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Abstract

Two dinuclear manganese complexes, [Mn2BPMP(l-OAc)2] �ClO4 (1, where BPMP is the anion of 2,6-bis{[N,N-di(2-pyridi-

nemethyl)amino]methyl}-4-methylphenol) and [Mn2L(l-OAc)2] �ClO4 (2, where L is the trianion of 2,6-bis{[N-(2-hydroxy-3,5-di-

tert-butylbenzyl)-N-(2-pyridinemethyl)amino]methyl}-4-methylphenol), undergo several oxidations by laser flash photolysis, using

rutheniumII-tris-bipyridine (tris(2,2-bipyridyl)dichloro-ruthenium(II) hexahydrate) as photo-sensitizer and penta-amminechloroco-

balt(III) chloride as external electron acceptor. In both complexes stepwise electron transfer was observed. In 1, four Mn-valence

states from the initial MnII;II2 to the MnIII;IV2 state are available. In 2, three oxidation steps are possible from the initial MnIII;III2 state.

The last step is accomplished in the MnIV;IV2 state, which results in a phenolate radical.

For the first time we provide firm spectral evidence for formation of the first intermediate state, MnII;III2 , in 1 during the stepwise

light-induced oxidation. Observation of Mn
II;III
2 is dependent on conditions that sustain the l-acetato bridges in the complex, i.e., by

forming MnII;III2 in dry acetonitrile, or by addition of high concentrations of acetate in aqueous solutions. We maintain that the

presence of water is necessary for the transition to higher oxidation states, e.g., MnIII;III2 and MnIII;IV2 in 1, due to a bridging ligand

exchange reaction which takes place in theMn
II;III
2 state in water solution.Water is also found to be necessary for reaching theMn

IV;IV
2

state in 2, which explains why this state was not reached by electrolysis in our earlier work (Eur. J. Inorg. Chem (2002) 2965).

In 2, the extra coordinating oxygen atoms facilitate the stabilization of higher Mn valence states than in 1, resulting in formation of

a stable Mn
IV;IV
2 without disintegration of 2. In addition, further oxidation of 2, led to the formation of a phenolate radical

(g ¼ 2:0046) due to ligand oxidation. Its spectral width (8 mT) and very fast relaxation at 15 K indicates that this radical is mag-

netically coupled to the MnIV;IV2 center.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Solar energy is an attractive energy source and great

progress has been made in converting solar energy to

electricity or heat. Our work aims at utilizing solar en-

ergy for direct fuel production, and we therefore aim to

design a molecular system for artificial photosynthesis

[1].
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Photosynthesis is the most important energy con-

verting process in the biosphere, where sunlight is cap-

tured and stored in energy rich compounds such as

carbohydrates. In oxygenic photosynthesis in cyano-

bacteria, algae and higher plants, Photosystem II (PSII)

utilizes sunlight as driving force to extract electrons

from water, which is oxidized to molecular oxygen,

thereby providing electrons for the reduction of carbon
dioxide. Water is, thereby, an inexhaustible electron

source for the biosphere, and water oxidation in PSII is

a key process in nature.

PSII is a large membrane bound protein complex

with close to 30 protein subunits [2]. When the primary

mail to: licheng.sun@organ.su.se
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donor chlorophylls P680 in the core of PSII absorb a

photon, the excited P680* rapidly ejects an electron to a

series of protein-bound electron acceptors. The formed

Pþ
680 has a strongly oxidizing redox potential of ca. +1.2

V vs. NHE [3–6], and takes an electron back from the
components of the water oxidizing complex (WOC) and

ultimately from water. The WOC consists of a tetranu-

clear manganese (Mn4) complex working in conjunction

with a redox active tyrosine residue (TyrZ), identified as

Tyr161 on the D1 protein of PSII [4,5,7,8]. The Mn4-

complex acts as a charge storing device and cycles

through a series of oxidation states, S0–S4, with S0 being

the most reduced state [4,9–12]. For each electron ejec-
ted from P680*, the WOC is oxidized one step until four

electrons have been extracted. Then, two water mole-

cules are oxidized into molecular oxygen and the Mn4-

cluster returns to S0.

The exact molecular details of both the structure and

the catalytic mechanism of the manganese complex in

PSII are still unknown. It is well established, however,

that several or all of the S-states transitions involve
oxidation of manganese [9,10,13]. There are strong in-

dications that water molecules bind terminally to one of

the Mn-ions prior to oxidation [11,14,15]. In addition,

the Mn4-complex seems to undergo structural changes

upon the transition between the S2 and S3 states [9,10].

Such structural changes may be necessary for the in-

corporation of water molecules, or involve rearrange-

ments of bridging or terminal ligands in order to
accommodate the increased charge being stored in the S-

states. The involvement of l-oxo bridges between the

Mn-ions is supported by EXAFS, but it is also highly

likely that carboxylic groups from bicarbonate or amino

acid side chains are bridging the Mn-ions in the WOC

[7,9,10,16].

We aim at mimicking the essential structural and

functional parts of the Mn4–Tyr ensemble to develop
artificial photosynthesis. We, and others [1,17–20], have

synthesized multinuclear ruthenium–manganese model

complexes as functional mimics of the WOC. In our

systems we use rutheniumII-tris-bipyridine (RuII(bpy)3)

complexes as photo-sensitizer (to mimic the function of

P680) coupled to redox active Mn-moieties that are in-

tended to mimic the Mn4-complex in PSII. We recently

demonstrated that a dinuclear Mn complex, 1 (Scheme
1), 1 either free or covalently linked to a RuII(bpy)3
complex, could be oxidized several steps from MnII;II2 to

MnIII;IV2 via light-induced electron transfer to a Ru-

center that was photo-oxidized in the presence of an

electron acceptor [20,21]. The complete reaction could

only take place in the presence of water and our hy-

pothesis was that an exchange of the bridging ligands
1 The notation 1 and 2 for the structure of the dinuclear manganese

complexes are used for all oxidation states, even if the terminal di-l-
acetato bridges are exchanged in the higher oxidation states (see text).
takes place prior to formation of the higher oxidation

states, likewise to what has been observed in similar
systems [22]. We thus demonstrated that it is possible to

mimic the electron transfer reactions in PSII.

In 1, the manganese dimer is coordinated to bpmp,

which has a well-known ligand sphere [23–25]. The two

manganese ions in 1 are bridged via a phenoxyl group

and two terminal acetate molecules. Interestingly, water

is required for obtaining the MnIII;IV2 state. From EPR

and electrochemistry, and lately also from EXAFS in-
vestigations, we have concluded that water induces a

change in the bridging mode between the Mn-ions,

which is necessary for efficient formation of the MnIII;IV2

state ([21]; A. Magnuson, H. Dau et al., in preparation).

The change in bridging mode includes a loss of one or

both acetate ligands, and the formation of one or two

new l-oxo bridges. We did not observe any formation of

higher oxidation states than MnIII;IV2 .
In an attempt to increase the similarity between our

synthetic systems and the Mn4-complex in PSII, we

constructed a novel dinuclear Mn2-complex 2, similar

to 1, but with a ligand set where two of the pyridine

groups in 1 had been exchanged for phenol groups

(Scheme 1) [26]. With its phenolate ligands and higher

O/N ratio, the electron donating properties of the li-

gand sphere increases, and it can be expected that
higher oxidation states will be more stabilized in 2

compared to 1. Electrochemical measurements of 2

showed that it is possible to accommodate up to five

separate oxidation states in this complex. In contrast

to 1, the MnIII;IV2 state can be reached in 2, also in the

absence of water [26].
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The unique property of PSII, which enables it to

oxidize water, is its capacity to generate and store four

oxidizing equivalents before oxidizing two water mole-

cules and releasing molecular oxygen. Therefore, to

create a truly bio-mimetic system for artificial photo-
synthesis and water-oxidation, the donor system (i.e.,

the manganese complex) must be able to deliver four

electrons to the photo-sensitizer.

In the present study, we have made further investi-

gations of the chemical properties of the two Mn2-

complexes 1 and 2 (Scheme 1). We examine all the

intermediates observed during photo-induced oxidation

of both 1 and 2 in the presence of RuII(bpy)3 as photo-
sensitizer and an electron acceptor. We show the EPR

spectra of the EPR observable intermediates and we are

now able to present a better resolution of the interme-

diate steps in the stepwise photo-induced oxidation of 1.

Thereby, we reinforce the ligand exchange mechanism,

which we propose is necessary for reaching higher oxi-

dation states in 1. We also demonstrate that oxidation of

2, induced by a photo-sensitizer, allows the generation
of higher oxidation states in 2 than in 1, supporting the

idea that the phenolates in 2, providing a higher O/N

ratio, stabilizes higher oxidation states. In addition, a

neutral phenol radical is formed in 2, which offers in-

teresting analogies to the WOC in PSII.
2. Experimental

2.1. Chemicals and synthesis

Penta-amminechlorocobalt(III)chloride, CoIII, was

purchased from Aldrich. RuII(bpy)3 was purchased

from Aldrich (tris(2,20-bipyridyl)dichloro-ruthenium(II)

hexahydrate), or prepared according to Sullivan and

Meyer [27]. Complex 1 in the MnII;II2 and MnII;III2 states
was synthesized according to Diril et al. [23] and mod-

ified as by Sun et al. [20], and 2 was prepared as de-

scribed in [26]. 4-Nitrobenzyl bromide (4-NBB) (99%)

was purchased from Acros. MnIII; IV2 (bpy)4O2 was syn-

thesized as in [28].
2.2. EPR spectroscopy

X-band EPR measurements were performed on a

Bruker E580 ELEXSYS spectrometer equipped with a

rectangular dual mode resonator and an Oxford In-

struments ESR 900 flow cryostat. EPR spectra were

analysed using the XEPR software package. Laser fla-

shes at 5 Hz and 532 nm (6 ns pulse width, �250 mJ/

flash) were given at room temperature from a frequency

doubled Spectra Physics DCR 3G Nd:YAG laser. The
incident laser light was adjusted with lenses to cover the

entire EPR sample volume.
For the EPR studies, 1 and RuII(bpy)3 were dissolved

in acetonitrile. A saturated CoIII-solution in buffered

water (200 mM sodium acetate buffer, pH 4.6) was ob-

tained as described in [21]. The stock solution of 1 and

RuII(bpy)3 in acetonitrile was mixed with the CoIII so-
lution to final concentrations of 1.8, 2.4 and 18 mM,

respectively. After mixing, the sample contained 10% (v/

v) acetonitrile. The solution was transferred to EPR

tubes and the samples were immediately frozen in an

ethanol/dry ice bath (T ¼ 198 K), and then transferred

to 77 K for storage before EPR examination. All sol-

vents and solutions were purged with argon before use

and kept deoxygenated throughout the experiments.
The EPR samples were prepared under dim red light to

avoid unwanted photo-reactions and care was taken to

minimize the interval between mixing and freezing of the

samples (mix-freeze time <1 min).

In the photochemical experiments, saturating laser

flashes (5 Hz repetition rate) were applied to the pre-

thawed EPR samples at room temperature. After the

designated number of flashes, the sample was frozen in
an ethanol/dry ice bath within 2 s and then quickly

transferred to liquid N2 until further use. X-band EPR

spectra were recorded before and after flash illumination

of the EPR samples.

Photochemical studies of 2 were carried out in es-

sentially the same way. Complex 2 dissolved in aceto-

nitrile was mixed with RuII(bpy)3 and saturated CoIII in

water solution to final concentrations of 1, 4 and 8 mM,
respectively. After mixing, the sample contained 50% (v/

v) acetonitrile. Further handling of the samples was

done as described for 1. The stability of 2 in water was

tested by storing 2 (at 1 mM concentration) in mixtures

of acetonitrile and water for 30 s at room-temperature

before freezing and recording of EPR spectra.

The MnII;II2 component of 1 was quantified in the

EPR spectra from comparison with a reference MnII;II2

spectrum from a known concentration of 1 in acetoni-

trile. Specifically, the peak height at 261 mT (g � 2:6)
(compare Fig. 1(a)), characteristic for MnII;II2 was used

for the quantification. The MnII;III2 component, of 1 in

the photo-chemically treated samples was quantified

from comparison with the EPR spectrum of 1 synthet-

ically prepared in the MnII;III2 state (1 mM) in neat

acetonitrile. The peak height of a series of hyperfine
lines in the 380–460 mT region, that clearly origi-

nate from MnII;III2 bpmp (see text), were used for the

quantification.

To quantify the MnIII;IV2 component of 1 and 2, that

have not been synthesized in this oxidation state, we

used MnIII;IV2 (bpy)4O2 as reference complex [28]. The

concentration of MnIII;IV2 (bpy)4O2 in acetonitrile was

determined by UV–Vis spectrophotometry, using the
extinction coefficient e ¼ 900 M�1 cm�1 at k ¼ 687 nm

[28]. The EPR signal intensity from this standard sample

(recorded at the appropriate microwave power and
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Fig. 1. EPR spectra, which demonstrate the formation and decay of intermediate redox states during photo-induced oxidation of 1 by RuII(bpy)3 in

the presence of CoIII as electron acceptor in 10% (v/v) acetonitrile in acetate buffer. (a) Spectra recorded at 12 K, 12 mWmicrowave power to enhance

the EPR signal from the MnII;II2 and MnIII;IV2 states. (b) Spectra recorded at 4 K, 159 mW microwave power to enhance the EPR signal from MnII;III2 .

The lower spectra (4 and 12 fl spectra) are multiplied by a factor of 2 to better visualize the spectral features in the MnII;III2 spectra. In both (a) and (b),

compressed spectra in the range 0–300 mT are shown on the left and expanded spectra that resolve the EPR spectra from the Mn-dimer in the 240–

420 mT range are shown on the right. The spectra in each panel were recorded in the same samples which had been exposed to 0, 4 and 12 laser

flashes. The asterisk at 261 mT in (a) shows the position of the peak from the MnII;II2 spectrum that was used to estimate the concentration of this

component. The bar indicates the peak position at 132 mT of the CoII signal formed by photo-induced reduction of CoIII. EPR settings: Frequency,

9.62 GHz; modulation frequency, 100 kHz; modulation amplitude, 1 mT.
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temperature to allow direct comparison) was then

compared to the signal intensities in selected EPR

spectra from 1 or 2 where the MnIII;IV2 signal dominates.
This occurred in the case of 1, in the spectrum of a

sample that had been exposed to 12 flashes, when the

spectrum was recorded at 12 K (see Fig. 1(a), 12 fl). In

the case of 2 this occurred after 150 flashes (Fig. 5(a),

150 fl). In those samples, the concentration of MnIII;IV2

was determined by comparison with the reference

compound. In other samples, where the spectra repre-

sented a mixture of several valence states, the concen-
tration of MnIII;IV2 was determined from the amplitudes

of selected, easily identifiable hyperfine lines (see text). It

should be pointed out that the use of a different com-

pound than 1 or 2 as reference compound can give rise

to errors due to different chemical and spectroscopic

properties of the compounds. However, any error in-

troduced should be small and is systematic for a given

compound. Thus, the trends for induction and decay of
MnIII;IV2 in the flash series (see below) will be correct and

this is very important for the mechanistic considerations

in the paper.
3. Results

3.1. Stepwise photo-oxidation of 1 in the presence of water

It was demonstrated previously [21] that photo-oxi-

dation of RuII(bpy)3 to RuIII(bpy)3 resulted in sub-

sequent oxidation of 1 from the initial MnII;II2 to the
MnIII;IV2 valence state in a stepwise fashion. The general

formulas for the photo-induced reactions are described

in reactions (1) and (2), where the step from MnRED
2 to

MnOX
2 represents oxidation of the Mn dimer one step

RuIIðbpyÞ3 þ CoIII!hm RuIIIðbpyÞ3 þ CoII ð1Þ

RuIIIðbpyÞ3 þMnRED
2 ! RuIIðbpyÞ3 þMnOX

2 ð2Þ
In our previous study we were unable to detect the

EPR spectrum from MnII;III2 as a firm evidence that

MnII;III2 is an intermediate state via which 1 undergoes

stepwise photo-induced oxidation from MnII;II2 to

MnIII;IV2 . It also seemed that MnIII;IV2 was the highest

valence state that could be reached. In the present work,
our aim was to follow the light-induced formation and

decay of intermediates during oxidation of 1 and to in-

vestigate if the MnIII;IV2 state could be further oxidized.

To manage this, all EPR spectra from all samples were

recorded under a set of recording conditions that each

highlights one or the other of the oxidation states. This

is necessary since many of the resulting EPR spectra

contain several EPR active species, which complicate the
quantitative analysis of each individual component. In

addition, the experiments were performed in acetate

buffer to modify ligand exchange equilibria, thereby

creating a situation where intermediates possibly would

be easier to detect.

Fig. 1 shows a selection of our data, where all spectra

in panel (a) were recorded at 12 K and intermediate

microwave power (12 mW), which allows quantification
of the MnII;II2 and MnIII;IV2 states. Fig. 1(b) shows spectra
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Fig. 2. Flash number dependent decrease of MnII;II2 (–d–) and for-

mation of MnII;III2 (–s–) and MnIII;IV2 (–M–) in an experiment, where 1

was exposed to a series of laser flashes in presence of RuII2 (bpy)3 and

CoIII. The experimental conditions were as in Fig. 1. The concentra-

tion of each Mn valence state was determined from EPR spectra

similar to those in Fig. 1, which were compared to EPR spectra from

samples with known concentration (see Section 2).
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from the very same samples but recorded at 4 K and

high microwave power (159 mW), which allows quan-

tification of the MnII;III2 state. In the dark, the EPR

spectrum of 1 (1.8 mM) recorded at 12 K was typical for

dimeric MnII;II2 which has wide spectral features up to
700 mT (Fig. 1(a), 0 fl) [29,30]. The amplitude of the

peak at 261 mT (g � 2:6), marked with an asterisk, was

chosen to monitor the change of MnII;II2 when the dark

sample was exposed to flashes. This MnII;II2 spectrum

was superimposed on a 6-line signal in the g � 2 regions

that arises from a small fraction of monomeric MnII (ca.

5%, �0.1 mM; similar to what has been observed earlier

[21]). The spectral features at 12 K of 1 in the MnII;II2

state arise from transitions of spin triplets and quintets

due to weak anti-ferromagnetic exchange interactions

between the two MnII ions [29,30]. These transitions

vanish at very low temperature at which the EPR inac-

tive S ¼ 0 ground state is mostly populated. Indeed, the

EPR spectrum of the dark sample recorded at 4 K is

dominated by a broad 6-line signal that stems from the

small contamination of MnII (Fig. 1(b), 0 fl). The MnII;II2

signal is seen as a weak shoulder at the left side of the

strong 6-line signal.

Following excitation by a laser flash, the excited

RuII(bpy)3 transfers one electron to CoIII. The formed

RuIII(bpy)3 then retrieves one electron from the Mn

moiety of 1 [reactions (1) and (2)]. The electron transfer

to CoIII can be monitored by the formation of CoII,

which has an EPR signal at g � 5:2 (Fig. 1(a), peak
marked with a bar at 132 mT). The CoII signal increases

when a sequence of laser flashes is applied and is present

in all EPR spectra of the flashed samples.

The oxidation of 1 leads to a decrease of the initial

MnII;II2 oxidation state with the simultaneous formation

of higher oxidation states. The selected spectra shown in

Fig. 1(a) and (b) were recorded after 4 and 12 flashes

were applied, respectively, and show how the Mn2-de-
rived EPR signals come and go. The data from the

spectra in Fig. 1 and from the same samples exposed to a

varied number of flashes are compiled in Fig. 2 that

shows the quantitative analysis of the Mn-valence state

composition during the entire flash series. After 2 fla-

shes, �40% of the MnII;II2 signal had disappeared

(Fig. 2). After 2 more flashes, another 14% of MnII;II2

disappeared (Fig. 1(a), 4 fl). The MnII;II2 signal decreased
further with the applied flashes and nearly disappeared

after the sample had been exposed to 12 flashes

(Fig. 1(a), 12 fl; 17% remaining, Fig. 2). After 4 flashes

(Fig. 1(a)), a 16-line signal centered at g � 2 appeared. It

was clearly visible, though it overlapped with the re-

maining part of MnII;II2 (�38%). The multiline signal was

about 122 mT wide with 16 well-resolved lines separated

by about 7.5 mT. These features are best viewed in the
bottom spectrum in Fig. 1(a), where the sample had

been exposed to 12 flashes and the maximal signal am-

plitude was detected. These spectral characteristics are
typical for MnIII;IV2 [31–33] and can thus be safely as-

signed to 1 in the MnIII;IV2 valence state being formed as

a result of photo-oxidation. The maximal amount of

MnIII;IV2 was �0.3 mM after 12 flashes. In essence, this

light-induced formation of MnIII;IV2 from MnII;II2 is sim-

ilar to that in our previous study [21]. The same holds
for the disappearance of the 6-line signal from MnII that

was essentially gone after ca. 10 flashes.

Fig. 1(b) shows the same samples measured at 4 K. At

this temperature the EPR spectrum of the sample that

had been exposed to 2 flashes (not shown) showed

spectral features different from the 16-hyperfine lines of

MnIII;IV2 . The new signal increased after 2 more flashes,

and the EPR spectrum of the 4-flash sample is shown in
Fig. 1(b), middle spectrum. This spectrum shows new

hyperfine lines centered at g � 2. The hyperfine line

pattern in the region 380–460 mT is quite clean from

overlapping signals and allows us to assign this signal to

the MnII;III2 oxidation state of 1 (see below). The spec-

trum is not as well resolved in the lower (<300 mT) field

region. Despite the complication of the spectral analysis,

the clearly resolved hyperfine pattern in the region be-
tween 380–460 mT (Fig. 1(b), middle and bottom) al-

lows identification of the species giving rise to the

spectrum as 1 in the MnII;III2 state. This is shown in

Fig. 3, where the spectrum from 1, chemically prepared

as MnII;III2 (Fig. 3, spectrum b), is shown together with

parts of the 4-flash spectrum from Fig. 1(b) (Fig. 3,

spectrum a). The easily recognized large hyperfine lines

from MnII;III2 are clearly the same as those found in the
4-flash spectrum (rasterized lines are identical). These

lines are ‘‘clean’’ enough to allow determination of the

concentration of the MnII;III2 present in the spectra from

the flash series. The remaining part of the spectrum is a

mix of several species (MnII, MnII;III2 and MnIII;IV2 ) and

any analysis of the MnII;III2 fraction is difficult.
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MnII and MnIII;IV2 .
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From comparison of the various EPR signals with

control samples of 1 in the different oxidation states, we

have determined the flash dependent evolution of the

MnII;II2 into the MnII;III2 state and subsequently the for-

mation and disappearance of the MnIII;IV2 state. The

results are compiled in Fig. 2. The efficiency for oxida-

tion of MnII;II2 was high after each flash. After 2 flashes
ca. 40% of MnII;II2 was oxidized, and after 10–12 flashes

ca. 80% of MnII;II2 had been oxidized. After 4 flashes the

maximum concentration of MnII;III2 , �0.15 mM, was

found in the sample. The signal from the MnII;III2 then

decreased and became undetectable after 32 flashes.

The product from oxidation of the MnII;III2 is very

likely the MnIII;III2 state. Unfortunately, when 1 is in the

MnIII;III2 valence state it has no detectable EPR signal,
neither in parallel mode nor perpendicular mode EPR.

Consequently, it cannot be followed directly. In con-

trast, it is easy to follow and quantify the next oxidation

state, MnIII;IV2 , by the appearance of the large EPR sig-

nal (see, for example, Fig. 1(a), 12-flash spectrum). The

MnIII;IV2 state was slowly built up and was maximal after

12–15 flashes (Fig. 2). After 12 flashes, it amounted to

0.32 mM, while the MnII;III2 state was 0.1 mM and
MnII;II2 was 0.34 mM. Thus, almost 60% of the initially

available 1 (1.7 mM) was present in an EPR invisible

form. It is most likely that the MnIII;III2 state is the

dominating form in the sample that had been exposed to

12 flashes.

When more light was applied, the situation again

changed in the sample and 1 was oxidized even further.
All distinguishable EPR signals fromMnII;II2 and MnII;III2

had disappeared after 32 flashes. The signal from

MnIII;IV2 also decreased and after ca. 40 flashes this signal

was below the detection limit. The light dependent dis-

appearance of the MnIII;IV2 was not accompanied by the
formation of any new EPR signals from manganese.

However, it was associated with formation of a dark

precipitate from, what was probably, MnO2. The for-

mation of the precipitate increased with the number of

applied flashes, when the MnIII;IV2 signal had started to

decline. After 12 flashes however, the sample was still

clear and contained no observable MnO2. Therefore,

MnO2 is not formed from the MnIII;IV2 valence state.
Instead it was formed from an oxidation product of

MnIII;IV2 , most probably an unstable MnIV;IV2 dimer.

After 30–40 flashes, the precipitation was substantial

and clearly visible.
3.2. Photo-oxidation of 1 in acetonitrile

In our previous studies [21] we have used CoIII as

electron acceptor. Since the reduction of CoIII to CoII is
irreversible in our chosen acceptor, the use of CoIII

prevents recombination, allowing observation of oxi-

dized Mn-states despite the low time resolution in the

freeze quench experiments. However, CoIII has to be

dissolved in water and we have been restricted to work

in solutions containing water. We have, therefore, also

tried 4-nitrobenzyl bromide (4-NBB), which is soluble in

acetonitrile, as an electron acceptor. In our experiment
we followed the photo-oxidation of 1 in the presence of

4-NBB and RuII(bpy)3 (1.30 and 5 mM, respectively, in

acetonitrile). In the dark, the typical EPR spectrum

from MnII;II2 in acetonitrile spectrum was found (not

shown, but see Fig. 3 in [21]). The oxidation of 1 to

MnII;III2 with the laser flashes was clearly observed. After

50 flashes, we obtained a maximal signal intensity of the

MnII;III2 EPR spectrum, that amounted to 1 mM of
MnII;III2 (Fig. 3(c)). This spectrum is virtually identical to

the spectrum recorded for 1 in the chemically prepared

MnII;III2 state (Fig. 3(b); see also [23]). The signal inten-

sity decreased with further flashes without any new

signal appearing. No MnIII;IV2 multiline signal could be

detected (not shown). After 200 flashes there was still

a substantial MnII;III2 signal remaining in the spectrum,

but the complex seemed to become partially destroyed
as indicated by the formation of a 6-line EPR signal

from MnII (not shown). We conclude that 1 can be

partially oxidized to MnIII;III2 but not to MnIII;IV2 in neat

acetonitrile.
3.3. Stability of 2

The initial oxidation state of 2 is MnIII;III2 which is
EPR silent [26]. However, in the presence of water a
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6-line EPR signal from MnII appears, similar to what

was earlier observed in 1 ([21], Fig. 1). It seems that

water causes destruction of 2 to some extent. How-

ever, water is important for our study since we were

interested in the role of the water in the photo-in-
duced oxidation of our complexes. Besides, it is nec-

essary to involve sufficient electron acceptor as CoIII,

which is soluble in water but insoluble in acetonitrile,

to achieve efficient electron transfer. Thus, in order to

perform the experiment there is an optimal balance

between the water content and stability of 2. We,

therefore, monitored the appearance of MnII versus

the water content in order to find optimal conditions
for photo-induced oxidation of 2 (Fig. 4). The release

of MnII, during 30 s incubation was negligible (�0.02

mM) when the water content was <20% (v/v). How-

ever, this limits the concentration of CoIII to merely

�3 mM which would not be enough to achieve effi-

cient electron transfer. We found that 50% water in

acetonitrile is a useful balance point for these pho-

tolysis experiments, where the appearance of MnII is
at �0.2 mM (20% of 2) indicating a destruction of 2

to a reasonable level. Fifty percent water also permits

the use of �8 mM CoIII that is high enough to

achieve efficient photo-induced redox reactions. It

should also be emphasized, that the appearance of

MnII was maximal after less than 30 s incubation at

room temperature. Further incubation up to ca. 5

min, which is similar to the incubation times involved
in the flash series experiments did not result in any

significant increase of the MnII signal.
Water (v/v %)
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Fig. 4. Stability of 4 in water containing acetonitrile. When 2 is dis-

solved in water this results in appearance of MnII as revealed by an

increased 6-line EPR signal. The initial concentration of 2 was 1 mM.
3.4. Photo-induced oxidation of 2

Photo-induced oxidation of 2 was carried out in es-

sentially the same way as described for 1. The initial

state of 2, MnIII;III2 , is EPR silent. However, one step
photo-oxidation of 2 resulted in the MnIII;IV2 state, which

allowed us to follow the reaction course.

Fig. 5(a) shows selected spectra recorded after dif-

ferent number of flashes applied to a sample containing

2, in the presence of RuII(bpy)3 and CoIII (1, 4 and 8

mM, respectively). The more detailed analysis on the

photo-oxidation course of 2 is shown in Fig. 5(b), where

the MnIII;IV2 concentration is plotted as a function of the
number of applied flashes. The top spectrum in Fig. 5(a)

was recorded before the sample was exposed to laser

flashes. This spectrum shows a broad MnII 6-line EPR

spectrum, which represents �0.2 mM MnII (see above).

When this sample was exposed to laser flashes, this re-

sulted in the appearance and subsequent decrease of the

MnIII;IV2 state. This is demonstrated by the EPR spectra

recorded after 50, 150 and 350 flashes (Fig. 5(a)). After
50 flashes (Fig. 5(a), spectrum 50 fl), a new multiline

signal appears. After 150 flashes this signal reached its

maximal intensity (spectrum 150 fl in Fig. 5(a)). The

signal is centered at g � 2, has a spectral width �106 mT

and consists of 23 lines separated by �12 mT in both

wings of the spectrum and 9 mT in the center part of the

spectrum. We assign our signal to the MnIII;IV2 state of 2.

We point out that also in 2, the signal from MnII

disappeared after ca. 10 flashes. At present we cannot

ascertain whether the EPR observable mono-meric MnII

still remains in the organic ligand or if it is free in the

solution. The situation is also likely to be different in 1

and 2. However, the efficient oxidation of MnII (the

signal disappears after a few flashes) suggests that a

fraction remains in the ligand.

A more detailed analysis of how the MnIII;IV2 con-
centration varied with the flash series is shown in

Fig. 5(b). The first 25 flashes resulted in formation of

0.06 mM of MnIII;IV2 . After 50 flashes, 0.09 mM

MnIII;IV2 was formed. This corresponds to 10% of the

available 2. Hundred more flashes were needed to reach

the maximum yield 0.16 mM of MnIII;IV2 . Further flashes

led to decrease of this MnIII;IV2 signal. After 350 flashes

(Fig. 5(a)), the amount of MnIII;IV2 had dropped to ca.
0.06 mM and it decreased even further with continued

flashing (Fig. 5(b)). In the spectrum recorded after 350

flashes, we could not observe any indication of degra-

dation of the Mn2-dimer nor any precipitation of MnO2

in the sample. It is also important to note that we did

not observe any new spectral features after 350 flashes,

which implies that the MnIII;IV2 state had been converted

to an EPR silent valence state.
It is interesting to speculate about the nature of

this ‘‘EPR silent’’ state. Assuming that this second oxi-

dation of 2, dominating in the sample provided with 350



Magnetic Field (mT)

250 300 350 400 450

0 fl

50 fl

150 fl

350 fl

750 fl

Flash number

0 200 400 600 800

[M
nIII

/IV
](

m
M

)

0.04

0.08

0.12

0.16

Flash number

0 200 400 600 800

R
el

at
iv

e
in

te
ns

ity
in

%
(a

.u
.)

20

40

60

80

100

(a) (b)

(c)

Fig. 5. The result of photo-induced oxidation of 2 with RuII2 (bpy)3 and CoIII in water:acetonitrile¼ 1:1. (a) Selected EPR spectra after the sample had

been exposed to 0, 50, 150, 350 and 750 laser flashes. The appearance and increase of the signal fromMnIII;IV2 is observable in the spectra after 50 and

150 flashes. The subsequent decrease of MnIII;IV2 is observed after 350 flashes. The spectrum after 750 flashes shows a radical signal that appeared after

extensive flashing. EPR settings are as in Fig. 1(a). (b) Flash number dependent build up and disappearance of the MnIII;IV2 state. (c) Formation of the

radical spectrum in the course of the photolysis experiment. The data in (b) and (c) are from the spectra shown in (a) and from other spectra recorded

in the same experiment.
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flashes, is of Mn origin, the oxidation of MnIII;IV2 would

result in formation of the MnIV;IV2 valence state. MnIV;IV2 ,

similar to MnIII;III2 , is an integral spin system and ex-

pected to be EPR silent when the manganese ions are

strongly coupled. Thus, it is very likely that further

photo-induced oxidation of MnIII;IV2 in 2 resulted in

formation of the MnIV;IV2 valence state.

To ensure that the decrease of the MnIII;IV2 signal is
photo-induced and not just a time dependent decay of

the MnIII;IV2 , an identical sample that had been exposed

to 150 flashes was annealed at room temperature for 10

min in the dark. EPR spectra recorded before and after

the annealing were compared and revealed that no sig-

nificant changes in the MnIII;IV2 signal intensity had oc-

curred (not shown). Thereby, we conclude that the

decrease of the MnIII;IV2 signal after 150 flashes was in-
deed light-induced.
3.5. Formation of a radical species

After 450–550 flashes, a new spectral feature ap-

peared that was superimposed on the remaining small

fraction of the MnIII;IV2 spectrum. The new spectrum is a

radical EPR signal, and is more clearly seen in the

spectrum after 750 flashes (Fig. 5(a)). Together with this

radical, a very small 6-line EPR signal from Mn ap-
peared in the spectrum (Fig. 5, spectrum 750 fl). The

signal is different from the MnII signal in the dark

sample and the origin of this signal is at present unclear.

The new radical EPR signal is magnified in the inset

in Fig. 6. The radical signal has g � 2:0046 and a line

width of 8 mT. The g-value is typical for a deprotonated

phenol radical [34] and indicates that the radical resides

in the ligand of 2. A microwave power saturation study
was performed to determine the relaxation characteris-
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Fig. 6. Microwave power dependence of the amplitude of the radical

signal appearing in the photo-oxidation of 2 (compare Fig. 5(a)). The

radical signal in the 750 flash sample (Fig. 5(a)) was recorded using

different microwave powers at 15 K, using 0.5 mT modulation am-

plitude. The plot shows the signal intensity versus the square root of

the applied microwave power. The points are simply connected by a

straight line. Within our available microwave power range (maximum

200 mW) the radical is not saturated to any appreciable extent. The

inset shows a magnification of the radical signal recorded at 15 K using

0.02 mW microwave power and 0.5 mT field modulation amplitude.

The microwave frequency was 9.52 GHz.
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tics of the radical. A plot of the radical intensity versus

the square root of microwave power at 15 K is shown in
Fig. 6. 2At all microwave powers up to >100 mW, the

signal intensity increases linearly with the square root of

the microwave power. Potentially it bends somewhat at

higher microwave powers but our maximal available

microwave power (200 mW in our instrument) does not

allow determination of a precise P1=2 value at 15 K.

However, it is clear that very high microwave powers are

needed to reach microwave saturation for this radical
species. This is abnormal for a radical species of organic

origin at this temperature. It reflects that the radical has

enhanced relaxation, most likely due to magnetic inter-

action between the radical and manganese. We, thus,

suggest that the very fast relaxing radical signal, ob-

servable after 500–750 flashes, is formed by ligand oxi-

dation, when one or both of the manganese ions are still

bound to the ligand.
4. Discussion

Complex 1 was earlier shown to maintain oxidation

states between MnII;II2 and MnIII;III2 in neat acetonitrile
2 P1=2 as defined in formula (1) [35], is commonly used to indicate the

relaxation properties of the spin center.

I ¼ ðI0
p
P Þ=pð1þ P=P1=2Þ;

ð1Þ

where P is the microwave power, P1=2 is the half saturation power, I

is the measured intensity and I0 is the calculated unsaturated signal

intensity.
while it was possible to reach also the MnIII;IV2 state

during photo-chemical oxidation in the presence of

water [21]. However, we could not observe any light-

induced intermediates between MnII;II2 and MnIII;IV2 , thus

leaving important steps in the reaction unresolved.
Complex 2 was found to assume all oxidation states

between MnII;III2 and MnIII;IV2 . We also had indications

that MnII;II2 and potentially MnIV;IV2 could be obtained

electrochemically [26]. However, photolysis of 2 in the

presence of water was not attempted. The present con-

tribution extends our earlier results as we now identify

intermediates in the stepwise oxidation of 1 and also

show that 2 can reach several highly oxidized states in
sequential photo-induced oxidation reactions [20,21,26].

The samples obtained during photo-induced oxida-

tion of 1 or 2 often contain Mn-dimers in several oxi-

dation states of which, some give rise to EPR spectra.

Thereby, we could follow the MnII;II2 , MnII;III2 and

MnIII;IV2 , and even further oxidized states. Complex 1 is

synthesized in the MnII;II2 state, which is an integral spin

system with a total spin of S ¼ 5. Despite this, the weak
anti-ferromagnetic coupling of the two MnII ions

(J ¼ 9:6 cm�1) results in population of the spin triplet

and quintet states at temperatures around and above 10

K, and transitions from both states contribute to the

EPR spectrum [29,30]. In the spin ladders these states lie

just above the singlet ground state and care must be

taken to select the optimal measuring temperature. We

have chosen 12 K to monitor the MnII;II2 signal. Among
the many transitions, well described in [30], the distinct

peak at 261 mT was chosen to quantify 1 in the MnII;II2

state.

MnII;III2 and MnIII;IV2 are half-integral spin systems,

with S ¼ 1=2 as the ground state. In the MnII;III2 state of

1, the Mn ions are weakly anti-ferromagnetically cou-

pled, with J ¼ �12:0 cm�1 [25]. At 4 K, the ground state

is mostly populated and gives good signal intensity,
while there is negligible contribution from MnII;II2 (see

above). At 12 K, it is easy to distinguish MnIII;IV2 from

MnII;II2 from their different spectral widths. It is more

difficult to distinguish MnII;III2 and MnIII;IV2 . In general,

the exchange coupling in dimeric MnIII;IV2 complexes is

stronger than for MnII;III2 complexes. This results in

larger separation between the spin ground state and the

first excited state. Thus, the spin ground state is still
reasonably populated even at 12 K for MnIII;IV2 , while

the lowest excited state in MnII;III2 starts to be populated

and the ground state is depopulated. To resolve the two

valence states, we followed the MnII;III2 and MnIII;IV2 EPR

signals, in spectra recorded at 4 or 12 K. The EPR signal

from MnIII;IV2 contributes to the spectra at both 4 and 12

K. However, at 4 K even the weaker lines in the MnII;III2

spectrum are large enough in the high-field wing of the
spectrum (rasterized in Fig. 3) to allow clean analysis.

In our earlier study of 1, we did not observe MnII;III2

but indirect evidence indicated that it should be formed
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with high yield. Therefore, we have now investigated the

results of the very first few flashes in the flash train (Figs.

1 and 2). We measured all samples at several tempera-

tures. We also added acetate buffer to affect ligand ex-

change reactions during the oxidation of 1. Already the
first flash resulted in significant oxidation of 1. During

the first 2–4 flashes, we could correlate the disappear-

ance of MnII;II2 and formation of MnII;III2 . After 4 flashes,

MnII;III2 had reached its peak concentration and then it

started to decline. The observation of MnII;III2 is most

likely affected by the presence of an excess of acetate

(200 mM) in the experiment and we attribute this effect

to bridging ligand modification, which will be discussed
below.

Presumably, MnII;III2 was then oxidized one step to

MnIII;III2 but finding direct evidence for this is difficult.

However, an appreciable fraction of 1 is not observed

in the EPR spectra and a quantitative calculation after

8 flashes (from Fig. 2) shows that almost 55% of 1 was

present in an EPR silent state. It is highly likely that

much of this is MnIII;III2 at least after the 2–8 initial
flashes.

The detection of MnIII;IV2 provides direct evidence for

the three step oxidation of 1. It is not impossible that an

even higher oxidation state (i.e., MnIV;IV2 ) can be formed

during continued flashing of the sample. However, this

state is transient and ends with the formation of MnO2

(MnIV), which implies that the MnIV;IV2 state is unstable

in 1.
Photo-induced oxidation of 1 in pure acetonitrile re-

sulted in a high yield of the MnII;III2 state, which indi-

cates an efficient conversion from MnII;II2 to MnII;III2 also

in the absence of water. We can, thus, conclude with

confidence that the MnII;III2 state is an intermediate in

the course of multistep photo-oxidation of 1. It also

reinforces that the redox potentials of the MnII;II2 /MnII;III2

couple are well separated from the MnII;III2 /MnIII;III2

couple, which is in agreement with the determined redox

potentials (E1=2 ¼ 0:5 and 1.06 V vs. SCE, respectively,

see [26]). In contrast to water containing solution, it was

not possible to reach MnIII;IV2 by light in neat acetoni-

trile, reflecting that this oxidation occurs at a higher

potential than available from RuIII [21].

Comparing the present study and our previous work,

it appears that the detection of MnII;III2 in 1 by EPR very
much depends on the solvent and on the presence of

acetate. From the limited data in our earlier study, we

suggested a ligand exchange model in which the acetate-

in 1 were replaced by l-oxo- or l-hydroxo-bridges in

higher oxidation states. This was tentatively proposed to

occur in the MnIII;III2 state. A recent EXAFS study

shows that the intermanganese distance of �3.4 �A in the

initial MnII;II2 state was essentially unchanged upon
electrochemical generation of MnII;III2 in neat acetoni-

trile, but was considerably shortened to �2.9 �A upon the

second oxidation to the MnIII;III2 state [A. Magnuson, H.
Dau, et al., in preparation]. An explanation for the

difference in Mn–Mn distances requires a change in

bridging mode in MnIII;III2 . However, although the

bridging mode is completely transformed in MnIII;III2 , it

may depend on changes taking place already in MnII;III2 .
We can now propose a clearer picture of why

MnII;III2 escaped detection in our earlier work. Two

combined effects can explain this. First we may simply

have overlooked MnII;III2 earlier, since it was formed in

much lower concentration (maximum ca. 50 lM,

Fig. 6 in [21]) than in our present study (ca. 0.15 mM,

Fig. 2). The reason for the observed high concentra-

tion in the present study is found in the ligand ex-
change reactions. Our earlier results indicate that a

change in bridging mode is a prerequisite for stabil-

ization of MnIII;III2 . Acetato bridges in dinuclear metal

complexes are in general easily exchanged to other

ligand molecules and this has earlier been shown to

also occur in Mn-compounds [22,36,37]. One possi-

bility is that the rapid association/dissociation equi-

librium of the acetato bridges in the presence of water
facilitates the oxidation from MnII;III2 to MnIII;III2 by

assisting the bridge modifications. Therefore, MnII;III2

may escape detection due to low steady state con-

centrations. This was the situation in our earlier study,

while in our present work the addition of acetate

‘‘locks’’ some of 1 into a MnII;III2 form which is less

readily oxidized, and consequently the total concen-

tration of MnII;III2 at any one instant is much higher.
There is another plausible explanation for our in-

ability to observe the MnII;III2 in the absence of acetate.

This involves the structural differences in the MnII;III2

state of 1 with or without l-acetato bridges, which most

likely induces differences in exchange interaction. Even

small changes in bridging mode between complex bound

metal ions are known to change the magnetic coupling,

leading to line broadening in the EPR spectrum to the
extent that it becomes hard to detect. In either case, the

circumstances for the formation of the MnII;III2 state in 1,

i.e., solvent and acetate concentration, are critical for

observing the MnII;III2 EPR signal. In this respect it is

important that the EPR spectra of MnII;III2 in water/

acetonitrile in presence of acetate and in neat acetoni-

trile are identical (Fig. 3). This provides strong evidence

that this EPR signal indeed originates from complexes
that do have the acetate ligands, i.e., prior to the pro-

posed ligand exchange reactions with water have oc-

curred (this argument was pointed out to us by one of

the referees and we gratefully acknowledge this).

Complex 2 has been synthesized with the idea that the

phenolate ligands shall stabilize higher oxidation states

than the pyridyl ligand in 1. This is vital in attempts to

manage water oxidation or to mimic the natural WOC
in PSII, which has a large set of oxygen ligands provided

mainly from carboxylic amino acid side chains on the

donor side of PSII [6].
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Here, we describe completely new results from flash-

photolysis experiments of 2 in the presence of water.

Also in this case we observed stepwise photo-induced

oxidation. The flash-dependent appearance and sub-

sequent increase of the MnIII;IV2 EPR signal is indicative
of the first oxidation step from MnIII;III2 to MnIII;IV2 .

After that, the EPR signal gradually declined without

any sign of side reactions. In analogy to the situation in

1, where the EPR invisible MnIII;III2 state was formed, we

interpret this as a second oxidation of 2 resulting in the

MnIV;IV2 state which is also EPR invisible. In contrast to

the situation in 1, the MnIV;IV2 state in 2 seems relatively

stable under our experimental conditions. Neither
MnO2 nor any free MnII formed during appreciable

times (5–10 min at room temperature) from the pre-

sumed MnIV;IV2 state. In addition, further photo-induced

oxidation led to the formation of a fast-relaxing radical

(discussed below).

At a first glance, the yield of photo-induced oxidation

of 2, viewed as the number of laser flashes needed to

accomplish one-step oxidation, seems lower than in 1.
However, to a large degree this reflects the lower con-

centration of CoIII, the electron acceptor used in the

experiments with 2 which inevitably reduces the yield of

photo-oxidation of RuII(bpy)3. To some degree, the

lower yield also reflects the higher redox potential of the

first oxidation of 2 as compared to 1 [21,26]. In our

present work, our focus was directed on driving 2 to

high valence states via photo-oxidation, which is an
important issue for mimicking the WOC in PSII.

However, an important property of 2 is that it also can

be electrochemically reduced from the synthesized

MnIII;III2 state to MnII;III2 and further to MnII;II2 [26].

Accordingly, 2 can accommodate at least five Mn-cen-

tered oxidation states from MnII;II2 to MnIV;IV2 , and po-

tentially one more oxidation involving radical formation

in the ligand.
The EPR spectra of 1 and 2 in the MnIII;IV2 state re-

veals different features in terms of spectral width and

hyperfine pattern. The EPR spectrum from MnIII;IV2 in 2

is 106 mT wide, which is significantly narrower than that

of 122 mT from 1. The hyperfine structure in the spec-

trum of 2 shows a well-resolved 23-line pattern, while a

typical 16-line hyperfine pattern is seen in 1. The hy-

perfine pattern in 1 arises due to strong anti-ferromag-
netic coupling in MnIII;IV2 which leads to an effective spin

of S ¼ 1=2. The ‘‘typical’’ 16-line pattern is observed in

most MnIII;IV2 complexes, where the spin projection of

the MnIII ion is about twice that of MnIV, as an effect of

the considerable zero-field splitting (ZFS) of MnIII [38].

This typical relationship may not hold for complex 2,

where the phenolic ligand most likely introduces a dis-

tortion, which can alter the ZFS of the MnIII ion. An-
other factor, which might have an influence on the

hyperfine pattern, is the exchange coupling between the

Mn ions. However, according to EXAFS data obtained
from 2 in the MnIII;IV2 state [A. Magnuson, H. Dau,

et al., in preparation], the complex has obtained at least

one l-oxo bridge upon oxidation, which ensures a

strong anti-ferromagnetic coupling. The exact nature of

the spin projection in MnIII relative to MnIV, or any
detailed description of the altered hyperfine coupling, is

beyond the scope of the present work.

The radical formed in 2 is interesting. It is formed late

during the photo-oxidation and from the results it seems

that it was not formed directly from the MnIII;IV2 state.

Instead, MnIII;IV2 had disappeared almost completely

before the radical had reached appreciable amplitudes

(Fig. 5). This is best seen from the relative amplitudes in
the samples where 350 or 450 flashes were given. The

signal from MnIII;IV2 then decreased to 40% and 17% of

its maximum amplitude, respectively, while the radical

signal was absent in the 350 flash sample, and reached

ca. 35% of its maximum in the 450 flash sample

(Fig. 5(b) and (c)). Therefore, we conclude that the

radical is formed by continued flash-induced oxidation

of 2 after it reached MnIV;IV2 .
What is then the nature of this radical? The obtained

g value of 2.0046 resembles well the typical g value of a

neutral phenol radical [34]. Thus, the radical probably

originates from one of three phenolates in the ligand

that normally are coordinated to the Mn ions in 2

(Scheme 1). Release of manganese is a frequent result of

excessive oxidation, e.g., by bulk electrolysis, of com-

plexes like 1 and 2 [21,26]. Since EPR is very sensitive to
MnII, the very small amplitude of this signal in the EPR

spectra of 2 containing the radical (Fig. 5, 750 fl) sug-

gests that most manganese remained coordinated to the

ligand. Consequently, the formation of a radical species

implies that the oxidation of the manganese moiety in 2

probably reached its limit, MnIV;IV2 , and that the ligand

is then accessible for oxidation by the potential gener-

ated by RuIII(+1.26 V vs. NHE).
There are two remarkable characteristics of this

radical, the broad line width (8 mT) and the very fast

relaxation (P1=2 higher than we can measure at 15 K).

Ordinarily phenol or tyrosine radicals are much nar-

rower (�1 mT) and relax much slower (P1=2 at 15 K on

the lW scale). However, phenol radicals in conjunction

with metal ions have been reported to give rise to broad

EPR signals [46]. The fast relaxation probably also re-
flects that the radical is in the vicinity of manganese still

associated to the ligand. Examples from nature are

found in PSII, which contains two redox active tyro-

sines. TyrZ is situated 7–10 �A away from the manganese

cluster in the WOC. It relaxes extremely fast [39,40] and

sometimes gives rise to fast relaxing, split or broadened

EPR signals due to interactions between the radical and

the manganese cluster [41–44]. The exact shape of the
interaction signal depends on the spin state of the

manganese cluster [42,44,45]. It is noteworthy that

similar split interaction signals between a dinuclear
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MnIII;IV2 complex and a nitronyl nitroxide (NIT) radical

have been observed in synthetic compounds also [46].

Also the other redox active tyrosine in PSII, TyrD in-

teracts magnetically with the manganese cluster [47–49].

This tyrosine is situated ca. 30 �A from the manganese
cluster and is involved in slow redox reactions in PSII.

When the manganese cluster is present, the relaxation of

the TyrD radical is much enhanced (despite the rather

long distance). The relaxation enhancement depends

heavily on the S-state, reflecting the magnetic coupling

to the manganese cluster. If the manganese cluster is

removed, the relaxation of TyrD is slower and resembles

free organic radicals. In contrast to TyrZ, TyrD has
never been reported to become broadened or split

through its magnetic interactions with the manganese

cluster, due to the long Tyr–Mn distance.

Through the above analogies with the tyrosine radi-

cals in PSII, we can conclude that our phenolic radical in

2 is broadened and fast relaxing due to magnetic inter-

action with one or more manganese ions still coordi-

nated to the ligand. Albeit being very close, the magnetic
interactions between the paramagnetic centers are not

strong enough to give rise to a split signal of the type

observed for TyrZ in PSII or in the NIT-containing Mn

complex [46]. Instead, the relatively weak coupling may

reflect the spin state of the manganese, which we have

proposed is in the MnIV;IV2 valence state. An integer spin

system such as this where the two MnIV ions are strongly

anti-ferromagnetically coupled, leading to an EPR silent
spin state, would most likely not broaden the radical as

much as an S ¼ 1=2 system due to the lack of a strong

exchange interaction.

Keeping in mind that the tyrosyl radical (Y�

Z) in PSII

plays a vital role for the catalysis of water oxidation, it is

interesting to note that 2 has the capacity to store several

oxidizing equivalents and form a neutral phenol radical

close to the metal site, in a fashion strikingly similar to
the WOC.
5. Conclusions

The multistep photo-induced oxidations of 1 and 2

resulting in oxidation states MnIII;IV2 and MnIV;IV2 in 1

and 2, respectively, mimic major aspects of the catalytic
cycle of the WOC in PSII. Formation of the MnIV;IV2

state, and one further oxidation step involving ligand

oxidation, is suggested in 2. We have also successfully

observed MnII;III2 in 1, in the presence of excessive

amounts of acetate. This suggests a modification of the

bridging mode, where one or both of the bridging ace-

tates in 1 is in equilibrium with formation of a l-oxo or

a l-hydroxo bridge. The equilibrium favors the modified
bridge in the presence of high amounts of water, and in

reverse the acetate-bridge is favored in the presence of

high concentration of acetate. We suggest that the
change in bridging mode facilitates the oxidation of the

MnII;III2 to the EPR silent MnIII;III2 state. A similar ligand

modification model is also proposed for 2, where the

MnIII;IV2 state is suggested to contain one or two l-oxo-
bridges. The fact that the Mn coordination sphere of 2
stabilizes the higher oxidation state is demonstrated by

photo-induced oxidation of 2, where MnIV;IV2 can be

obtained.
6. Abbreviations

bpmp 2,6-bis[[N ,N -di(2-pyridylmethyl)ami-

no]methyl]-4-methylphenol

bpy bipyridine

CoIII Penta-amminechlorocobalt(III) chloride

EPR electron paramagnetic resonance

EXAFS extended X-ray absorption fine structure

NHE natural hydrogen electrode

NIT nitroxide nitroxyl
P680 the primary electron donor in PSII

PSII photosystem II

RuII(bpy)3 ruthenium-tris-bipyridine

SCE saturated calomel electrode

TyrD tyrosine-D (Tyr161 on the D2 protein in

PSII)

TyrZ tyrosine-Z (Tyr161 on the D1 protein in

PSII)
WOC water oxidizing complex

ZFS zero-field splitting

4-NBB 4-Nitrobenzyl bromide
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