although for some bands
he agreement is close (10–20 cm−1), for others the differences
re as great as 50–60 cm−1. The IR-REMPD bands can easily
e red-shifted by 10 cm−1 or so from the absorption bands; con-
ideration of this would reduce some of these discrepancies but
ould make others worse. Throughout these metal complexes,

he �11 vibrational band is predicted to have the highest IR oscil-
ator strength of all the bands, similar to its high intensity in the
R spectrum of benzene. However, these predicted intensity dif-
erences are not apparent in the measured IR-REMPD spectra,
here the �11/�19 bands are often about the same size or within a

actor of two. Only for the Co+(benzene)1,2 complexes is there a
easured intensity ratio for these bands that approaches the cal-

ulated values. The intensities measured in IR-REMPD spectra
epend on both the IR absorption strength and the dissociation
ield. Apparently, the relative intensities of the �11 bands in IR-
EMPD are depressed compared to the calculated absorption
ntensities. However, a lower dissociation yield here is under-
tandable because the photon energy at the �11 band is lower
han at the �19 band, which would make dissociation require
ore photons on average.
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Table 3
The positions of the IR bands observed for transition metal ion–benzene complexes and their comparison to the spectra of neutral complexes and to the predictions
of theory

Complex �11 out-of-plane H bend �1 C ring stretch (IR inactive
in benzene)

�18 in-plane C H bend �19 in-plane C ring distortion

Exp. Theorya Exp. Theory Exp. Theorya Exp. Theorya

C6H6 673 687(122) 992 979/981(0) 1038 1059/1059(6/6) 1486 1510/1510(7/7)
Ti+(bz) 756(100) 899(4) 1003/1004(8/8) 1450/1450(11/11)
Ti+(bz)2 739 751(88) 946 922/974(10/19) 992 1011/1034(15/6) 1421 1466/1478/1530 (17/15/22)
Ti(bz)2 946b 979b

V+(bz) 769 744c 980 1000/1016c 1425 1447/1458c

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

761(75) 947/993(21/13) 998/1020(11/3) 1462/1535(16/58)
V(bz)2 739b 959b 985b 1416b

Cr(bz)2 794b 971b 999b 1426b

Fe+(bz) 767(101) 926/931(2/2) 1004/1021(5/3) 1458/1465(16/20)
Fe+(bz)2 768 777(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)
Co+(bz)2 748 737(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)2 732 733(205) 1006(1) 1021/1032(5/5) 1469 1469/1477(36/36)

All numbers are in cm−1.
a Ref. [103], except as noted.
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b Literature values from the condensed phase, Refs. [10,12,18].
c Ref. [102].

Theory can also help in the assignment of bands in the
000 cm−1 region, where the IR-active �18 band and the IR-
orbidden �1 band in free benzene occur. Doublet peaks are
bserved here for the Ti+(benzene)2 and V+(benzene)2 com-
lexes, and a weak feature is also seen in the Fe+(benzene)2
pectrum. As seen in Table 3, the lower frequency mode in the
000 cm−1 region for the monomer and dimer complexes of
i+, V+ and Fe+ is indeed predicted to be the �1 mode that is
R-forbidden for benzene. This mode is calculated to have a
omparable or even greater intensity than the �18 band that is
R-active in benzene.

Theory can also elucidate patterns in the vibrational band
hifts seen here. �19 has been identified in the previous theo-
etical work of Chaquin and coworkers as a key indicator for
he degree of metal–benzene charge transfer [37]. In the spec-
ra shown here, both experiment and theory find substantial red
hifts in the �19 bands for all of these complexes. There is a
eneral trend for the early transition metal complexes to have
greater �19 red shift than the later ones. This is reasonable

ecause the early transition metals have fewer d electrons avail-
ble for � back-bonding, and so � donation of charge toward
he metal should be the dominant bonding interaction.

Another trend noted in these spectra is the intensity of the
1 vibrational bands. This band is prominent in the spectra
f Ti+(benzene)2 and V+(benzene)2 complexes, but is hardly
etected in any other system except Fe+(benzene)2. The �1 band

ntensity is not correlated directly with bond strength, but it
ppears to be correlated with the extent of charge transfer. In
very case, a higher intensity for the �1 band parallels a strong
19 red shift. Both effects are greatest in the early transition

K
g
a
p

etals. It is these same complexes that also have distorted ben-
ene, i.e., C2v structures for the monomers and D2h structures
or the dimers. Indeed, it is this distortion that induces the IR
ctivity in this mode. The presence of a �1 vibration is therefore
diagnostic for distorted benzene.

The metal spin state is a significant issue in the electronic
tructure of these benzene complexes, and vibrational spectra
an also be used to reveal spin states. Ti+(benzene)2 provides
n interesting test for this, because the 4A1 and 2B3g configu-
ations lie energetically within about 6 kcal/mol of each other.
owever, the IR spectrum was found to agree better with the
attern predicted for the quartet spin configuration, even though
heory finds that the doublet is more stable [103]. A similar dis-
repancy was found for V+(benzene)2 [102,103]. In this case,
FT theory indicates that the triplet state is more stable than the
uintet by about 25 kcal/mol. However, the vibrational spectrum
atches the quintet significantly better than it does the triplet.
he same effect was found by our group for V+(benzene)2 in

he C H stretching region (see below), where the quintet pattern
redicted by theory also provides the best match to the spectrum
109]. This is apparently a problem with density functional the-
ry for these systems. It is well-known that DFT has problems
andling open-shell species, and it also has an intrinsic bias
oward low-spin metal configurations [116].

We have also applied infrared measurements to metal
on–benzene complexes in the C H stretching region, using our

TP/KTA OPO laser systems and the method of rare gas tag-
ing [109,110]. Spectra for various complexes of V+ and Ni+

re shown in Figs. 13–16. These spectra are measured in a single
hoton mode of absorption, and therefore they are not subject to
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he same form of power broadening and/or red-shifting that is
xpected to influence the IR-REMPD measurements. The clus-
ers are produced directly as ions and then jet-cooled before the
xcitation. These ions are therefore expected to be colder than
hose produced by UV photoionization. However, the poten-
ial disadvantage of these experiments is the presence of the
ag atom (argon) which may shift the spectral band positions.

e therefore employ careful theoretical studies to investigate
he role of the argon binding. As in the case of the studies in
he fingerprint region, we are able to compare our spectra for

etal ion–benzene complexes in the C H stretching region to
he well-known spectrum of benzene itself.

Fig. 13 shows the IR spectra measured for the V+(benzene)
nd V+(benzene)2 complexes measured with argon tagging com-
ared to the spectrum of V+(benzene)3 measured in the loss of
enzene mass channel. The fact that benzene elimination can-
ot be detected from the n = 1 or 2 complexes, but this becomes
fficient at n = 3, indicates that the n = 2 complex has completed
he coordination of the metal ion and that the extra benzene
n the n = 3 complex is external, acting essentially as a sol-
ent molecule. Consistent with this, the spectrum also changes
oticeably on going from the n = 2 to the n = 3 complex. The
pectra for the n = 1 and n = 2 complexes contain a single peak
n the C H stretching region, but this becomes a more complex
ultiplet for the n = 3 species. The single peak for both n = 1 and
occurs at 3088 cm−1 with a linewidth (FWHM) of∼12 cm−1.
single peak in the C H stretching region is understandable.

f the benzene moiety has a high symmetry arrangement, then
ssentially only one asymmetric C H stretching motion is IR
ctive. However, the spectra here are quite different from the
attern seen for benzene itself [113,117]. It is well-known that
enzene also has only one IR-active C H stretch (�12), but the
pectrum here is perturbed by a Fermi resonance with two com-
ination bands (�13 + �16 and �2 + �16 + �18) which fall at the
ame frequency, splitting the observed spectrum into a triplet.
pparently, binding to the metal ion in these complexes shifts

he vibrations so that the Fermi resonance is no longer present
nd only the one IR-active vibration is seen. Consistent with this,
heory predicts large enough differential shifts in the different
ibrations to explain the loss of the Fermi resonance in the n = 1
nd 2 complexes.

The multiplet pattern seen for the n = 3 complex is quite inter-
sting. As shown in the figure, the band seen at 3088 cm−1 for the
= 1 and n = 2 complexes is still present here. However, in addi-

ion to this there are three new bands. Surprisingly, these bands
ccur at almost exactly the same positions and with the same
elative intensities as the Fermi triad seen for isolated benzene.
he spectrum is then a composite of that for the n = 2 complex
nd one additional “free” benzene. The outer benzene that is
asily eliminated by IR excitation is apparently not perturbed
ignificantly by the presence of the metal ion, and this “solvent”
olecule provides the spectral pattern of free benzene. This pat-

ern is therefore diagnostic for the presence of un-coordinated

enzene molecules in the cluster.

Fig. 14 shows an expanded view of the spectra for
+(benzene) and V+(benzene)2 compared to the predictions of

heory for these complexes. As described above, both of these

d
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anadium ion complexes have two possible spin states that could
onceivably be the ground electronic state. The low-spin triplet
tate is predicted by DFT to be the ground state for both of
hese. However, the vibrational patterns in the fingerprint region
uggested that the ground state might be instead the high-spin
uintet. In Fig. 14, it is shown that the triplet and quintet have
ifferent patterns expected in the C H stretching region. Both
omplexes in both spin states have more than one IR-active
ibration predicted because the benzene ring is distorted slightly
rom planarity, and this symmetry breaking turns on activity in
dditional bands. However, in both cases, the broad single peaks
easured match those expected for the quintet species, whose

ight doublets are apparently not resolved, better than those for
he triplet species, whose more widely spaced multiplet could be
esolved if they were present. These data again support our con-
lusions from the data in the fingerprint region that the ground
tates here are in fact quintets rather than the triplets predicted
y DFT.

Fig. 15 shows the spectrum measured for Ni+(benzene) with
rgon tagging. As in the case of the vanadium complexes, the
ono-benzene species here is expected to have a distorted ben-

ene ring, but the degree of distortion toward the C2v structure is
reater. This results in two main IR-active C H stretches which
re more shifted away from the free-benzene spectrum and more
idely spaced from each other. As shown, theory and experi-
ent are in good agreement on this predicted pattern, confirming

hat Ni+(benzene) does indeed have this kind of distortion.
Fig. 16 shows the spectrum measured for Ni+(benzene)2 with

rgon tagging compared to the spectra predicted by theory for
wo different possible structures of this ion. The dashed line
ndicates the position calculated for the �12 vibration in free
enzene in the absence of the Fermi resonance. As shown, the
xperimental spectrum has a broad band shifted to the blue from
he free-benzene band position, and this has a shoulder on the
eft side, perhaps indicating the presence of another unresolved
and. DFT predicts a C1 structure to have the lowest energy,
ut its spectrum should be a multiplet of four bands centered
t about the free-benzene band position. However, a second
tructure identified by theory has the D2h structure, with both
enzene ligands buckled toward the metal ion, in the same way
hat ring distortion was seen for the mono-benzene complex.
his structure has a predicted spectrum with two main bands

hat are blue shifted, and whose pattern and position match the
xperiment if we assume that these are not completely resolved.
t would of course be desirable to have better sensitivity and res-
lution here, but it is apparent that the experiment agrees best
ith the spectrum predicted for the D2h structure. In this case,
FT has apparently missed the correct qualitative structure for

he complex.
Overall, it is clear that IR spectroscopy, both in the finger-

rint region and in the C H stretching region, provides enough
etailed spectroscopic structure to identify specific structures of
etal ion–benzene complexes, particularly with regard to ring
istortion or loss of symmetry. Ring distortion is clearly evident
n several of the complexes studied previously, and with the help
f theory the specific structures can be identified. Ring distor-
ion appears to be greater for the later transition metals, where
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he bonding is stronger, and then the spectrum contains new
R-active bands and/or more complex multiplets. Band shifts
elative to the free-benzene vibrations help to identify not only
tructures but specific electronic spin states in these complexes.
ensity functional theory has been demonstrated to be quite use-

ul for these systems, with the caveat that it sometimes misses
he correct relative energies of spin states and in some cases even
he structures for these complexes. However, by comparing the
pecific vibrational patterns for other spin states or structures, it
s usually possible to find a good interpretation of the measured
pectra.

. Future directions

As shown here, the chemistry and thermochemistry of tran-
ition metal ion–benzene complexes are well-developed areas.
ew directions for research on these systems will undoubtedly
e in the continued application of new spectroscopy methods
o these systems because of the detailed probes of electronic
tructure, bonding and geometries provided when vibrational
tructure can be measured. In this area, additional measure-
ents of ZEKE electronic spectroscopy would be useful, as this
ethod has only been applied to a few systems so far. An interest-

ng question is whether the cation electronic states produced by
hotoionization of neutrals will always be the same as that pro-
uced when complexes are grown directly as ions. There is some
ndication for differences like this in the vanadium–benzene
ystem [95], and other cases might be found.

In the infrared, better quality spectra are needed, particularly
n the fingerprint region. The FEL lasers provide good output
ere, but the multiple photon dissociation experiments done so
ar have resolution too low to address many structural questions.
he FEL lasers could be coupled with new ion sources allowing

he rare gas tagging method to be applied here. The same spectral
egion could be probed with existing ion sources like those in our
ab which allow efficient rare gas tagging, using the new OPO
ystems that go down to lower frequencies. The output pulse
nergies are much lower than those available with FEL’s, but the
ensitivity should be enough to allow such measurements. These
xperiments are planned in our lab. We also plan to continue
agging experiments in the C H stretching region like those
escribed here for vanadium and nickel systems.

It will also be interesting to apply the methods described here
or substituted benzenes, where different metal ion binding sites
re possible, or for more complex sandwich species containing
enzene. Meijer and coworkers have investigated the attachment
ites of Cr+ ions to aniline, where ring versus nitrogen binding
ites were competitive [118]. Our lab has produced a variety of
ixed sandwich complexes containing benzene and other aro-
atic ligands such as coronene or C60 [74], but no spectroscopic
easurements of any kind have been applied to these fascinat-

ng systems. Likewise, the multiple-decker sandwich systems
roduced by Kaya and Nakajima will continue to be of inter-

st. IR spectra have been obtained for the smaller species when
eposited as ions and then neutralized [65], but not for any of
he multi-decker cation species in the gas phase. Of course as
arger, more complex sandwich systems are studied, computa-
ss Spectrometry 272 (2008) 99–118

ional methods will have to continue to advance to complement
nd guide these new studies.
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