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In order to gain a deeper insight into structure-property rela-
tionships of the donor (D)−acceptor (A) interactions in cat-
ionic sesquifulvalene complexes the mono- and dicationic
complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]+ were
synthesized as BF4 and PF6 salts: M9L9 = Cr(CO)3 (3PF6);
M9L9 = none (4BF4); M9L9 = Ru(η5-C5H5)+ [5(PF6)2]; M9L9 =
Ru(η5-C5Me5)+ [6(PF6)2]. The ferrocenyl substituent works as
the electron donor and the tropylium moiety as the electron
acceptor. For the electronic ground state the NMR spectro-
scopic results demonstrate an increasing charge delocaliz-
ation in the order M9L9 = Cr(CO)3 , Ru(η5-C5Me5)+ , Ru(η5-
C5H5) , none. The same order of the acceptor moieties is
observed for the difference between the oxidation and reduc-
tion potentials, which are related to an electrochemically re-
versible and a complete irreversible one-electron transfer, re-

Introduction

Structure-property relationships in nonlinear optical
(NLO) chromophores have proven to be very useful, in par-
ticular for organic polyene-bridged donor2acceptor
(D2A) molecules, as it has been demonstrated for the
bond-length alternation (BLA) in relation to second har-
monic generation (SHG).[1,2] As in D2A substituted poly-
enes, a description of the bonding situation in mono- and
dinuclear sesquifulvalene complexes which demonstrates
weak to strong NLO effects, is achieved by different me-
someric forms. The ground state is mainly represented by
the polar bisaromatic form A as deduced by means of sev-
eral structure determinations, whereas the excited CT state
is supposed to have more contributions from the cross-con-
jugated form B (Figure 1).[3,4]

It would be worthwhile to know, whether a contribution
of the cross-conjugated form B to the ground state would
affect the SHG according to the BLA in acyclic α,ω-
donor2acceptor substituted conjugated polyenes.

[a] Institut für Anorganische und Angewandte Chemie
Martin-Luther-King-Platz 6, 20146 Hamburg, Germany
Fax: (internat.) 1 49-(0)40/42838-6945
E-mail: heck@chemie.uni-hamburg.de

Eur. J. Inorg. Chem. 2002, 2392248  WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 143421948/02/010120239 $ 17.501.50/0 239

spectively. A comparison of the structural data of 3−6 reveals
a small but distinct contribution of the cross-conjugated
mesomeric form to the bis(aromatic) mesomeric form in the
ground state of the sesquifulvalene complexes, which in-
creases, when the electron-withdrawing ability of the ac-
ceptor becomes stronger. The UV/Vis spectra are dominated
by two intense absorption bands in the visible and near-UV
region, which are assigned to a low-energy donor-
(metal)−acceptor charge-transfer (D−A CT) transition and to a
high-energy donor(ligand)−acceptor charge-transfer (L−A CT)
transition. For these archetype sesquifulvalene complexes the
first hyperpolarizability β was determined by means of hyper-
Rayleigh scattering (HRS). Whereas for 3 no second harmonic
signal could be detected and 4 shows fluorescence due to two-
photon absorptions, 5 and 6 possess appreciable β values.

Figure 1. The bis(aromatic) (A) and cross-conjugated (B) form of
mono- and dinuclear sesquifulvalene complexes [e.g. ML 5 Fe(η5-
C5H5); M9L9 5 none, Cr(CO)3; Z denotes a conjugated π-bridge]

The crystal structure determinations of the hitherto struc-
turally characterized mono- and dinuclear sesquifulvalene-
type complexes do not indicate any significant contribution
of the cross-conjugated form B to the ground state. This is
partly due to the poor quality of the crystals, resulting in a
low accuracy of the crystal structure analyses, and partly due
to the fact that there are no structural changes, which point
to the lack of any remarkable delocalization of charge.[327]

However, we were now able to determine the structures of
some sesquifulvalene complexes, wherein the five- and seven-
membered rings are directly connected, in sufficiently high
quality to discuss some structure2property relationships. In
this paper we additionally present syntheses, spectroscopic
and redox properties of the mono- and dinuclear archetype
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sesquifulvalene complexes depicted in Figure 2, as well as re-
sults of NLO studies concerning the SHG. The spectroscopic
and redox data are discussed in comparison to the corres-
ponding properties of the tropylium cation and its complexes
shown in Figure 2.

Figure 2. Archetype sesquifulvalene complexes of the general com-
position [MLFe{µ-(η5-C5H4)(η7-C7H6)}M9L9]1 [ML 5 (η5-
C5H5)Fe; M9L9 5 Cr(CO)3 (3), none (4), Ru(η5-C5H5)1 (5), Ru(η5-
C5Me5)1 (6)], and the tropylium cation 7 and its M9L9 complexes
[M9L9 5 none (7), Cr(CO)3 (8), Ru(η5-C5H5)1 (9), Ru(η5-
C5Me5)1 (10)]

Results and Discussion

Synthesis

For the cationic target complexes the starting compound
is the monohydro-sesquifulvalene complex 1, which is read-
ily prepared by the nucleophilic addition of monolithiated
ferrocene[8] to the tropylium cation (Scheme 1a).[3,4] The
subsequent preparation of the cationic dipolar sesquifulva-
lene complexes is determined by the nature of the electron-
accepting function. The reaction of the cycloheptatriene
complex 1 with Cr(CO)3(EtCN)3

[9] yields the dimetallic
monohydro-sesquifulvalene complex 2 (Scheme 1b) which
is converted into the dipolar monocationic, dinuclear prod-
uct 3 after the hydride elimination by the trityl cation
(Scheme 1c).

Scheme 1. Synthesis of the dimetallic monohydro-sesquifulvalene
complexes 2 and the formation of the monocationic dinuclear ses-
quifulvalene complex 3: a) [C7H7]PF6, Et2O; b) Cr(CO)3(EtCN)3,
THF; c) [Ph3C]PF6, CH2Cl2

The preparation of the dicationic congeners 5 and 6 oc-
curs by a hydride abstraction from 1, revealing the cationic
ferrocenyl-substituted tropylium compound 4,[10] and is ac-
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Scheme 2. Synthesis of the monometallic monocationic and dinuc-
lear dicationic sesquifulvalene complexes 4, 5, and 6, respectively:
a) [Ph3C]PF6, CH2Cl2; b) [(η5-C5R5)Ru(MeCN)3]PF6 (R 5 H,
Me), CH2Cl2

complished by the coordination of the proper metal2ligand
fragment Ru(η5-C5R5)1 [11a,11b] to the tropylium moiety
(Scheme 2).

Most remarkable in the course of the synthesis of the
cationic sesquifulvalene complexes is a dramatic color
change upon hydride abstraction. The dichloromethane so-
lutions of the ferrocenyl derivatives change color from or-
ange or brick-red to deep green-blue on going from the
neutral monohydro-sesquifulvalene complexes to the cat-
ionic sesquifulvalene species.

NMR Spectroscopy

The assignment of the 1H and 13C NMR signals was per-
formed using the splitting pattern in the 1H NMR spectra,
and by means of 1H1H and 1H13C correlation spectroscopy.
From the NMR spectroscopic data in Table 1, which also
includes the data of the unsubstituted tropylium cation and
its M9L9 complexes [M9L9 5 Cr(CO)3 (8), Ru(η5-C5H5)1

(9), Ru(η5-C5Me5)1 (10)], it becomes evident that the shift
ranges of the acceptor of the sesquifulvalene complexes
correspond to the shifts of the signals of the unsubstituted
tropylium cation 7 and its complexes 8210. In general a
high-field shift of the signals of the tropylium moiety is also
observed when the ferrocenyl donor is bound to the seven-
membered ring. This effect of the donor substituent is also
recognized for the distal ligands L9 whose signals are
slightly high-field shifted when 5 and 6 are compared with
9 and 10. Additionally, the small low-field shift of the res-
onance signal of the carbonyl ligands in 3 compared to 8 is
in agreement with a slight increase in electron density on
the metal center Cr, upon donor substitution on the tropyl-
ium ring. The high-field shift of the resonance signals of
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Table 1. 1H and 13C NMR shifts of the cationic sesquifulvalene complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]1 [M9L9 5 Cr(CO)3

(3), none (4), Ru(η5-C5H5)1 (5), Ru(η5-C5Me5)1 (6)], and, for comparison, the 1H and 13C NMR spectroscopic data of the tropylium
cation [C7H7]1 (7) and its complexes [(η7-C7H7)M9L9]1 [M9L9 5 Cr(CO)3 (8), Ru(η5-C5H5)1 (9), Ru(η5-C5Me5)1 (10)]

1H NMR[a] 13C NMR[a]

M9L9 C5H4 CpFe 1-,6-H 2-,5-H 3-,4-H L9 C5H4 CpFe C-7 C-1,-6 C-2,-5 C-3,-4 L9

Cr(CO)3 (3) 4.97, 5.12 4.28 6.45 6.75 6.55 2 81.3, 70.8, 76.0 72.9 133.1 99.8 105.6 104.7 223.9 (CO)3

none (4) 5.45, 5.51 4.41 8.2628.49 2 84.5, 73.4, 81.8 75.7 175.8 147.9 148.1 148.8 2

Ru(η5-C5H5)1 (5) 5.33, 5.47 4.37 7.27 7.34 7.60 6.11 (η5-C5H5) 81.4, 72.2, 81.5 75.4 138.7 92.9 102.0 104.1 91.3 (η5-C5H5)
Ru(η5-C5Me5)1 (6) 5.27, 5.34 4.36 7.09 7.10 7.35 1.98 (η5-C5Me5) 77.6, 71.6, 79.6 74.1 133.8 97.8 104.2 105.3 109.9 (η5-C5Me5)

10.4 (η5-C5Me5)
none (7) 2 2 9.38 (C7H7) 2 2 2 156.6 (C7H7)
Cr(CO)3 (8) 2 2 6.67 (η7-C7H7) 2 2 2 106.5 (η7-C7H7) 221.7 (CO)3

Ru(η5-C5H5)1 (9) 2 2 7.8 (η7-C7H7) 6.37 (η5-C5H5) 2 2 107.5 (η7-C7H7) 93.1 (η5-C5H5)
Ru(η5-C5Me5)1 (10) 2 2 7.48 (η7-C7H7) 2.23 (η5-C5Me5) 2 2 107.6 (η7-C7H7) 112.6 (η5-C5Me5)

10.9 (η5-C5Me5)

[a] Solvent: CD3NO2 rel. TMS, numbering scheme see Figure 4.

the tropylium moiety goes along with a general low-field
shift of the ferrocene signals, which increases in the order
M9L9 5 Cr(CO)3 , Ru(η5-C5Me5)1 , Ru(η5-C5H5)1 ,
none. This behavior of the dipolar sesquifulvalene com-
plexes 326 clearly elucidates a strong donor
(metallocene)2acceptor (tropylium moiety) interaction in
the ground state and, moreover, points to a growing charge
delocalization in the same order.

Redox Properties

Cyclic voltammetry studies were conducted on all of the
sesquifulvalene complexes as well as for the unsubstituted
tropylium cation (7) and the corresponding mononuclear
complexes [(η7-C7H7)M9L9]1 [M9L9 5 Cr(CO)3 (8), Ru(η5-
C5H5)1 (9), Ru(η5-C5Me5)1 (10)]. Electrochemical studies
on 7,[12] 8,[13] and 9[11a] have already been described. How-
ever, since the published data were obtained under different
conditions, the reduction potentials of 729 were revised un-
der conditions comparable to those applied for the sesquif-
ulvalene complexes. As is known from the literature, the

Table 2. Cyclic voltammetry data of the cationic sesquifulvalene
complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]1 (326) and
the mononuclear tropylium species [(η7-C7H7)M9L9]1 (7210)

M9L9 E1/2
[a][b] ∆Ep

[c] Epc
[a][b][d] ∆E[e]

Cr(CO)3 3 0.32 72 21.14 1.46
none 4 0.42 74 20.59 1.01
Ru(η5-C5H5)1 5 0.44 84 20.61 1.05
Ru(η5-C5Me5)1 6 0.44 69 20.84 1.28
none 7 20.63[f][g]

Cr(CO)3 8 21.20[h]

Ru(η5-C5H5)1 9 20.52[g]

Ru(η5-C5Me5)1 10 20.78

[a] Obtained from MeNO2 solutions, 0.4  [nBu4N]PF6, room tem-
perature, reference electrode Ag/AgCl. 2 [b] In V vs. Fe(C5H5)2/
[Fe(C5H5)2]1. 2 [c] ∆Ep 5 |Epa 2 Epc| in mV, ∆Ep(ferrocene) 5 73
mV, scan rate: 100 mV/s. 2 [d] Peak potential of the irreversible
one-electron reduction, scan rate: 100 mV/s. 2 [e] ∆E 5 E1/2 2 Epc

in mV. 2 [f] See also ref.[12] 2 [g] See also ref.[11a] 2 [g] See also ref.[13]
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tropylium cation 7 and its complex congeners 8 and 9 un-
dergo irreversible one-electron reduction steps, which is in
agreement with the results obtained for the sesquifulvalene
complexes (vide infra). The reduction potentials (Table 2)
obtained for the tropylium derivatives 7210 change in the
order of M9L9 5 Cr(CO)3 , Ru(η5-C5Me5)1 , none ,
Ru(η5-C5H5)1, and illustrate an increase in the electron-
withdrawing ability roughly in accordance with the NMR
spectroscopic data.

The cyclic voltammograms of the corresponding cationic
sesquifulvalene complexes 326 also reveal an irreversible
one-electron reduction process in the potential domain of
the unsubstituted tropylium species (Figure 3) in addition
to an oxidation step in the range of free ferrocene. The po-
tentials of the electrochemically irreversible reduction of the
sesquifulvalene complexes are slightly cathodically shifted
with respect to the unsubstituted tropylium cations 7210
(Table 2) as expected, due to the electron-donating property
of the ferrocenyl substituent.

Figure 3. Representative cyclic voltammogram of the cationic
sesquifulvalene complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-
C7H6)}M9L9]1 [here M9L9 5 none (4); for more details see Table 2]

The oxidation step involves an electrochemically revers-
ible one-electron transfer, which is 3202440 mV anodically
shifted with respect to free ferrocene (Table 2) caused by the
electron-withdrawing ability of the tropylium moiety. The
anodic shift of the oxidation potentials changes in the order
M9L9 5 Cr(CO)3 , none , Ru(η5-C5Me5)1 5 Ru(η5-
C5H5)1. This order differs somewhat from the outcome of
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the NMR spectroscopic study. This may be due to the fact,
that in the NMR spectroscopic studies only the
donor2acceptor interaction of the ground state is meas-
ured, whereas in cyclic voltammetry experiments the
donor2acceptor interactions of the starting complex as
well as of the oxidized (or reduced) product, including reor-
ganization energies, will contribute to the oxidation (or re-
duction) potential.

Assuming that the oxidation potentials roughly correlate
with the energy of the HOMO and the reduction potentials
to the energy of the LUMO, the differences of the redox
potentials E (Table 2) allow the tentative conclusion that
the HOMO2LUMO gap for the sesquifulvalene complexes
326 should roughly decrease in the order M9L9 5 Cr(CO)3

. Ru(η5-C5Me5)1 . Ru(η5-C5H5)1 . none.

Crystal Structure Analyses

Crystal structure analyses were obtained for all of the
sesquifulvalene complexes studied, and selected structural
data are listed in Table 3. The crystal structure of complex
3 [M9L9 5 Cr(CO)3] has already been published,[3] as well
as the molecular structure of 4 as a hexafluorophosphate
salt.[14] However, 4 was synthesized as a tetrafluoroborate
salt and the molecular structure data were obtained with
higher accuracy.[4]

Solving the molecular structure of complex 6 [M9L9 5
Ru(η5-C5Me5)1] proved to be more difficult because of the
presence of three different independent molecules, and the
intercalation of four independent solvent molecules of
MeNO2 as evidenced by means of NMR spectroscopy and
elemental analysis. The structural data of all three inde-
pendent molecules of 6 are in agreement within the margin
of error. In Table 3 the selected structural data of only one
independent molecule of the unit cell of 6 are presented.
The molecular structures of the sesquifulvalene complexes
5 and 6 are depicted in Figure 4.

The molecular structures of the sesquifulvalene com-
plexes 326 have an almost coplanar alignment of the ses-
quifulvalene rings. The twisting angle between the best
planes of the five- and seven-membered rings varies be-
tween 0 and 17° for 4 and 6, respectively. The dinuclear
complexes exhibit a transoid conformation of the complex
moieties due to the nonbonding repulsions between the
metal fragments in a cisoid conformation. A cisoid con-
formation is observed only for complexes with increased
length of the π-bridge between the five- and seven-mem-
bered ring.[327]

Since mutual electronic influence of the donor and ac-
ceptor group is expected to affect the molecular structure,
the discussion concerning the structural details is focussed
on geometric parameters directly related to the sesquifulva-
lene entity (Figure 5). As for sesquifulvalenes themselves
the bonding situation in their complexes can in principle be
described in terms of two mesomeric forms, the bis(arom-
atic) form A and the cross-conjugated form B (Figure 1),
which is composed of an η6-fulvene complex and a free or
coordinated cycloheptatriene moiety. For both types of
complexes characteristic structural features are expected
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Figure 4. Molecular structures of the cationic sesquifulvalene com-
plexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]1 [M9L9 5
Ru(η5-C5H5)1 (5), Ru(η5-C5Me5)1 (6); 50% ellipsoids, the hydro-
gen atoms, solvent molecules and counter ions are omitted for clar-
ity, for 6 only one independent molecule is shown]

Figure 5. Schematic presentation of the molecular structure of the
sesquifulvalene complexes including the notations of special geo-
metric parameters found in Table 3

which are known from corresponding mononuclear com-
plexes and their uncoordinated monocyclic organic
species.[15217]

In fact, a comparison of the structural data listed in
Table 3, on average, reveals a characteristic long-short pat-
tern of the endocyclic C2C bonds for the coordinated or
free tropylium moiety, which is less significant in the dinuc-
lear species. In accordance to it, the C2C distances between
the bridge-head carbon atom C8 and the proximal carbon
atoms C9 and C12 of the five-membered ring are distinctly
longer than the C2C distances within the endocyclic buta-
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Table 3. Selected interatomic distances [pm] and angles [°] (compare Figure 5) of the cationic sesquifulvalene complexes [(η5-C5H5)Fe{µ-
(η5-C5H4)(η7-C7H6)}M9L9]1 [M9L9 5 Cr(CO)3 (3), none (4), Ru(η5-C5H5)1 (5), Ru(η5-C5Me5)1 (6)] and the corresponding structural
parameters of the fulvene complex [(η5-C5H5)Fe{η6-C5H4C(C6H5)2}]BF4 (11) (see ref.[17a])

M9L9 5 Cr(CO)3
[a] none[b] Ru(η5-C5H5)1 Ru(η5-C5Me5)1

3 4 5 6 11[c]

C12C7 141.1(10) 141.5(3) 142.7(4) 143.1(7)
C12C2 137.7(12) 137.7(4) 140.4(4) 141.3(8)
C22C3 140.3(12) 140.0(4) 141.0(5) 142.7(9)
C32C4 138.5(14) 136.1(7) 137.7(6) 141.4(9)
C42C5 139.7(13) 141.8(6) 142.0(9)
C52C6 138.9(11) 140.8(4) 140.8(8)
C62C7 141.4(10) 142.7(4) 144.3(7)
C72C8[d] 145.1(10) 145.0(5) 145.2(4) 145.3(7) 141.6(10)
C82C9 144.1(10) 144.6(3) 144.9(4) 144.7(7) 144.5(10)
C82C12 143.7(10) 144.1(4) 144.6(8) 143.8(10)
C92C10 141.2(12) 142.7(4) 141.4(5) 141.7(9) 140.2(11)
C102C11 138.6(12) 141.2(6) 141.0(5) 142.1(10) 142.5(11)
C112C12 138.4(12) 141.7(4) 142.3(9) 141.3(9)
Fe···C7[e] 305.0(7) 305.1(3) 290.4(4) 303.9(6) 271.5(6)
Fe2C8 202.0(6) 203.5(3) 201.3(3) 202.5(5) 200.9(7)
Fe2C9 202.0(7) 204.8(3) 202.7(3) 203.7(5) 201.8(8)
Fe2C10 203.1(9) 206.8(3) 206.3(3) 203.7(6) 208.5(8)
Fe2C11 206.0(8) 206.6(3) 205.0(7) 209.5(6)
Fe2C12 204.4(7) 203.9(3) 202.3(6) 206.0(8)
M92Cn[f] 221.4(7)2 226.0(6)2 222.5(3)2

224.1(7) 228.2(5) 227.4(3)
M92C7[g] 232.0(6) 244.7(3) 234.2(5)
α[h] [°] 176.5 175.5 167.5 174.7 159.3
γ[i] [°] 10.0(4) 0.0 10.5(4) 17.0(3)

[a] Ref.[3] 2 [b] Ref.[4] 2 [c] Ref.[17a] 2 [d] Bridging carbon2carbon bond c. 2 [e] Nonbonding Fe2C7 distance a. 2 [f] Cn denotes C12C6
of the tropylium moiety, only the upper and lower values are given. 2 [g] Metal2carbon bond b. 2 [h] Bending angle between the vector
which bisects the substituted five-membered ring and includes the bridge-head carbon atom C8, and the vector of the carbon2carbon
bond C72C8. 2 [i] γ denotes the twisting angle between the five- and seven-membered ring.

diene unit C9...C12. A similar bond length variation is
found in η6-fulvene complexes, although to a larger ex-
tent.[17] This characteristic bond length pattern goes along
with a decrease of the bending angle α and the distance a
between the Fe atom of the ferrocenyl unit and the bridge-
head carbon atom C7 of the seven-membered ring, which
are the most important structural features indicating the
contribution of the cross-conjugated mesomeric form B to
the electronic ground state (see Figure 1). The bending
angle α and the distance Fe···C7 decrease in the order
M9L9 5 Cr(CO)3 . Ru(η5-C5Me5)1 . none . Ru(η5-
C5H5)1. Similarly, a considerable increase of the bond
length b between M9 (Cr or Ru) and C7 is observed with
respect to the remaining metal2carbon bond lengths of the
tropylium complexes (M92Cn, see Table 3), which amounts
to about 10 pm for 3 and 6, but about 20 pm for 5. Appar-
ently, the gradual change from an aromatic to a fulvene-
like coordination mode is a result of an increased D2A
interaction due to the growing electron-withdrawing ability
of the acceptor.[18]

Electronic Excitation

UV/Vis spectroscopic studies were performed with solu-
tions of different solvent polarity such as dichloromethane
and nitromethane, to elucidate solvatochromism which
gives an indication of the dipole change ∆µ between the
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ground and the excited state,[19] and is thus relevant for the
first hyperpolarizability β according to the two-level
approximation.[20,21] The UV/Vis spectra of the complexes
under study contain two strong absorption bands in the vis-
ible and near-UV region (Figure 6, Table 4), which undergo
considerable negative solvatochromism, i.e. hypsochromic
shift with increasing solvent polarity. These two bands are
characteristic for dipolar ferrocene bearing NLO chrom-
ophores. Recently, it was shown by means of DF calcula-
tions that for (E)-1-ferrocenyl-2-(p-nitrophenyl)ethene the
high-energy absorption band must be assigned to a cyclo-

Figure 6. Representative UV/Vis spectrum of the dinuclear sesqui-
fulvalene complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]-
(PF6)2 [here: M9L9 5 Ru(η5-C5H5) (5)] obtained from CH2Cl2 solu-
tion
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Table 4. UV/Vis data of the cationic sesquifulvalene complexes [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}M9L9]1 [M9L9 5 Cr(CO)3 (3), none
(4), Ru(η5-C5H5)1 (5), Ru(η5-C5Me5)1 (6)], and the experimental first hyperpolarizability β obtained by means of hyper-Raleigh scattering
measurements (see ref.[24])

λmax(LA2CT)[a][b] λmax(DA2CT)[a][b]

(ε)[c] (ε)[c]

M9L9 CH2Cl2 MeNO2 ∆ν̃[d] CH2Cl2 MeNO2 ∆ν̃[d] β[HRS][e] [f] β0
[g] [f]

Cr(CO)3 (3) 408 395 2807 590 574 2473 n.d.[h]

(2600) (3100) (4880)
none (4) 400 395 2317 725 700 2493 f[i]

(14710) (13355) (3565) (3335)
Ru(η5-C5H5)1 (5) 374 2 637 614 2588 125 28

(5270)
Ru(η5-C5Me5)1 (6) 360 2 628 605 2605 115 23

(4510)

[a] Obtained from ca. 1025  solutions. 2 [b] λmax in nm. 2 [c] Extinction coefficient in 21cm21. 2 [d] ∆ν̃ 5 ν̃ (CH2Cl2) 2 ν̃ (MeNO2)
in cm21. 2 [e] Referenced against p-nitroaniline (p-NA): β(MeNO2) 5 34.6·10230 esu[37]. 2 [f] Given as units of 10230 esu. 2 [g] Calculated
from β0 5 β(HRS) [(124λ2

max/λ2)(1 2 λ2
max/λ2)].[21] 2 [h] n.d.: HRS signal not detectable. 2 [i] f: fluorescent.

pentadienyl ligand2acceptor charge-transfer (L2A CT)
transition whereas the low-energy absorption band is
caused by a donor (metal)2acceptor charge-transfer (D2A
CT) transition.[22] The CT transitions both provide a de-
localization or even transfer of the positive charge from the
tropylium moiety to the donor upon excitation, which is
experimentally proven by the negative solvatochromism.[23]

This assignment is also supported by the fact that both
of the CT transitions are strongly influenced by the nature
of the acceptor, which is in accordance with recently pub-
lished results about sesquifulvalene complexes with more
extended π-bridges between the metallocene donor and the
tropylium moiety acceptor.[325] However, the electronic in-
fluence of the acceptor on the L2A and D2A CT trans-
itions is different. The D2A CT transitions decrease in en-
ergy in the order M9L9 5 Cr(CO)3 . Ru(η5-C5Me5)1 .
Ru(η5-C5H5)1 . none. This order correlates with that of
the HOMO2LUMO splitting assumed from the cyclic vol-
tammetry results. The order varies for the L2A CT trans-
ition: M9L9 5 Ru(η5-C5Me5) . Ru(η5-C5H5)1 . none .
Cr(CO)3. The extraordinary low-energy shift of the D2A
CT band of the mononuclear complex 4 compared to the
dinuclear species may be explained by the formation of ad-
ditional molecular orbitals (MO) upon coordination of a
metal2ligand fragment, thus forming occupied bonding
MOs which would be lower in energy, and empty antibond-
ing MOs which would be higher in energy compared to the
orbitals of the initial uncoordinated tropylium moiety.

As mentioned before the electronic excitations are gov-
erned by a distinct blue-shift on increasing the solvent po-
larity. The extent of the solvatochromism for both of the
absorption bands can only be determined for 3 and 4, since
the maximum of the high-energy L2A CT absorption band
of 5 and 6 in CH3NO2 is too far blue-shifted into the ab-
sorption region of the solvent to be determined. Neverthe-
less, from the obtained data it turns out that the change in
polarity is similar for both of the CT transitions, and hence
both should contribute to the first hyperpolarizability.[20,21]
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NLO Measurements

The low-lying excited states of the sesquifulvalene com-
plexes under study along with their facile polarizability, in-
dicated by their pronounced solvatochromism, makes these
types of complexes very promising for the second harmonic
generation. Due to the cationic nature of the sesquifulva-
lene complexes the hyper-Rayleigh scattering (HRS)[24] is
the only method for determining the first hyperpolariz-
ability β which represents the molecular capability of trans-
forming incoming light with frequency ω to frequency 2ω.
However, a draw-back of the HRS method may be fluores-
cence due to two-photon absorption.[25227] After realizing
the problem of multiphoton absorption induced fluores-
cence concerning the determination of the first hyperpolar-
izability, several techniques have been investigated to over-
come this problem. These include long-wavelength meas-
urements,[28,29] time-resolved HRS[28] measurements of the
two-photon fluorescence spectrum to abstract the fluores-
cence contribution to the HRS signal,[30] and a high-fre-
quency demodulating technique to suppress the multipho-
ton fluorescence contribution to the HRS signal.[25]

A ’’low-cost’’ check for the two-photon fluorescence was
recently described,[4,5] and uses bandpass filters with peak
transmittance at different wavelengths introduced in front
of the photomultiplier of the HRS set-up. The broad fluor-
escence signal, which yields the emission maximum at λ/2
of the fundamental wavelength, is easily discerned from the
narrow second harmonic signal at λ/2.

In the course of this study the mononuclear complex 4
indicates two-photon fluorescence (Figure 7) whereas for 3
no intensity for the second harmonic signal was detected
(Table 4). For the remaining complexes 5 and 6 the first
hyperpolarizability β has been determined. The static first
hyperpolarizability β0 has been calculated by means of the
two-level model,[21] taking into account the low-energy
D2A CT transition. Nevertheless, it has to be emphasized
that the high-energy L2A CT transition will also contrib-
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ute to the first hyperpolarizability as indicated by the solva-
tochromism. The experimentally obtained first hyperpolar-
izability β and the calculated static hyperpolarizability β0

for 5 and 6 (Table 4) are comparable although slightly larger
for 5 with M9L9 5 Ru(η5-C5H5)1 which has been shown to
be the stronger electron-accepting moiety by means of
NMR spectroscopy and cyclic voltammetry studies. How-
ever, the β and βo values are not large and are comparable
with the ferrocenyl-substituted (borabenzene)cobalt com-
plex cation [CpFe{µ-(η5-C5H4)(η6-B(C5H5)}CoCp]1.[18]

Their values are difficult to discuss with respect to increas-
ing D2A interaction due to (i) the margin of error in the
determination of the first hyperpolarizability by HRS, (ii)
the fact that the SHG signal occurs in the region of consid-
erable D2A CT absorption, and (iii) the contribution of
both the L2A CT and D2A CT transition to the SHG.

Figure 7. Absorption and emission spectrum of 4

Conclusions

A series of cationic ferrocenyl-containing mono- and di-
metallic dipolar sesquifulvalene complexes [CpFe{µ-(η5-
C5H4)(η7-C7H6)M9L9]1 [M9L9 5 Cr(CO)3, none, Ru(η5-
C5H5)1, Ru(η5-C5Me5)1] were synthesized and both spec-
troscopically and structurally characterized. In these com-
plexes the metallocenyl unit acts as an electron donor and
the positively charged tropylium moiety as an electron ac-
ceptor. From the NMR spectroscopic data an increased de-
localization of the positive charge is concluded for the
ground state in the series M9L9 5 Cr(CO)3 , Ru(η5-
C5Me5)1 , Ru(η5-C5H5)1 , none. The increased delocali-
zation of the positive charge goes along with a growing con-
tribution of the cross conjugated mesomeric form B to the
bis(aromatic) mesomeric form A in the electronic ground
state (Figure 1) as confirmed by gradual structural changes:
i) the increasing bond length alternation in the five-mem-
bered ring, ii) the decreasing bending angle α between the
C5H4 plane and the bonding vector of the bond C72C8
linking the five- and seven-membered ring, and iii) the de-
creasing distance between the Fe atom of the ferrocene and
the bridge-head carbon atom C7 of the seven-membered
ring. The electronic excitation reveals two absorption bands
in the visible and near-UV region that are assigned to an
energetically low-lying D2A CT transition and an energet-
ically higher lying L2A CT transition. Both CT transitions
will contribute to the efficiency of the second harmonic
generation. However, the first hyperpolarizability β, which
is determined by HRS, is only obtained for the dinuclear
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species 5 [M9L9 5 Ru(η5-C5H5)1] and 6 [M9L9 5 Ru(η5-
C5Me5)1]. For complex 4 fluorescence was observed
whereas for 3 no SHG could be observed.

Experimental Section

Manipulations were carried out under dry nitrogen using standard
Schlenk techniques. Solvents were saturated with nitrogen. Diethyl
ether (Et2O), tetrahydrofuran (THF), n-hexane and toluene were
freshly distilled from the appropriate alkali metal or metal alloy.
Dichloromethane (CH2Cl2) and nitromethane (MeNO2) were dried
with calcium hydride. NMR: Varian Gemini 200 BB; Bruker AM
360; measured at 295 K rel. TMS. UV/Vis: Perkin2Elmer Model
554. IR: nujol mull, KBr cells, FT-IR, Perkin2Elmer Model 325.
MS: Finnigan MAT 311 A (EI-MS). Elemental analyses: CHN-O-
Rapid, Fa. Heraeus. Tropylium hexafluorophosphate (7),[31] mono-
lithioferrocene,[8] triphenylcarbenium hexafluorophosphate/tetra-
fluoroborate,[32] tricarbonyltris(propionitrile)chromium(0),[9,33] tris-
(acetonitrile)(η5-cyclopentadienyl)ruthenium(II) hexafluorophos-
phate,[34] tris(acetonitrile)(η5-pentamethylcyclopentadienyl)ruthen-
ium(II) hexafluorophosphate,[11b] tricarbonyl(η7-cyclohepta-
trienylium)chromium(0) hexafluorophosphate (8),[35] (2,4,6-cyclo-
heptatrien-1-yl)ferrocene (1), tricarbonyl[η6-1--(ferrocenyl)cy-
cloheptatriene]chromium(0) (2)[3,4] and tricarbonyl[(η7-1-(ferrocen-
yl)cycloheptatrienylium]chromium(0) hexafluorophosphate (3)[3]

were synthesized according to literature procedures.

1-(Ferrocenyl)cycloheptatrienylium Tetrafluoroborate (4BF4): A so-
lution of [Ph3C]BF4 (610 mg, 1.85 mmol) in CH2Cl2 (20 mL) was
added to a solution of 1 (510 mg, 1.85 mmol) in CH2Cl2 (20 mL)
and stirred for 30 min at room temperature. The color of the solu-
tion turned from brick-red to deep green-blue. The product precip-
itates on addition of Et2O. The crystalline material was filtered off
and recrystallized by gas-phase diffusion of Et2O into a concen-
trated solution of 4BF4 in CH2Cl2. Yield: 410 mg (61%) of black-
blue cubes. 1H NMR (CD3NO2): δ 5 8.4928.26 (m, 6 H, C7H6),
5.51 (pt, J 5 2.0 Hz, 2 H, C5H4), 5.45 (pt, J 5 2.0 Hz, 2 H, C5H4),
4.41 (s, 5 H, C5H5). 13C NMR (CD3NO2): δ 5 175.8 (C-7), 148.8
(C-3,-4), 148.1 (C-2,-5), 147.9 (C-1,-6), 84.5 [Cq(C5H4)], 81.8
(C5H4), 75.7 (C5H5), 73.4 (C5H4). IR (KBr): ν̃ 5 3100, 3060, 1498,
1443, 1383, 1272, 1084 (νB2F), 1059, 1035 cm21. C17H15BF4Fe
(362.0): calcd. C 56.41, H 4.18; found C 56.14, H 4.16.

{(Tricarbonyl)(η7-cycloheptatrienylium-1-yl)chromium(0)}ferrocene
Hexafluorophosphate (3PF6): The synthesis performed was slightly
modified according to the literature procedure.[3] Instead of
[Ph3C]BF4 the PF6 salt was used. The reaction was conducted at 0
°C. Quantities used: [η5-C5H5)Fe{µ-(η5-C5H4)(η6-C7H7)}Cr(CO)3]
(2) (150 mg, 0.36 mmol) in CH2Cl2 (20 mL), [Ph3C]PF6 (140 mg,
0.36 mmol) in CH2Cl2 (10 mL). Yield: 120 mg (61%) of blue-black
needles. 1H NMR (CD3NO2): δ 5 6.75 (m, 2 H, 2-,5-H), 6.55 (dd,
J 5 6.1, 2.9 Hz, 2 H, 3-,4-H), 6.45 (d, J 5 9.5 Hz, 2 H, 1-,6-H),
5.12 (pt, J 5 2.0 Hz, 2 H, C5H4), 4.97 (pt, J 5 2.0 Hz, 2 H, C5H4),
4.28 (s, 5 H, C5H5). 13C NMR (CD3NO2): δ 5 223.87 (CO), 133.13
(C-7), 105.59 (C-2,5), 104.71 (C-3,-4), 99.76 (C-1,-6), 81.32
[Cq(C5H4)], 75.97 (C5H4), 72.88 (C5H5), 70.82 (C5H4). IR (KBr):
ν̃ 5 3100, 2038 (νCO), 1996 (νCO), 1549, 1487, 1384, 1291, 838
(νP2F) cm21; (CH3NO2): ν̃ 5 2054 (νCO), 2014 (νCO) cm21. UV/
Vis (CH3NO2): λmax (ε) 5 395 (5280), 574 (4880) nm (21·cm21).
C20H15CrF6FeO3P (556.2): calcd.: C 43.19, H 2.72; found C 42.68,
H 2.97.



T. Meyer-Friedrichsen, C. Mecker, M. H. Prosenc, J. HeckFULL PAPER
Generel Procedure for the Preparation of the Dicationic Dinuclear
Sesquifulvalene Complexes: A solution of the monocationic tropyl-
ium compound 4 in CH2Cl2 was treated with an equimolar amount
of the appropriate (cyclopentadienyl)ruthenium salt and stirred
overnight. The precipitated product was filtered off, washed with
CH2Cl2, and recrystallized from MeNO2/Et2O.

(η5-Cyclopentadienyl)[η7-1-(ferrocenyl)cycloheptatrienylium]-
ruthenium(II) Bis(hexafluorophosphate) [5(PF6)2]: Quantities used:
[(η5-C5H5)Fe(η5-C5H42C7H6)]PF6 (4PF6) (280 mg, 0.67 mmol),
[(η5-C5H5)Ru(CH3CN)3]PF6 (290 mg, 0.67 mmol), CH2Cl2
(30 mL). Yield: 402 mg (82%) of deep blue, rhombic plates. 1H
NMR (CD3NO2): δ 5 7.60 (dd, J 5 5.4, 2.0 Hz, 2 H, 3-,4-H), 7.34
(m, 2 H, 2-,5-H), 7.27 (d, J 5 9.8 Hz, 2 H, 1-,6-H), 6.11 (s, 5 H,
C5H59), 5.47 (pt, 2 H, C5H4), 5.33 (pt, 2 H, C5H4), 4.37 (s, 5 H,
C5H5). 13C NMR (CD3NO2): δ 5 138.7 (C-7), 104.1 (C-3,-4), 102.0
(C-2,-5), 92.9 (C-1,-6), 91.3 (C5H59), 81.5 (C5H4), 81.4 [Cq(C5H4)],
75.4 (C5H5), 72.2 (C5H4). IR (KBr): ν̃ 5 3126, 1548, 1498, 1474,
1420, 1301, 1266, 834 (νP2F) cm21. UV/Vis (CH3NO2): λmax (ε) 5

614 (5270) nm (21·cm21). C22H20F12FeP2Ru (731.3): calcd. C
36.14, H 2.76; found C 35.80, H 2.76.

[η7-1-(Ferrocenyl)cycloheptatrienylium](η5-pentamethylcyclopenta-
dienyl)ruthenium(II) Bis(hexafluorophosphate) [6(PF6)2]: Quantities
used: [(η5-C5H5)Fe(η5-C5H42C7H6)]PF6 (4PF6) (160 mg,
0.38 mmol), [(η5-C5Me5)Ru(CH3CN)3]PF6 (192 mg, 0.38 mmol),
CH2Cl2 (20 mL). Yield: 213 mg (70%) of violet-blue rhombic

Table 5. Crystallographic data of [(η5-C5H5)Fe(η5-C5H4)(C7H6)]BF4 (4BF4), [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}Ru(η5-C5H5)](PF6)2

[5(PF6)2], [(η5-C5H5)Fe{µ-(η5-C5H4)(η7-C7H6)}Ru(η5-C5Me5)](PF6)2 [6(PF6)2]

4 5 6

Empirical formula C17H15BF4Fe C22H20F12FeP2Ru C28.33H34F12FeN1.33O2.83P2Ru
Formula mass 361.95 731.24 888.77
T [K] 173(2) 173(2) 173(2)
λ [pm] 71.073 71.073 71.073
Crystal system orthorhombic triclinic triclinic
Space group Pnma P1̄ P1̄
a [pm] 2175(2) 942.6(2) 1749.2(4)
b [pm] 990.0(2) 1059.2(1) 1756.9(4)
c [pm] 688.1(3) 1235.2(2) 1767.0(4)
α [°] 90 75.908(1) 90.94(3)
β [°] 90 89.32 90.99(3)
γ [°] 90 82.381(1) 91.23(3)
V [106 pm3] 1482.0(15) 1185.59(3) 5427.8(19)
Z 4 2 6
ρcalcd. [mg/m3] 1.622 2.048 1.625

µ [mm21] 1.055 1.490 0.999
F (000) 736 720 2664
Crystal size [mm3] 0.6 3 0.4 3 0.1 0.6 3 0.3 3 0.05 0.8 3 0.5 3 0.3
Scan range [°] 2.78230.10 1.70229.13 2.31227.56
Index range 21 # h # 30 212 # h # 12 0 # h # 22

213 # k # 1 214 # k # 14 222 # k # 22
21 # l # 9 216 # l # 7 223 # l # 23

Reflections measured 2293 8200 26691
Reflections unique 1773 5834 25070
Rint 0.0175 0.0358 0.0740
Parameters 131 343 1353
Reflections I . 4 σ(I) 2293 5834 20345
GoF[a] 1.061 0.971 1.058
R1/wR2 [I . 2(I)][b] 0.0496/0.1280 0.0371/0.0854 0.0792/0.2199
R1/wR2 (all data)[b] 0.0690/0.1172 0.0452/0.0884 0.0923/0.2350
Resd. min/max. [e/Å3] 20.647/0.549 21.59/1.02 21.952/1.858

[a] GoF (goodness of fit) 5 [Σw(Fo
2 2 Fc

2)2/(n 2 p)]1/2 (n 5 numbers of reflections, p 5 numbers of parameters). 2 [b] R1 5 Σ||Fo| 2
|Fc||/Σ|Fo|; wR2 5 [Σw(Fo

2 2 Fc
2)2/{Σw(Fo

2)2}]1/2.
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plates. 1H NMR (CD3NO2): δ 5 7.35 (m, 2 H, 3-,4-H), 7.10 (m, 2
H, 2-,5-H), 7.09 (d, J 5 7.3 Hz, 2 H, 1-,6-H), 5.34 (pt, 2 H, C5H4),
5.27 (pt, 2 H, C5H4), 4.36 (s, 5 H, C5H5), 1.98 (s, 15 H, C5Me5).
13C NMR (CD3NO2): δ 5 133.8 (C-7), 109.9 (C5Me5), 105.3 (C-
3,-4), 104.2 (C-2,-5), 97.8 (C-1,-6), 79.6 (C5H4), 77.6 [Cq(C5H4)],
74.1 (C5H5), 71.6 (C5H4), 10.4 (C5Me5). IR (KBr): ν̃5 3086, 2978,
1628, 1546, 1474, 1383, 1292, 1027, 837 (νP2F) cm21. UV/Vis
(CH3NO2): λmax (ε) 5 605 (4510) nm (21·cm21).
C27H30F12FeP2Ru 3 4/3(CH3NO2) 3 1/3 H2O (888.77): calcd. C
38.24, H 3.93, N 2.10; found C 37.01, H 3.89, N 2.13.

Tricarbonyl(η7-cycloheptatrienylium)chromium(0) Hexafluorophos-
phate (8PF6): The synthesis was performed with a slight modifica-
tion from the literature procedure.[35] To a solution of [(η6-
C7H8)Cr(CO)3] (190 mg, 0.8 mmol) in CH2Cl2 (10 mL), a solution
of [Ph3C]PF6 (320 mg, 0.8 mmol) in CH2Cl2 (10 mL), was added.
The reaction mixture was stirred for 30 min at room temperature.
The product was precipitated upon addition of Et2O. The crystal-
line material was filtered off and recrystallized by gas-phase dif-
fusion of Et2O into a concentrated solution of 8PF6 in MeNO2.
Yield: 210 mg (70%) of red cubes. 1H NMR (CD3NO2): δ 5 6.67
(s, C7H7). 13C NMR (CD3NO2): δ 5 221.69 (CO), 106.51 (C7H7).
IR (KBr): ν̃ 5 3092, 2067 (νCO), 2026 (νCO), 1455, 839 (νP2F) cm21;
(MeNO2): ν̃ 5 2069 (νCO), 2029 (νCO) cm21. UV/Vis (CH3NO2):
λmax (ε) 5 400 (sh) (160) nm (21·cm21). C10H7CrF6O3P (372.1):
calcd. C 32.28, H 1.90; found C 32.06, H 2.12.
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(η7-Cycloheptatrienylium)(η5-cyclopentadienyl)ruthenium(II) Bis-
(hexafluorophosphate) [9(PF6)2]: The synthesis was performed with
a slight modification from the literature[11a] (see also the prepara-
tions of 5PF6 and 6PF6). Quantities used: [C7H7]PF6 (7) (120 mg,
0.5 mmol), CH2Cl2 (20 mL), [(η5-C5H5)Ru(CH3CN)3]PF6 (220 mg,
0.5 mmol). Yield: 160 mg (80%) of a pale yellow solid. 1H NMR
(CD3NO2): δ 5 7.80 (s, 7 H, C7H7), 6.37 (s, 5 H, C5H5). 13C NMR
(CD3NO2): δ 5 107.51 (C7H7), 93.07 (C5H5). IR (KBr): ν̃ 5 3127,
3085, 2971, 1458, 1421, 832 (νP2F) cm21. C12H12F12P2Ru (547.2):
calcd. C 26.34, H 2.21; found C 26.30, H 2.55.

(η7-Cycloheptatrienylium)(η5-pentamethylcyclopentadienyl)-
ruthenium(II) Bis(hexafluorophosphate) [10(PF6)2]: The synthesis
was performed under identical conditions as for 9(PF6)2. Quantities
used: [C7H7]PF6 (7) (100 mg, 0.4 mmol), CH2Cl2 (20 mL), [(η5-
C5Me5)Ru(CH3CN)3]PF6 (200 mg, 0.4 mmol). Yield: 150 mg (80%)
of pale yellow prisms. 1H NMR (CD3NO2): δ 5 7.48 (s, 7 H,
C7H7), 2.23 (s, 15 H, C5Me5). 13C NMR (CD3NO2): δ 5 112.58
(C5Me5), 107.60 (C7H7), 10.91 (C5Me5). IR (KBr): ν̃ 5 3084, 2972,
1475, 1456, 1420, 1391, 1082, 1028, 832 (νP2F) cm21.
C17H22F12P2Ru (617.4): calcd. C 33.07, H 3.49; found C 32.82, H
3.55.

X-ray Structure Determination: Crystals of 4BF4, 5(PF6)2, and
6(PF6)2 suitable for an X-ray structure determination, were ob-
tained by gas-phase diffusion of Et2O into an MeNO2 solution of
the complex. The data were collected with four-circle diffracto-
meters [4BF4, and 6(PF6)2: Hilger and Watts, Mo-Kα, λ 5 0.71073
Å; 5(PF6)2: Siemens aix, Mo-Kα, λ 5 0.71073 Å]. The structures
were solved by direct methods (SHELXS-86) and the refinements
on F2 were carried out by full-matrix least-squares techniques
(SHELXL-93).[36] All non hydrogen atoms were refined with aniso-
tropic thermal parameters. The hydrogen atoms were refined with
a fixed isotropic thermal parameter related by a factor of 1.2 to
the value of the equivalent isotropic parameter of their carrier
atom. Weights were optimized in the final refinement cycles. In the
structure of 6, four independent molecules of CH3NO2 are present
within the asymmetric unit. The position of an additional water
molecule could be detected and was refined. An extinction coeffi-
cient correction of 0.0011 was applied. For more information see
Table 5. Crystallographic data for the structures reported in this
paper have been deposited at the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-142001 [5(PF6)2],
and -42000 [6(PF6)2]. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 4421223/3362033; E-mail:
deposit@ccdc.cam.ac.uk].

Cyclic Voltammetry: Measurements were performed in MeNO2

with 0.4  [N(nBu)4]PF6 as supporting electrolyte. An Amel 5000
system was used with a Pt wire as the working electrode and a Pt
plate (0.6 cm2) as the auxiliary electrode. The potentials were meas-
ured against Ag/Ag1 and are referenced against E1/2([Fe(C5H5)2]/
[Fe(C5H5)2]1) 5 0 V.

Hyper-Rayleigh Scattering: Hyper-Rayleigh scattering measure-
ments were performed with a pulsed Nd:YAG laser at a wavelength
of λ 5 1064 nm. For the experimental setup see ref.[24] Solutions
of the complexes in MeNO2 with concentrations in the range of
1024 to 1026  were used with p-nitroaniline as a reference
[β(MeNO2) 5 34.6·10230 esu].[37] Fluorescence checks were made
by replacing the interference filter in front of the photomultiplier
tube with filters that have transmittances at 400, 450, 500, 532, 560,
600, 650, and 700 nm.[4]
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