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Abstract. One attractive way to harvest solar energy is to use the concepts of
natural photosynthesis in an artificial system. In green plant photosynthesis, the
solar energy is transformed into usable energy in the form of reduced compounds.
The electrons come from water which is oxidized to molecular oxygen, thereby
providing the plants with a never ending supply of reducing equivalents. In
photosystem II, the photosensitizer is a chlorophyll species, P680, which is coupled
to a cluster composed of four manganese ions that catalyses the water oxidation.
We have tried to mimic this by the synthesis of a binuclear compound
[Ru(bpy)2(Mebpy-Mebpy)MnC12(H20)2]C12 built on bipyridine ligands containing a Ru(II) moiety (the photosensitizer) and a Mn(II) ion (the donor) linked via
a bridging ligand. In the complex, which is structurally defined by NMR, elemental
analysis and electrospray.mass spectroscopy, we have observed, (1) the Mn is
sufficiently close (about 13A) to interact with the Ru(II) ion, and (2) intramolecular,
photochemically induced electron transfer from Mn(II) to the photogenerated
Ru(III) moiety after a light flash in the presence of an electron acceptor. We suggest
that the synthesis, characterization and observation of intramolecular electron
transfer in this novel Ru-Mn compound is an important step towards artificial
photosynthesis.
Keywords. Artificial photosynthesis; photosystem iI; polypyridene complexes;
photochemical properties.
1.

Introduction

In the energy debate, the ever flowing solar energy emerges as the most promising
source for future sustainable production of fuel and electricity. One attractive way to
harvest solar energy is to use the concepts of natural photosynthesis in an artificial
system. One key enzyme in plant photosynthesis 1°2 is photosystem II. This large
protein complex (figure 1), which is located in the thylakoid membrane, contains
a light-absorbing antenna unit composed of several proteins binding as many as 200
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Figure 1. Comparison of the photoreactions in our artificial photosystem compound 3 (left) and the natural Photosystem II reaction center (right). The
figure is drawn to emphasize the principal similarities in the intramolecular electron transfer from a manganese moiety to the photo-oxidized electron
donor. On the left we show the photo-reactions proposed to occur in the mixed Mn(II)-L-Ru(II) compound 3 in the presence of the electron acceptor
me thyl vlologen
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(MV 2+ ,5). In step 0). the ruthenmm
and. subsequently oxndatlvely quenched by electron transfer to the
MV z÷ with t~/2 ~ lOOns. In step (ii), the resulting Ru(III) is reduced by electron transfer from the Mn(II) ion (13 A away) with tl/2 ~ 10#s. In the final,
diffusion controlled reaction, (iii), the MV ÷" radical recombines with the Mn(III) moiety to yield Mn(lI) (tl/z ~ 80 ps). On the right we show a simplified
model of the photosystem II reaction center (2). The reaction center core is composed ofa heterodimer of two proteins denoted D1 and D2 that binds most
of the redox components involved in the photosynthetic electron transfer. The central dimer is surrounded by many protein subunits (more than twenty (2))
including a number of chlorophyll binding proteins that absorb light. After the absorption of a light quantum the primary electron donor chlorophylls
P6so are excited. This results in a very rapid electron transfer to the electron acceptor complex in the reaction center (Pheophy~in, QA and Qn). The oxidized
donor, P~8o is reduced by electrons provided, via an interfacing tyrosyl residue, Tyrosinez, from the nearby manganese cluster. Ultimately, the electrons are
derived from water. The manganese cluster is drawn at its most likely, recently proposed position a few/~ (5 ~) away from the tyrosine t9'23. Its structure is
drawn according to recent models 4,s. The distance from the Tyrosinez to P6ao is about 15 A 18'2°'z3.
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chlorophyll molecules and a reaction center part where the energy of the absorbed
photons is converted into chemical energy, in a series of electron transfer events. Light
energy, that is absorbed by a chlorophyll molecule in the antenna, is transferred to the
reaction center, thereby triggering the conversion of solar energy into chemical energy.
An important part of photosystem II is a cluster of four manganese ions s- 5 which
provides electrons, one for each photo event, to the photo-oxidized primary electron
donor chlorophyll(s) P~'so- The manganese cluster (figure 1) is then able to recapture all
four electrons in one step by oxidation of two water molecules to molecular oxygen.
+
A crucial step in this process is the electron transfer from manganese to Psso which
occurs inside the photosystem II complex over a distance of 15-25/~ and is mediated
by an interfacing tyrosine sidechain (Tyrosinez, figure 1).
Every photosynthetic system, be it natural or artificial, must contain a photosensitizer capable of absorbing light and creating charge separation by electron
transfer. Furthermore, a functional artificial photosynthetic system for energy production will also have to include a donor-system, which after oxidation is able to split
water, thus supplying, endlessly, the electrons required to regenerate the photosensitizer. In the natural system, this is accomplished by the manganese cluster in
photosystem II which is very efficiently coupled to the photosensitizer P68oIn attempts to mimic crucial reactions in the natural photosynthesis, much effort has
been spent studying photochemical energy conversion 6'7 in, for example, covalently
linked molecular donor-acceptor systems 8-1 o. However, few efforts have been made to
mimic the structure and function of the electron donor side in photosystem II
containing the manganese cluster. We have now been able to mimic some essential
features of this step by preparing a binuclear ruthenium-manganese complex, in which
the ruthenium upon illumination donates an electron to an external acceptor, then
recaptures it from bound manganese via intramolecular electron transfer (figure 1).
2.

Results and discussion

Polypyridine complexes of ruthenium(II) play an important role as photo electron
donors in many model systems. On illumination, these complexes transfer electrons to
internal or external acceptors 11 - 13. Numerous such systems have been studied, where
the ruthenium compounds have been bound to electron donors and acceptors in order
to achieve efficient charge separation 8. Also, some cyclic systems have been developed,
generally using a sacrificial donor such as an amine, to reduce the photo-generated
Ru(III) ion 7. In photosystem II, this is accomplished by intramolecular electron
transfer from the manganese cluster to the oxidized chlorophyll donor P6so
÷ a4"15 (figure
1). We therefore decided to study if bimetallic ruthenium(II)-manganese(II)complexes
could be prepared, in which Ru(II) could function as the photo-active chromophore
and the Mn(II) ion as the coordinatively bound donor, providing electrons to the
Ru(IIl) ion, which is formed upon illumination.
In the synthesis, we started with the bridging ligand (L) 116, which we first reacted
with bis(bpy)ruthenium(II) chloride 17 in refluxing methanol. This resulted in compound
2 which gave the dinuclear Mn(II)-L-Ru(II) complex 3 upon treatment with manganese(II) chloride (figures 1, 2). The structures of 2 and 3 were supported by elemental
analysis, high resolution electrospray mass spectroscopy and NMR spectroscopy
(500 MHz). In complex 3, the distance between the Mn(II) and Ru(II) moieties was
estimated to approximately 13/~ for the most extended conformation by molecular
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Figure 2. Structures of the ligand 1, 1,2-bis[4-(4'-methyl-2,2'-bipyridyl)] ethane
(Mebpy-Mebpy)and the complexes2: [Ru(bpy)2(Mebpy-Mebpy)]C12,3:~Ru(bpy)2
(Mebpy-Mebpy) MnCI2(H20)2]C12 4: [Ru(bpy)3]Cl2. Rapid electron transfer
was observed in the bimetallic system Mn(II)-L-Ru(II), complex 3.
Towards artificial photosynthesis. Electron transfer from bound manganese(II) to
photogenerated ruthenium(III)." Stenbj6rn Styring~* and Bjrrn/~kermarkb*.

mechanics calculations. This should be close enough for efficient electron transfer. In
photosystem II the corresponding distances between the redox components (the Mn
cluster, Tyrosine= and P6so, figure 1) involved in the electron transfer to P6so is
10-15 ,~k18- 20'23.
We investigated whether the Mn part in complex 3 affects the photochemical
properties of the Ru(II) part of the complex. Comparison of the steady state fluorescence spectra of 3 and the related compounds 2 and 4 (figure 2) showed that the
wavelength of the emission maximum was essentially the same in all three. In contrast,
the emission was considerably quenched in 3 compared to 2 and 4 (not shown).
Furthermore, and very importantly, kinetic fluorescence measurements revealed (not
shown) that the rate constant for the excited state quenching was independent of the
concentration of 3. This shows that the quenching was the result of interaction within
the supermolecule 3. The manganese is thus, most probably, suitably positioned to
interact with the excited ruthenium, but it does not quench the fluorescencecompletely.
The question then arises if intramolecular electron transfer from Mn(II) to photogenerated Ru(III) is possible within complex 3, much in the same way as is observed for
the manganese cluster in photosystem II (figure 1)1'2"14'15. This was investigated by
flash photolysis experiments in the presence of the external electron aeceptor, methyl
viologen (MV 2 +, 5 in figure 1), comparing complexes 2, 3 and 4 (figure 3). Following
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Figure3. Transient absorption curves showing the recovery of Ru(lI) and decay of
the methyl viologen radical (MV ÷') measured by absorption at 458 nm and 600 nm
respectively after a 15 ns laser flash (2ex= 465 rim) that produced Ru(III) and the
methyl viologen radical (MV ÷') by photoinduced electron transfer (compare figure 1). The lower half of the graph shows the rapid formation of Ru(III) as
a step-wise decrease in absorption (on the time-scale presented). The Ru(II) absorption recovery is monitored for 2, trace (a), and 3, trace (b). For 3 the recovery is very
rapid and follows first order kinetics (tt/2 ~ 10/~s). For 2 the recovery is slower, yet
diffusion controlled, and follows second order kinetics with a rate constant of
5 x 109 M - is- 1. The upper half(trace c) shows the decay of the MV ÷, generated
after the laser flash, to MV 2÷ as measured by the decrease in absorption at 600 nm.
The rate of the decay is the same in the reactions with 2 and 3 and follows second
order kinetics with the rate constant 5 x 10 9 M - Is- 1. The insert in the figure shows
the same decay curves (a)-(c) at a longer time scale. Deoxygenated acetonitrile
solutions ofinitial concentrations 70/~M of Ru(II) and 10 mM of MV 2÷ were used.
The flash produced about 2 #M each of Ru(III) and MV + .
a laser flash, the oxidation of Ru(II) to Ru(III) and its subsequent recovery was
monitored. In c o m p o u n d 2, the excited state of ruthenium was rapidly quenched by
electron transfer to M V 2 ÷, generating Ru(III) and the methyl viologen radical (MV ÷')
(figure 3, traces a and c; see also ref. 21). The recovery of Ru(II) and the decay of the
MV ÷ radicals in this complex followed similar second order kinetics with rate
constants of about 5 x 109 M - l s - t (traces a and c in figure 3). This shows that the
products of the charge separation recombine on the time scale of a few hundred/~s (first
half-life tl/2 ~ 80 #s at the concentration levels obtained in the experiments). The
behavior of complex 4 was similar (not shown).
In the bimetallic Mn(II)-L-Ru(II) complex 3, on the other hand, the situation was
very different. After the flash, the MV ÷" radical was generated to the same extent as in
the experiment with 2. The MV ÷ radical also decayed at a b o u t t h e same rate as in the
experiments with 2 and 4, suggesting that it recombined with an oxidized species in 3 at
about the same rate as it does with Ru(III) in 2 and 4. However, in sharp contrast, the
reduction of Ru(III) to Ru(II) was found to be m u c h faster in 2 and 4 (tl/2 ~ 10/as for
trace b, figure 3). This means that the oxidized Ru(III) moiety in the bimetallic complex
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3 must have received an electron from a source not being MV ÷, and which is not present in
2 and 4. Analysis of the absorbance recovery traces for complex 3 (figure 3, trace b)
revealed a single exponential process with k ~ 5 x 104 s- ~ that was concentration
independent over the range examined ([complex 3] = 2 - 10 x 10 -5 M). We propose
that this process reflects intra molecular electron transfer from the Mn(II) moiety to the
oxidized Ru(III), thus regenerating Ru(II). At higher concentrations of complex 3, the
Ru(III) ion was reduced (in addition to the first order reaction) also in a second order
process of, as yet, unknown origin. It should also be mentioned that the Mn(III) species
formed in the flash experiments is expected to recombine with the MV +" radicals with
more or less the same diffusion controlled rate constant as for the Ru(III)-MV +'
recombination. This might explain why the MV ÷- decay curves were identical in the
experiments with both complex 2 and complex 3 (figure 3).
Support for our interpretation was also obtained by a combined EPR spectroscopy
and stopped-flow study of the reaction between the dinuclear complex 3 and
tris(bpy)Ru(III) hexafluorophosphate. The Mn(II) ion in complex 3 and Ru(III) in
tris(bpy)Ru(III) give rise to easily observable, characteristic EPR spectra (figure 4). In
contrast, Ru(II) and Mn(III) are EPR-silent 22. When complex 3 was mixed with an
equimolar amount of tris(bpy)Ru(III), the signals from Ru(III) and Mn(II) quickly
disappeared (figure 4A, B). This directly shows, that the potential of Ru(III) is high
enough to allow oxidation of the Mn(II) part in complex 3, i.e. this process is
thermodynamically favourable. Using visible light spectroscopy it could be shown that
the tris(bpy)Ru(II) was formed in the reaction, having the characteristic absorption and
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Figure 4. X-band EPR spectra showing the oxidation of the Mn(II) moiety in 3 (A)
and the simultaneous reduction of tris (bpy) Ru(III) (B). The EPR spectrum of
3 shows the typical 6-line EPR spectrum from Mn(II) (spectrum a in panel A) while
the EPR spectrum of tris (bpy) Ru(III) shows a spectrum typical of Ru(III)
(spectrum a in panel B). When the two compounds were mixed in equimolar
concentrations the spectrum from Mn(II) and Ru(III) disappeared on the same
timescale (to produce spectra b in panels A and B). The EPR spectra were recorded
with a Bruker ESP380 spectrometer equipped with an Oxford instruments temperature controller. The conditions for the EPR spectra were in A and B respectively,
T 293 K and 77 K; modulation amplitude 0"5mT and I'0 roT; microwave frequency
9.778 GHz and 9.50 GHz; microwave power 9"8mW.
Towards artificial photosynthesis. Electron transfer from bound manganese(II) to
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emission properties (not shown). The kinetics for the intermolecular electron transfer
was measured under stopped-flow conditions, and the bimolecular rate constant was
found to be about 1 x 10~M-ls -1. In the transient absorption measurements on
complex 3 (figure 3) at a manganese concentration corresponding to ~ 70/zM, this rate
constant would correspond to a first half life tl/2 ,~ 1.0 ms for the recovery of Ru(II).
This is approximately two orders of magnitude longer than the experimentally
observed half life (tl/2 ~ 10 ~). It is also much longer than the anticipated half life for
recovery of Ru(II) by reaction with M V +" (t xt2 ~ 80 ~ , figure 3). Therefore, these results
strongly support our proposal that Ru(III), formed upon irradiation of compound 3, is
rapidly reduced by electron transfer from bound Mn(II).
4.

Conclusions

The photoinduced events we propose in figure I emerge as a reasonable artificial model
+
for the individual electron transfer steps from manganese to Peso, the photo-oxidized
electron-donor in photosystem II. The experimental establishment of a photo-induced
rapid redox reaction between a photo-generated Ru(III) and a coordinatively bound
Mn(II) is, to the best of our knowledge, the first example of a specific photoinduced
redox interaction between these species. We are presently investigating bridging
ligands of different geometry and size, varying the distance and nature of the connecting
bridge between the ruthenium and manganese centra on the process. Hopefully, we will
thereby be able to optimize these supramolecular complexes for fast and efficient
electron transfer. However, in the natural photosystem II the catalytic entity, catalyzing the oxidation of water, is a cluster of four high-valent manganese ions, Mn(III)
or Mn(IV), held together by oxygen bridges 3- 5. We are therefore in the process
of synthetizing more complex models containing two or four manganese ions coordmatively linked to one or several ruthenium centra, which are potentially able
to work as multi-electron donors and perform the desired photooxidation of water
to oxygen.
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