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bstract

Excited state properties of coordination compounds have been studied for many years. Surprisingly, rather little is known abo
tates, which are based on intramolecular interligand interactions. There are two types of these interligand excited states. In
omplexes, such as Mg(C5H5)2, ligand–ligand interaction creates new low-energy interligand states, which are comparable to interm
xcimers of aromatic molecules. In heteroleptic complexes of the type (C7H7)M(C5H5), low-energy ligand-to-ligand charge transfer (LLC
xcited states are available. Various organometallic compounds, which are characterized by such interligand excited states, are
his account.

2005 Elsevier B.V. All rights reserved.

eywords:Absorption spectra; Luminescence; Photochemistry; Metallocenes; Interligand states; LLCT states

. Introduction

Excited states, which are based on intramolecular interac-
ions between separate ligands of a metal complex, have been
nvestigated to some extent. These studies have been essen-
ially restricted to ligand-to-ligand charge transfer (LLCT)

∗ Corresponding author. Tel.: +49 941 9434485; fax: +49 941 9434488.
E-mail address:arnd.vogler@chemie.uni-regensburg.de (A. Vogler).

states[1,2]. In this case a donor and an acceptor ligand
coordinated to the same metal, which mediates the
tronic coupling between both ligands. In contrast, very
tle is known about excited states, which are generate
the interaction of identical ligands as they occur in
moleptic complexes. Attractive targets for such invest
tions should be complexes of the type M(benzene)2 (M = Cr0,
Mo0 and W0) which are characterized by a sandw
structure.

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.03.008
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The interaction between both benzene rings of these com-
plexes may be compared with that which takes place in para-
cyclophanes[3,4]. Another analogy can be drawn to the elec-
tronic interaction in arene excimers[4–6]. They are com-
posed of two parallel arene molecules and exist only in the
excited state.

arene+ hν → arene∗ (1)

arene∗ + arene→ (arene/arene)∗ (2)

The formation of the excimer is associated with an emis-
sion, which appears at longer wavelength than that of the
arene monomer. Unfortunately, M(C6H6)2 complexes are
hardly suitable for the examination of interligand excited
states because the metal (e.g., Cr0, Mo0 and W0) participates
in low-energy transitions[7]. In particular, metal-centered
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Fig. 1. Qualitative MO scheme for MgCp2 (D5d symmetry) adapted from
Ref. [9]. The arrows indicate the lowest-energy�–�* transition.

compound is well characterized including the crystal struc-
ture [8]. The solid contains isolated MgCp2 molecules with
the typical metallocene sandwich structure.

The electronic structure of MgCp2 should directly re-
flect the Cp−/Cp− interligand interaction which has been
previously discussed on the basis of a simple MO model
[9] (Fig. 1). The overlap of the�-orbitals of both Cp−
rings causes a splitting which leads to a decrease of the
HOMO–LUMO gap. While this effect may be small in the
ground state it might become much larger in the excited state
since the electronic excitation involves the removal of an
antibonding (e1g) electron and the population of a bond-
ing (e2u) orbital. It follows that the interligand excitation
is associated with the formation of a formal bond between
both ligands. A concomitant reduction of the interligand dis-
tance should be indicated by a distinct Stokes shift. Unfor-
t −
n okes
igand field (LF) and metal-to-ligand charge transfer (MLC
ransitions certainly obscure interligand transitions. Acc
ngly, an appropriate metal complex should not engag
ow-energy transitions involving the metal. We explored
ossibility and selected the metal centers Mg2+, Gd3+, Hg2+

nd Rh3+ as suitable candidates. Since metals such as2+

nd Gd3+ do not form stable benzene complexes, the
lopentadienyl anion (Cp−) was chosen as a substitute. T
p− anion is also an aromatic 6�-electron system. Com
lexes such as MgCp2 or GdCp3 are stabilized to a consi
rable extent by electrostatic attraction between the m
ation and the ligand anions. As an alternative the benzen
nd may be replaced by the phenyl anion C6H5

− which forms
–C �-bonds. Again, electrostatic attraction between
etal cation and C6H5

− as ligands contributes to the stab
ty of complexes such as HgII (C6H5)2. Of course, the interl
and interaction in this linear complex is different from t

n sandwich-type M(C6H6)2 compounds but a ligand–liga
oupling should also exist. Finally, the electronic spectr
he complex [Rh(Cp*)(Ch)]3+ was examined. In this cas
he two benzene ligands of M(C6H6)2 complexes are re
laced by the isoelectronic combination C5Me5

− (Cp*−) and
7H7

+ (Ch+) which introduces a charge asymmetry into
igand–ligand interaction.

. Bis(cyclopentadienyl)magnesium

MgCp2 offers the advantage that Mg2+ does not partici
ate in any low-energy electronic transition. Moreover,
unately, the emission spectra of isolated Cpanions are
ot known. However, for simple aromatic species the St
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Fig. 2. Electronic excitation (e, λem= 363 nm), fluorescence (f,
λexc= 280 nm) and phosphorescence (p,λexc= 280 nm) spectra of
solid MpCp2 under argon at room temperature (e and f) and at 77 K (p),
intensity in arbitrary units.

shifts are generally rather small[10]. In contrast, the fluores-
cence spectrum of MgCp2 (Fig. 2) is displaced to much longer
wavelength (λmax= 363 nm) when compared with the exci-
tation spectrum (λmax= 240 nm, sh)[11]. At 77 K, MgCp2
shows an additional phosphorescence at rather low energies
(λmax= 535 nm). These observations support the assumption
that the interligand interaction indeed leads to a contraction of
the MgCp2 molecule in the lowest-energy interligand excited
state. In this context, it is of interest that various metallocenes
of transition metals (e.g., RuCp2 and OsCp2) also exhibit a
luminescence[12–18]. However, in these cases, the emissive
states are of the charge transfer or metal-centered type.

3. Tris(cyclopentadienyl)gadolinium

The lanthanides including gadolinium form tris(cy-
clopentadienyl) complexes which in solution exist as discrete
LnCp3 molecules or as solvates of the type LnCp3L with
L = solvent[19]. The structure of LnCp3 consists of a regular
triangle with the centers of the�5-coordinated Cp− planes at
the corners and the metal in the middle (D3h symmetry). The
LnCp3L complexes have a pseudotetrahedral structure with
a trigonal-pyramidal LnCp3 fragment (C3v).

d-
i
l
l pa-

Fig. 3. Qualitative MO scheme for the frontier orbitals of Cp3
3− in C3v

symmetry. The arrows indicate the lowest-energy�–�* transitions.

rately[21,23]. The interligand interaction in LnCp3 (Fig. 3)
leads then to consequences, which also apply to MgCp2 (see
above). However, the specific role of gadolinium must be
taken into account[24]. Gd3+ does also not participate in
low-energy CT or metal-centered (ff) transitions owing to
the very high stability of its half-filled f-shell (f7). But in
contrast to Mg2+, Gd3+ is a very heavy ion and strongly
paramagnetic with an octet ground state. Accordingly, it in-
duces a considerable heavy-atom effect in the ligands. The in-
creased spin–orbit coupling enhances the intersystem cross-
ing. The spectroscopic consequences are obvious. GdCp3
also shows an emission from the lowest-energy interligand
excited state (Fig. 4) [24], which is bonding with respect to
the interaction within the Cp33− moiety. However, the flu-
orescence is completely absent while a strong green phos-
phorescence (λmax∼ 500 nm) appears even in solution at RT
(φ = 0.2 in ether). The interligand triplet of solid GdCp3 de-
cays withτ = 2.3�s. Of course, other LnCp3 complexes with
lanthanides which have available low-energy ff states (e.g.,
TbCp3 and YbCp3) do not show interligand emissions. In
For simplicity, the C3v symmetry is applied to the bon
ng interaction in LnCp3L complexes as well as in LnCp3
igand fragments[20–22]. Since the bonding in LnCp3 is
argely ionic the Cp33− ligand frame can be treated se
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Fig. 4. Electronic emission (a) and excitation (b) spectrum of GdCp3 in dry
diethylether at 298 K,λexc= 250 nm andλem= 500 nm.

this case, the luminescence originates from metal-centered ff
states[25–27].

4. Diphenylmercury

As has been discussed above, an intramolecular coupling
of two aromatic molecules takes place in the paracyclo-
phanes. In this case, the�-electron systems of both arenes
undergo a transannular interaction. As an alternative an elec-
tronic coupling occurs also when two aromatic fragments are
connected by a regular bond. Biphenyl is a suitable example.
The question arises if this type of phenyl–phenyl interaction
is also observed for HgPh2.

When biphenyl is viewed as a composition of two ben-
zene molecules a splitting of the MOs occurs[28] (Fig. 5).
With regard to the phenyl–phenyl interaction, the HOMO
(2b2g) is antibonding while the LUMO (3b3u) is bonding.
In the ground state, there is no�-conjugation between the
rings. However, the lowest-energy excitation (2b2g→ 3b3u)
is associated with the removal of an electron from an anti-
b O.
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Fig. 5. Qualitative MO diagram of biphenyl derived from the interaction of
two benzene molecules adapted from Ref.[28].

(Fig. 6) do not overlap. Accordingly, the emission of HgPh2
is assumed to be a phosphorescence, which is facilitated by
the heavy-atom effect of mercury. In analogy to some other
Hg(II) complexes[31–33], the emission of HgPh2 is certainly
of the intraligand type. However, the phosphorescence of
HgPh2 does not seem to originate from single phenyl ligands
because the emission appears at much longer wavelength than
the phosphorescence of benzene or simple phenyl compounds
[34]. Since the emission spectrum of HgPh2 resembles that
of biphenyl in a glassy matrix at 77 K (λmax= 470 nm)
we suggest that the luminescence of HgPh2 comes from

Fig. 6. Electronic absorption and emission spectra of diphenylmercury under
argon at RT absorption: 6.27× 10−5 M in CH CN, 1-cm cell; emission:
s

onding and the addition of an electron to a bonding M
ccordingly, in the excited state both phenyl rings are c
ected by an additional bond, which must lead to a
rease of the distance between both rings. This struc
hange is reflected by a relatively large Stokes shift o
uminescence of biphenyl[10]. We suggest that the inter
and interaction in HgPh2 can be described by analogo
onsiderations.

Solid HgPh2 shows a RT luminescence (Fig. 6) at
max= 482 nm[29]. This emission is certainly a molecu
roperty because there are no short intermolecular con

n the solid material[30]. Moreover, it appears also in low
emperature glasses. The emission of HgPh2 is unlikely to
e a fluorescence since luminescence and absorption s
 a

3

olid,λexc= 300 nm, intensity in arbitrary units.
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the interligand triplet of both interacting phenyl ligands
[29].

In solution at RT, HgPh2 is not luminescent but photoreac-
tive [29]. The photolysis proceeds according to the following
scheme:

HgII Ph2
hν−→ HgIPh+ Ph-radical (3)

HgIPh → Hg0 + Ph-radical (4)

Elemental mercury is finally formed while the phenyl rad-
icals participate in secondary processes, in particular hydro-
gen abstractions. In agreement with the general behavior
of Hg(II) complexes[35], this photoredox reaction is ini-
tiated by (phenyl− → HgII ) ligand-to-metal charge transfer
(LMCT) excitation. It is assumed that this LMCT state can
be populated from the emitting interligand triplet, which is
located at lower energies[29]. In the solid state, the rigid
lattice apparently prevents the photolysis and thus facilitates
the interligand triplet emission.

5. (Pentamethylcyclopentadienyl) (cycloheptatrienyl)
rhodium(III) cation
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Cp*− is a much stronger CT donor than Cp− [42,43]. In
addition, since Rh(III) is rather redox inert it does not partic-
ipate in low-energy CT transitions. Moreover, LF excitation
of Rh(III) occurs only at high energies.

The electronic spectrum of [Cp*RhIII Ch]3+ (Fig. 8) shows
a longest-wavelength absorption atλmax= 340 nm which is
assigned to the spin-allowed Cp*− → Ch+ LLCT transition
[41]. The lowest-energy excited state of the complex is ap-
parently a LLCT triplet which emits atλmax= 596 nm.

F
C

Fig. 8. Electronic absorption, a and emission, e spectra of 1.51× 10−4 M
[Cp*Rh(C7H7)](PF6)3 under argon. Absorption: in CH3CN at RT, 1-cm cell;
emission: in EtOH at 77 K,λexc= 340 nm, intensity in arbitrary units.
As discussed above, with regard to the�-electron sys
em biphenyl can be viewed as a composition of two c
led benzene rings. When both benzene rings are rep
y the isoelectronic Cp− and Ch+ rings, a redox asymmet

s introduced since Cp− is a CT donor while Ch+ is a CT
cceptor. The resulting sesquifulvalene, which is an iso
f biphenyl, is characterized by a low-energy CT transi

36] (λmax= 395 nm)[37]. Electronic excitation reduces t
olarity, which prevails in the ground state.

Such a CT should also occur when two benzene ring
(C6H6)2 are replaced by the isomeric combination C−
nd Ch+. Indeed, various sandwich-type complexes with
eneral composition M(Cp−)(Ch+) have been described[38].
oreover, MO calculations have shown that these comp

hould have available Cp− → Ch+ CT transitions at relativel
ow energies[38–40] (Fig. 7). These transitions are now
he LLCT type. Unfortunately, in most cases such LLCT tr
itions are obscured by other low-energy transitions of
erent origin (e.g., LF, LMCT and MLCT). However, the
omplications may be avoided by an appropriate choic
he central metal and a suitable modification of the liga
he cation [Cp*RhIII Ch]3+ seems to meet these requireme

41].
ig. 7. Qualitative MO diagram for the frontier orbitals of (�-C5H5)M(�-

7H7) in C∞v symmetry adapted from Refs.[38–40].
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6. Conclusion

Ligand–ligand interactions between aromatic ligands of
organometallic compounds are associated with the generation
of low-energy interligand excited states. While complexes
such as MgII (C5H5)2, GdIII (C5H5)3 and HgII (C6H5)2 are
characterized by delocalized interligand states, a LLCT state
determines the excited behavior of [(C5H5)RhIII (C7H7)]3+.
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