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PHOTOPHYSICAL AND PHOTOCHEMICAL PROPERTIES OF THREE-
DIMENSIONAL METAL-TRIS-OXALATE NETWORK STRUCTURES

ANDREAS HAUSER®*, MARIANNE E. VON ARX
Institut fiir anorganische und physikalische Chemie, Universitéit Bern, Freiestrasse 3,
CH-3000 Bern 9, Switzerland

RENE PELLAUX, SILVIO DECURTINS
Institut fiir Anorganische Chemie der Universitit Ziirich, Winterthurerstrasse 190,
CH-8057 Ziirich, Switzerland

Abstract Chemical variation and combination of metal ions of different valencies in
the oxalate backbone as well as in the tris-bpy cation of the three-dimensional network
structures of the Eype [MIL(ox)3]){M!(bpy)3] (bpy = 2,2"-bipyridine, ox = C2042"),
MIMI(ox)3][MI(bpy)3} and [MIMIT(ox)3]{MI(bpy)3]ClO4 offer unique opportuni-
ties for studying a large variety of photophysical processes. Depending upon the
relative energies of the excited states of the chromophores, excitation energy transfer
either from the tris-bipyridine cation to the oxalate backbone or vice versa is observed,
as for instance from [Ru(bpy)3]2* as photo-sensitiser to [Cr(ox)3]3- as energy acceptor
in the combination [NaCr(ox)3][Ru(bpy)3], or from [Cr(ox)3]3- to [Cr(bpy)3]3+ in
[NaCr(ox)3][Cr(bpy)3]ClO4. In addition efficient energy migration within the oxalate
backbone is observed. Furthermore, depending upon the excited state redox potentials,
light-induced electron transfer processes may be envisaged.

INTRODUCTION

The class of chiral three-dimensional metal-tris-oxalate network structures of composi-
tions [MII3(ox)3](M!(bpy)3] and [MIMI(ox)3]{MI(bpy)3] (0x = C2042-, bpy = 2,2"
bipyridine) recently synthesised by Decurtins et al. ! have interesting structural, magnetic
and photophysical properties.2 Despite the complexity of the nuclear structure, they
crystallise in the enantiomorphic space groups P4;32/P4332 and P2;3, respectively. Each
and every metal on the oxalate backbone is coordinated by three oxalate ions, and each
and every oxalate ion acts as bridging ligand, resulting in a three-dimensional negatively
charged network with rather large cavities. The metal-tris-bipyridine cation nicely fit into
these cavities, thus actively stabilising the whole structure.

The crystallisation process is fully enantio-selective in so far as the conformations of
the metal centres on both the oxalate backbone and in the tris-bipyridine cation are of the
same chirality. This implies specific, chiral interactions between the negatively charged
backbone and the complex cation. In fact, mechanistically the latter is thought to act as
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template for the formation of the supramolecular network structure, best described as
cubic 3-connected 10-gon net.3 In the crystal lattice the molecular trigonal axis of the tris-
chelate complexes is retained.

There are basically no limits to the combination of transition metal ions which can be
incorporated into these structures, as long as the charges of those on the oxalate backbone
add up to +4 and the one on the tris-bpy cation is +2. With the incorporation of an
additional ClO4 ion, the latter may also take on a value of +3.4 Of course, the relative
stability constants of the constituting tris-chelate complexes determine which of the metal
ions end up as tris-oxalate and which one as tris-bipyridine complexes.

The magnetic properties of the above class of compounds are mainly determined by the
metal ions on the oxalate backbone. These can interact with each other via the bridging
ligands as super-exchange pathway, giving rise to magnetic phenomena such as antiferro-
and ferri- and ferromagnetism.25 For the photophysical and photochemical properties the
tris-bipyridine cation may be equally important. Indeed, the ubiquitous photosensitiser
[Ru(bpy)3]2* 6 will play a key role in the following discussion on excitation energy trans-
fer and light-induced electron transfer properties of selected combinations of metal ions.

[Ru(bpy);1[NaM(ox)3] (M = AL Cr. Co)

The compound with the photophysically inactive Na+ and Al3+ metal ions on the oxalate
backbone and [Ru(bpy)3]2* in the cavities shows the famous red luminescence attributed
to the spin-forbidden metal-ligand charge transfer (MLCT) transition of this complex
cation upon irradiation into the maximum of the corresponding IMLCT absorption band
at ~22'000 cm-! (see Fig. 1).

If A3+ is replaced by Co3+ or Cr3+, the [Ru(bpy)3}2* luminescence is either partially
(Co3+) or completely (Cr3+) quenched. In the latter case, the sharp luminescence bands
characteristic for the zero-field components of the 2E—4A transition of octahedrally
coordinated and trigonally distorted Cr3* 7 are observed at 14'400 cm-! (see Fig. 1). This
is a clear indication for very efficient energy transfer from the initially excited
[Ru(bpy)3]2* to [Cr(ox)3]3-. For such a radiationless energy transfer process to be
efficient, geometric proximity between donor and acceptor and non-negligible spectral
overlap between donor luminescence and acceptor absorption are required. Both
conditions are ideally fulfilled by the network system. Each [Ru(bpy)3]2+ complex is
surrounded by thirty [Cr(ox)3]3- chromophores within the critical distance R¢ = 19 A,
where R¢ has been estimated for dipole-dipole interaction according to Ref. 8, taking the
spectral overlap between the [Ru(bpy)3]2+ luminescence and the 4A2—4T absorption of
[Cr(ox)3]3- into account.

In the Co3+ case, the [Ru(bpy)3]2* luminescence is not completely quenched and no
additional luminescence is being observed. Since [Ru(bpy)3]2* in the excited state is
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FIGURE 1 Luminescence spectra at T = 15 K of: a) [Ru(bpy)3][NaAl(ox)3],
b) [Ru;.,Os, (bpy)31[NaAl(ox)3], x=1%, ¢) [Ru(bpy)3]1[NaCr(ox)s], Aex = 476

nm.,

sufficiently reducing to reduce [Co(ox)3]3-, the quenching is thought to be due to an
oxidative photo-electron transfer process.

Not only acceptors on the oxalate backbone may quench the [Ru(bpy)3]2* lumine-
scence. Replacing a fraction of the [Ru(bpy)3]2* chromophores by [Os(bpy)3]2+ results
in luminescence from [Os(bpy)3]2* and a quenching of the [Ru(bpy)3]2*+ luminescence,
too. Indeed the energy transfer to [Os(bpy)3]2* is even more efficient than to [Cr(ox)313-.
This is due to the higher oscillator strength of the MLCT absorption on [Os(bpy)3]2+ as
compared to the spin-allowed d-d transition on [Cr(ox)3]3-. In this system a critical
distance R of approximately 40 A is estimated.

The comparison of the total luminescence intensities and the excited state lifetimes
shown as a function of temperature for diluted [Znj.xRux(bpy)3][NaAl(ox)3] (x = 0.001)
and neat [Ru(bpy)3;][NaAl(ox)3] in Figs. 2a and b, proves that energy migration from
[Ru(bpy)3]2* to [Ru(bpy)3]2+ must take place. The concentration quenching in the neat
compound is due to energy transfer to so-called killer traps, for instance [Fe(bpy)3]2+. At
low enough temperatures, however, some of the energy is also trapped in shallow traps
consisting of slightly disturbed [Ru(bpy)3]2* chromophores at the low-energy side of the
inhomogeneous distribution, having an excited state lifetime which is approximately equal
to the lifetime in the diluted mixed crystal system. At temperatures above ~100 K thermal
detrapping occurs, resulting in a sudden drop in the observed lifetime.

All of the above processes are schematically summarised in Fig. 3.
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FIGURE 2 Total luminescence intensities (a) and lifetimes (b) as a function of T
for [Ru(bpy)31(NaAl(ox)s] and [Zn}_,Ru,(bpy)3l{NaAl(ox);], x = 0.001.
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FIGURE 3 Schematic representation of the different photophysical processes
observed in [Ru;.,Os,(bpy)3][NaAl(ox)3] and [Ru(bpy)3]{NaAl;_Cr,(0x)3].

[M(bpy)3lINaCr(ox)31CIO, (M = Cr. Rh)

In Fig. 4 the single crystal absorption spectrum of [Cr(bpy)3][NaCr(ox)3]ClO,4 at 15 K is
depicted. The molecular trigonal axis for both [Cr(bpy)3]3+ and [Cr(ox)3]3- is preserved
in the site symmetry of the crystal. Thus for [Cr(bpy)3}3+, absorption energies and zero-
field splittings similar to those observed for this chromophore in other trigonal
environments are to be expected. The same holds for [Cr(ox)3]3'. As the spectra for both
{Cr(bpy)313* 9 and [Cr(ox)313- 10 are well known, the assignment of the bands is



Downloaded by [Tomsk State University of Control Systems and Radio] at 09:57 18 February 2013

PHOTOPHYSICAL PROPERTIES OF METAL-TRIS-OXALATE [551]1/229

straightforward. The lowest energy doublet at 13720 cm-1 corresponds to the R-lines of
the 4A,—2E transition of [Cr(bpy)3]3+ with a zero-field splitting of 15 cm-!. The cor-
responding transition of [Cr(ox)3]3', too, is easily identified as the doublet of sharp lines
at 14400 cm-1. The zero-field splitting in this case is 13 cm-1. The shoulders on the low-
energy side of this doublet may be assigned to the 4A;—2T) transition of [Cr(bpy)3]3+.
The respective transition of [Cr(ox)3]3- is found between 14800 and 15200 cm-! together
with some vibrational side bands, and the 4A,—2T; transition of [Cr(ox)3]3- is found at
21120 cmrl. As is usual for the (spin-forbidden) spin-flip transitions in Cr3+ complexes,
they are all sharp, and as there is no centre of inversion in tris-chelate complexes, most of
the (electric-dipole) intensity is in the electronic origins.
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FIGURE 4  Single crystal absorption spectrum of [Cr(bpy)3] [NaCr(ox)3]ClO4 at
15 K. Inset: schematic representation of observed energy transfer processes.

When [Cr(bpy)3][NaCr(0x)3]ClOy is irradiated into the 4A—4T; band of [Cr(0x)3)3",
the expected luminescence originating from the 2E state of [Cr(ox)3]3- is almost totally
quenched. Despite the fact that [Cr(bpy);]3+ does not absorb at the irradiation
wavelength, a much stronger luminescence, clearly originating from the 2E state of
[Cr(bpy)313+, appears at lower energy. Evidently, an efficient energy transfer process
from the initially excited [Cr(ox)3]3- chromophore as donor to [Cr(bpy)3]3+ as acceptor
takes place. This is not surprising: a) the spectral overlap of the 4A,—2E band of
[Cr(ox)3]3- and the 4A;~2T band of [Cr(bpy)3]3+ allows for a resonant energy transfer
process, b) every [Cr(ox)3]3' complex is surrounded by seven [Cr(bpy)3]3+ complexes at
distances of less than 9 A.
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The luminescence spectrum of [Rh(bpy)3][NaCr(ox)3]ClO4 on the other hand shows
the expected luminescence from the 2E state of [Cr(ox)3]3'. However there is now clear
evidence for extremely efficient energy migration within the Rj-line even at liquid helium
temperatures. In a resonant fluorescence line narrowing experiment,11 it was possible to
unambiguously distinguish between a resonant process!2, that is resonant within a homo-
geneous linewidth, and the more often observed, phonon-assisted spectral diffusion!3
into the inhomogeneous distribution. At 1.8 K the former is dominant, with increasing
temperature the latter becomes more efficient.

CONCLUDING REMARKS

As the above examples show, the three-dimensional oxalate network structures are intere-
sting from a photophysical point of view. Together with the efficient energy transfer from
[Ru(bpy)3]2* to [Ru(bpy)3]2* in the concentrated systems and the possibility of photo-
electron transfer quenching by suitable donors or acceptors, this could be significant for
possible applications in heterogeneous photocatalysis.

The combination of magnetic properties2.5 and optical properties could play an impor-
tant role, for instance in the development of magneto-optical devices.
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