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The mixed-valence dimer [Mn111MnIV(p-O)2(bpy))4]3+ (1; bpy = 2,2'-dipyridyl) has been shown to disproportionate 
in aqueous H3P04. One product, [Mn1V2(p-O)2(p2-HP04)(bpy)2(H2P04)2] (2), was isolated and characterized 
earlier (Znorg. Chem. 1991,30,2833). Here a manganese(II1) product has been characterized crystallographically 
as [MnIII(bpy)(HP04)(H2P04)]x (3). 3 is a polymeric material which crystallizes in the space group Pi (No. 2) 
with a = 8.069(1) A, b = 8.672(2) A, c = 10.751(1) A, a = 109.91(2)', @ = 102.04(1)O, and y = 90.20(9)". A 
total of 1569 unique data with I 1  3(u)Z were refined to values of R and R,  of 3.9 and 4.3%, respectively. The 
Mn(II1) ions, bridged by two p2-phosphate ligands, are 4.93 A apart; each Mn(II1) atom is bridged in this manner 
to two other [MnIII(bpy)(HP04)(H2PO4)] formula units leading to a polymeric array. The aqueous chemistry of 
2 and 3 has been characterized by UV-vis and EPR spectroscopy. The electrochemistry of the (IV,IV) dimer 2 
in phosphate buffer shows that the complex decomposes on reduction to give the mixed-valence bis(p-oxo) manganese 
dimer 1. Support for the electrochemical formation of 1 from 2 in phosphate buffer was obtained from the zero 
current potential curve. The Mn(II1)-bpy phosphate (3) is found to disproportionate spontaneously to 1 and Mn(I1) 
upon dissolution in phosphate buffer; for solutions of 2 or 3 in 0.1 M H3P04 electrochemistry typical of 1 is observed. 
The temperature-dependent magnetic susceptibility shows strong antiferromagnetic coupling for the (IV,IV) dimer 
2 with J = 79 cm-l(% = JS182). The Mn(II1) complex 3 shows weak antiferromagnetic coupling, consistent with 
the long Mn-Mn distance of 4.93 A. 

The chemistry of high-valent manganese has been an area of 
intense research interest in recent years due to the involvement 
of this element in a number of important biological processes 
which utilize redox-active manganese centers. We are interested 
in the role that Mn plays in the accumulation of oxidizing 
equivalents in the water-oxidation catalyst in photosystem I1 (PS 
11); other redox bioinorganic chemistry of manganese has been 
summarized in recent reviews.1-4 

Because the manganese cluster in the oxygen evolution center 
uses water as its substrate, it is important to understand the factors 
which can lead to stabilization of high manganese oxidation states 
in aqueous media. Collins et al. have recently reported the design 
of macrocyclic tetraamide ligands which have yielded a Mn(V)- 
oxo complex; their efforts have also provided considerable insight 
into the design of oxidation resistant ligand systems.5 

We have been investigating the stabilization of high-valence 
manganese in aqueous media through binding of the oxidation- 
resistant ligand PO4> and earlier reported6 the isolation of the 
bis(p-oxo)(p-phosphate)dimanganese(IV,IV) dimer 2 from a sol- 
ution of the mixed-valence (II1,IV) dimer [(bpy)zMn(p-0)2- 
Mn(bpy)2]3+ (1) in 0.1 M H3P04. Our attention was focused on 
this disproportionation reaction because the classic 16-line EPR 
signal of 1 is absent in 0.1 M H3P04 solution; the solution is EPR 
silent with no trace of the six-line Mn(I1) EPR spectrum. Also 
intriguing was the quantitative reversibility of this reaction to 
regenerate the 16-line EPR spectrum (and visible spectrum) of 
1 upon addition of pH 4.5 bpy buffer to the 0.1 M H3P04 solution. 
This report provides a detailed study of the chemistry of this 
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systemand theisolation andcharacterization of a Mn(II1) product 
obtained from this solution. 
Experimental Methods 

[W(bpy) (Hg04) (HW,)L  (3). From the previously reported 
procedure (this preparation represents a continuation of the same 
experiment described in ref 6, footnote 14) for the isolation of 2 from 1, 
a second, pure red material could be isolated by careful collection of 
fractions from the continuing precipitation, which proceeds slowly with 
the evaporation of the solvent. Middle fractions contain a mixture of 2 
and 3. Later fractions contain pure 3; when the solution volume had 
reached -75 mL, 0.43 g (1.06 mmol) of pure 3 was isolated (45% yield 
based on preparative data given in ref 6; also it should be noted that the 
correct yield of 2 is 25% and not 12% as stated in ref 6). Anal. Calc for 
C I O H L ~ N ~ O ~ P ~ M ~ :  C, 29.72; H, 2.74; N, 6.93; P, 15.33; Mn, 13.60. 
Found: C, 29.33; H,2.85;N, 6.86;P, 14.99; Mn, 13.53. Agramequivalent 
weight of 365 was determined by iodometric titration (theoretical value 
= 404). 

A second, more direct synthesis of 3 was developed. To a solution of 
0.736 g (3.00 "01) of Mn(CH~C02)2-4H20 and 0.588 g (3.76 mmol) 
of 2,2'-bipyridine (bpy) in 300 mL of 0.1 M H3P04 was added 0.132 g 
(0.83 mmol) of KMn04 dissolved in 60 mL of water. Slow evaporation 
of this solution to =75 mL yielded 0.509 g of crystalline pink solid which 
is the monohydrate of 3 (30% yield). Anal. Calc for CloH13N209P2Mn: 
C,28.45;H, 3.10;N,6.64;P, 14.68. Found C,28.10;H, 3.26;N,6.48; 
P, 14.70. The gram equivalent weight was found by iodometric titration 
to be 400, in good agreement with the theoretical value of 422 for a 
monohydrate, 3HzO. 

Measurements. Cyclic voltammograms were recorded in solutions 
made with doubly deionized water usinga PAR 273 potentiostat. Glassy- 
carbon working electrodes were activated in 0.1 M H2SO4 by cycling 
betweenpotentialsof+1.8V(30s) and-0.2V(15s) afterpolishingwith 
a l ~ m i n a . ~  The auxiliary electrode was a Pt wire witha saturated calomel 
electrode (SSCE) reference electrode. Theconcentration of the complex 
was 1-2 mM. The solutions were buffered with 0.1 M phosphate or bpy. 
The pH was adjusted after addition of the metal complex using 0.1 M 
NaOH or 0.1 M HNO3. EPR measurements were performed as previously 
de~cribed.~ Variabletemperature magnetic susceptibility data were 
measured on finely powdered samples at the Francis Bitter National 
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Table I. Crystallographic Data for 3 

Sarneski et al. 

Y, deg v, A3 

cryst dimens, mm 
cryst dens, calcd, g/cm3 
radiation, Mo Ka, A 
abs coeff, cm-l 

tot. no. of data 
no. of obsd data I1 2 3 d n 1  

2e-, deg 

CloH11MnOsNzP2 
404.09 
triclinic 
Pi (No. 2) 
23 
8.069( 1) 
8.672(2) 
10.751(1) 
109.9 1 (2) 
102.04(1) 
90.20(9) 
689.4(4) 
2 
0.10 x 0.05 x 0.05 
1.946 
0.710 69 
11.92 
49.9 
2419 
1569 
208 
0.039 
0.043 
1.41 

Magnet Laboratory at MIT with an SHE SQUID magnetometer. These 
data were corrected for sample diamagnetism. The k w  us T data were 
fit using the program KaleidaGraph (Synergy Software, Reading, PA). 
Elemental analyses were performed by Galbraith Laboratories, Knoxville, 
TN. Visible spectra were obtained on a Perkin-Elmer Model 283 
spectrophotometer. Solid-state reflectance spectra were measured on a 
P-E lambda4 spectrometer using a Bas04 lined diffuse reflectance 
integrating sphere accessory; spectra were measured as relative reflectance 
of a 10% powdered mixture of manganese complex in silica gel us pure 
silica gel. 

Results and Discussion 
Synthesis of 3. In an earlier communication6 we described the 

disproportionation reaction of 1 in aqueous H3P04 and charac- 
terized the di-p-oxo phosphate-bridged Mn(1V) dimer, 2, that 
we isolated. Because no EPR signals were observed from a solution 
of 1 in aqueous H3P04, we postulated that a manganese(II1) 
complex was present in solution. A Mn(II1) species has now 
been isolated from this solution. The Mn(1V) dimer (2) 
precipitates first and continues coming out slowly as the solution 
volume is decreased; a number of fractions containing a mixture 
of 2 and 3 were collected before the pure solid 3 was isolated. 3 
has the empirical formula Mn(bpy)(H2FQ4)(HP04). 

Because this method is tedious and many fractions containing 
a mixture of 2 and 3 must be collected, a direct stoichiometric 
synthesis from Mn2+, Mn04-, and bpy in aqueous H3P04 was 
developed. This procedure yields pure 3, in good yield, as a 
monohydrate with no evidence of contamination by the Mn(1V) 
dimer. The infrared spectra of 3 made by these two different 
methods, i.e. hydrated and nonhydrated forms, are essentially 
identical in the region 500-1400 cm-1. Gram equivalent weights 
determined by iodometric titration for these two independent 
preparations of 3 support their formulation as Mn(II1). 

It is noteworthy that our attempts to produce the analogous 
Mn(1V) dimer (2) by similar stoichiometric synthesis have 
produced only 3 in good yield; this result is especially surprising 
since the visible spectrum of the reaction solution exhibits the 
610 nm absorbance due to 2. Interestingly, the visible spectrum 
of the solution containing the stoichiometric preparation of 3 also 
showsa weak6lOnm band, however, nodetectable2precipitates. 
These observations will be discussed in greater detail in a later 
section on electronic spectra. 

Solid-state Characterization. Structure of 3. Continued slow 
evaporation of a solution of 1 in 0.1 M H3P04, after the (IV,IV) 
dimer (2) is allowed to precipitate and is removed, yields red 
crystals suitable for X-ray analysis. Crystallographic data for 
the structure of 3 are given in Table I. An ORTEP diagram for 
themanganeserepeat unit, withselectedbondlengths,ispresented 

P O 4  

H9 

08 

7 

Figure 1. ORTEPof the formula unit in 3, [Mn1n(bpy)(HPo4)(HzP)l. 
Selected bond distances, in A: Mn-01 = 1.869(3); Mn-02 = 1.882(4); 
Mn-03 = 2.226(4); Mn-06 = 2.135(4); Mn-N1 = 2.040(4); Mn-N2 
= 2.048(4). The missing oxygen atom on each coordinated phosphate 
(equivalent to 0 1  and 02)  is found in the manganesecoordination sphere 
of an adjacent asymmetric unit to which the phosphate is bridged. 

in Figure 1. The coordination geometry of the Mn atom is 
essentially octahedral, with the expected Jahn-Teller distortion 
for Mn(II1) along the 03-Mn-06 axis. The bond distances 
between atoms in the coordination sphere of the Mn in 3 are 
typical for Mn(II1). 

The asymmetric Mn unit presented in Figure 1 is part of a 
polymeric structure which makes the full formulation of the solid 
3, [Mn(bpy)(H2P04)(HPO4)1,. One of the oxygen atomwn P2 
in Figure 1 (not shown for sake of clarity) is the equivalent of 
0 2  in the coordination sphere of the next Mn’unit in the polymer, 
with a symmetry related phosphate on Mn’ reciprocating to 
contribute 0 2  to the coordination sphere of the first Mn; the 
manganese atom depicted in Figure 1 uses an oxygen atom on 
P1 (not shown) and 0 1  (from a phosphate on a second adjacent 
Mn) to produce a similar arrangement of two bridging phosphates 
linking it to a second Mn(II1). This participation of each Mn 
atom in two separate, doubly-bridged p2-phosphate interactions 
with different Mn atoms produces the linear polymeric array 
shown in Figure 2 with stacking of the bpy rings visible in this 
chain. It is not possible to assign the positions of the three 
phosphate hydrogens per formula unit with any certainty on the 
basis of an inspection of the P-0 bond distances; however, short 
intermolecular O-.O contacts (2.54 and 2.59 A) between 
phosphate oxygens on one chain with those on an adjacent chain 
indicate hydrogen bonding between chains. The doubly-bridged 
Mn-Mn distance is 4.93 A. 

InfrpredSpectra. The Mn(1V) dimer, 2, and the Mn(II1) poly- 
mer, 3, exhibit infrared absorptions at similar frequencies; how- 
ever, significant differences can be seen. 2 exhibits a much broader 
distribution of strong peaks than 3 around 1250450 cm-1 where 
,(PO) bands are found; especially prominent are strong broad 
bands at 1200 and 950 cm-1 which are not present in the spectrum 
of 3. Since 2 has one bridging firphosphate and two terminal 
monodentate phosphates, the greater complexity in its ,(PO) 
region would be expected relative to 3 where all phosphates are 
bridging. 2 also has unique broad bands of medium intensity at 
652,628, and 601 cm-l. By analogy with other assignments in 
the literature, the band at 652 cm-l could be attributed to the 
Mn202 stretching mode? Since 3 has no p-oxo functionalities, 
the absence of such bands in this region is reasonable. 
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dimer. A previous study of the MnIv202(picolinate)4 complex10 
found an exchange coupling of 174 cm-', which was noted to be 
unusually weak for a di-p-oxo-bridged MnIV dimer;ll this small 
Jcoupling was attributed to the predominance of 0-donor ligands 
in the Mn coordination sphere in contrast to other (IV,IV) dimers 
of predominantly N donor ligands where larger J-values are 
observed. Hendrickson and co-workerslo have suggested that an 
increased number of r-bonding oxygen ligands in the picolinate 
complex increases the energy mismatch of the tzg metal d, orbitals 
and the bridging oxide p* orbitals which mediate muperexchange 
and hence decreases the antiferromagnetic exchange interaction. 
In 2, which has a Mn-Mn distance similar to that of the picolinate 
complex, the presence of both bridging and terminal phosphate 
ligands leads to a largely 0 coordination environment about each 
Mn ion and may be responsible for the anomalously weak 
antiferromagnetic coupling. 

Solutionchemistry. Electronic Spectra aadSolutionChe&try. 
Treatment of an aqueous solution of [(bpy)2~(~-0)2Mn(bpy)2]3+ 
(1) with H3P04 (pH 2.3) generates a stable green solution, 
exhibiting a weak (t = 160 M-1 cm-l) absorption at 610 nm but 
now lacking the characteristic intervalence charge transfer bands 
of 1 in the 7W900-nm region; from this solution the (IV,IV) 
dimer (2) was isolated. Since the EPR spectrum of this solution 
provides key evidence for the lack of any significant MnZ+ in this 
solution, the simplest representation of this reaction involves a 
disproportionation (based on the dimeric cluster 1) with the net 
result described in eq 1, where the identity of the Mn(II1) species 

Figure 2. Packing diagram showing the polymeric nature of 3. The 
[Mn111(bpy)(HP04)(HzP04)] formula units joined together aredepicted 
by -, which represent P-O phosphate covalent bonds. 
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Figure 3. Temperature dependence of the magnetic moments (AR) per 
dimer of Mn of 2 and 3. The data for 2 were analyzed by using the 
exchange Hamiltonian: N = JS& where S1 and Sz are the spins of 
the Mn(II1) and Mn(1V) ions, respectively. The solid line is a least- 
squares fit to the data using the following parameters: J = 79 cm-1 and 
g= 1.81 (a 3.346contaminationof2by3wasassumedinordertoreproduce 
the low-temperature data of 2). 

Magnetism. Figure 3 shows the temperature dependence from 
4.5 to 400 K of the magnetic moments (pen, units of p ~ )  for 
complexes 2 and 3. Complex 3 shows weak antiferromagnetic 
coupling of the Mn(II1) ions, consistent with the long Mm-Mn 
separation. The high-temperature magnetic moment of 3 (6.68 
p ~ )  is a further demonstration that the manganese ions are in the 
Mn(II1) oxidation state. Due to the polymeric structure of 3, we 
have not used an exchange Hamiltonian to evaluate the exchange 
coupling. 

Complex 2 also shows antiferromagnetic coupling of the 
Mn(1V) ions. An expression for hff was derived from the Van 
Vleck equation9 and from the spin-only definition of the magnetic 
moment. The solid line in Figure 3 shows the best fit using a 
nonlinear least-squares fitting procedure. The exchange coupling 
constant (79 cm-1) is unusually small for a di-p-oxo-bridged Mn*V 

in solution is left undefined. While the solid-state structure of 
3 is polymeric, we suspect that this is not the dominant Mn(II1) 
speciesin thesolution. Instead, a 1:l Mn:bpymonomerstabilized 
by phosphate coordination or a (111,111) p-oxo dimer, such as 
[Mn1112(p-O)(p-H2P04)2(bpy)2(H2P04)2] (4), analogous to the 
acetate compound that Christou has recently reported12 to be 
stable in aqueous solution, may be present. Characterization of 
the soluble Mn(II1) complex in eq 1 is complicated by the fact 
that the polymeric Mn(II1) species 3 precipitates only after 
significant concentration of the solution has occured by evapo- 
ration; this raises the phosphate concentration, from initially 0.1 
M, to 0.34.5 M at the time of precipitation. 

Since both 2 and 3 are only sparingly soluble in aqueous H3P04, 
reflectance spectra were obtained to determine the species 
responsible for the 610-nm band. The Mn(1V) dimer 2 exhibits 
the 610-nm band and also a weaker band at 750 nm in the solid 
state. The Mn(II1) solid shows a weak, broad band centered 
around 800 nm and a stronger peak at 540 nm whose tail 
contributes to some absorption at 610 nm. From this evidence 
the 610-nm peak is assigned to the Mn(IV)2 complex, 2. Indeed, 
as the (IV,IV) dimer precipitates from the original H3P04 solution 
of 1 the 610-nm absorbance of the solution decreases. 

From quantitative spectral data on a solution of 1 in 0.1 M 
H3P04 the molar absorptivity (e) of the peak at 610 nm is found 
to be 160 M-1 cm-1, with a broader band occuring at 755 nm (e 
= 60 M-l cm-l); however, this spectrum represents the combined 
absorbances of the Mn(1V) dimer 2 and the Mn(II1) species in 
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the solution. Since the EPR spectrum of this solution indicates 
that there is no Mn(I1) present in this solution, if one assumes 
that the Mn(II1) is present as a dimer, such as 4, there will be 
equal concentrations of 2 and 4 present. This simple model is 
consistent with the EPR evidence, Le., that the solution of 1 in 
0.1 M H3PO4 is EPR silent; strongly antiferromagnetically 
coupled MnIIIz and MdV2 dimers are expected to be EPR inactive, 
since the ground state will be spin-zero.13 Studies were performed 
to determine the spectra of individual components 2 and 4 in 
order to interpret the aqueous chemistry and electrochemistry in 
phosphate media. With this simpleapproach we areable to better 
understand some of the apparent spectral inconsistencies in our 
attempted stoichiometric preparations of 2 and 3 (vide supra). 

Using this model, the concentrations of 2 and 4 are half the 
original concentration of 1 in 0.1 M H3PO4, which was used to 
calculate the e610 of 160 M-1 cm-1 for 1 in 0.1 M H3P04; this 
means that [€alo]2 + [€610]4 = 320 M-1 cm-1. A solution of the 
pure(IV,IV)dimer2inO.l M H3P04, whilenotveryconcentrated, 
gives an estimated value of 260 M-l cm-l for [t610]2; therefore, 
[ealo]4 is -60 M-l cm-I. 

In a second method to determine the individual extinction 
coefficients for 2 and 4 at 610 nm, we titrated a solution of 1 in 
0.1 M H3P04witha standardKMn04solution. Withtheaddition 
of permanganate, the absorbance of the 610-nm band increases 
indicating an increase in the concentration of the (IV,IV) species 
2; however, the reaction was not a straightforward stoichiometric 
conversion of the Mn(II1) species to the Mn(1V) dimer 2. The 
reaction of 2 with KMn04 was found to be complete within 1 
min; the 6 1 0-nm absorbance was quickly measured and an aliquot 
of the solution taken for immediate, iodometric determination of 
the number of oxidizing equivalents present. In every instance, 
the total number of oxidizing equivalents measured after the 
addition of some KMn04 was considerably less than the total 
sum of the oxidizing equivalents put in solution from 1 and added 
KMn04. All the oxidizing equivalents remaining in the solution 
beyond those due to the initially added 1 were assumed to convert 
Mn(II1) (4) to the Mn(1V) dimer (2). Generally, -50% of the 
oxidizing equivalents from added KMn04 were lost. The missing 
oxidizing equivalents are presumably lost by oxidation of free 
bpy; when a KMn04 solution is added to bpy in 0.1 M H3P04, 
the purple color is quickly discharged to a colorless solution 
indicative of the formation of Mn(I1). Such oxidation of bpy in 
high-valent ruthenium complexes has been reported.14 

From the increase in the 610-nm absorbance and the corre- 
sponding number of oxidizing equivalents present after each 
addition of KMn04, we were able to assess the amounts of 2 and 
4 present in solution immediately after each addition. There are 
two different stoichiometric situations which could be applicable 
to this oxidation. If only "preformed" Mn(II1) clusters (4) can 
be converted to 2 by the KMn04 oxidant, then the KMn04 would 
be reduced to Mn(1I) as in eq 2. Because there is excess bpy in 

5Mn"', + 2MnV1'- SMn", + 2Mn" (2) 
4 2 

Sarneski et al. 

the starting solution (see eq l) ,  it is also possible for the oxidant's 
Mn to be incorporated into the (IV,IV) product by the stoichi- 
ometry in eq 3. The measured absorbances at 610 nm and the 

3Mn"', + 2MnV" - 4MnIV2 (3) 
4 '  2 

simultaneous determination of the oxidizing equivalents by 
iodometric titration after each KMn04 addition permit estimates 
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Figure 4. Pourbaix diagram of [MnlVMnlV(p-O)z(p-HPOd)- 
(bpy)z(HzPO&] (2) in 0.1 M phosphate buffer. The slope is 0.063 & 
0.01 V/pH. Inset: Cyclic voltammogram of 2 in 0.1 M phosphate buffer 
at pH 4.55 with scan rate 100 mV/s. 

of [e610]2 and [e61014 in agreement with those above and support 
eq 3 as appropriate to the reaction stoichiometry being observed. 

Using these €610 data, we can better analyze the composition 
of our solutions in the attempted stoichiometric preparations of 
2 and 3. The attempted direct synthesis of the Mn(II1) complex 
from Mn(I1) and KMn04 shows a small absorbance at 610 nm 
which corresponds to -3% of the (IV,IV) dimer in this solution. 
This is probably due to the accumulation of Mn(II1) species with 
the early additions of KMn04, which are then capable of being 
oxidized to 4 as more KMn04 is added. Stoichiometric addition 
of enough KMn04 to produce the (IVJV) dimer gives a much 
larger absorbance at 610 nm, but this solution is a complicated 
mixture of 40-50% (IV,IV) dimer and 2040% Mn(II1) with the 
remainder being Mn(I1). Because this solution composition can 
vary depending on the rate of addition of KMn04, we have not 
pursued this effect further. It is curious that the (IV,IV) dimer 
(2) can be obtained readily from a solution of 1 in H3P04, yet 
2 cannot be obtained from the attempted stoichiometric (IV,IV) 
synthesis even though significant (IV,IV) dimer is present in 
solution on the basis of the intensity of the 610-nm band. We 
believe that this inability to isolate 2 from this procedure is 
attributable to the presence of significant amounts of Mn(I1) in 
the solution from the stoichiometric synthesis. If a green solution 
of the (II1,IV) dimer 1 in H3P04, which normally precipitates 
the (IVJV) dimer 2 quickly on standing, is treated with 
Mn(C104)2, the 610-nm band is immediately decreased and no 
(IV,IV) dimer 2 precipitates on evaporation. 

Electrochemistry. The cyclic voltammogram of 2 in pH 4.55 
phosphate buffer is shown in the inset of Figure 4. This complex 
shows two distinct redox processes, one at 0.7 V and the other 
at 0.0 V. The peak at 0.0 V is broad, and it is difficult to measure 
the peak-to-peak separation or the E112 value accurately. On the 
other hand, the peak at 0.7 V is well-defined and sharp. The 
peak-to-peak separation (Up) of 110 mV indicates a quasi- 
reversible couple. The pH dependence of this wave is charac- 
terized in Figure 4. Ell2 of the complex changes linearly with 
pH; these El12 vs pH data agree well with our earlier reported 
characterization of the electrochemistry of 1.6 As pointed out in 
our earlier analysis: the slope of 0.063 f 0.010 V/pH unit is 
consistent with a coupled process involving one proton-oneelectron 
and we assigned this wave to the couple [Mdt1MnIV(p- 
0)2(bpy)4] 3+/ [Mn*I12(p-O) (p-OH) (bpyk] 3+? It is apparent from 
this data that the mixed-valence (II1,IV) phosphate-bridged 
complex analogous to 2 is not a stable entity in these phosphate 
solutions, rather 1 is favored; the reason for this is not entirely 
clear. This decomposition of 2 occurs only upon the application 
of a potential to the solution, generating [Mn1I1MnIV(r- 
O)2(bpy)4]3+ (1) and a manganese(I1) species in the electroactive 
layer. A plausible pathway for this reaction is shown in eqs 4 and 
5. Further support for the formation of 1 is given by a study of 
the zero current potential (ZCP) curve for the complex. The 
ZCP curve of 2 in pH 4.55 phosphate buffer, shown in Figure 
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5 ,  suggests that the species generated at the electrode surface is 
[Mn111MnIV(p-O)2(bpy)4]3+. The ZCP of 2 is the same as Eli2 
of the bpy dimer 1 (0.71 f 0.05 V) at that pH. Addition of pure 
[Mn1I1MnIV(p-0)2(bpy)4]3+ dimer to the solution of 2 in pH 4.5 
phosphate buffer generated no new feature in the cyclic voltam- 
mogram. On the basis of this evidence, we assign the peak at 
around 0.7 V to the (III,IV)/(III,III) couple of 1.' The peak at 
-0.0 V is assigned to a Mn(II)/Mn(III) couple on the basis of 
CV measurements of Mn(I1) in 0.1 M H3P04 at pH = 4.5. 

The electrochemistry of the Mn(II1) complex 3 was found to 
be surprisingly similar to that observed for 2. There was a quasi- 
reversible couple at -0.7 V and a broad peak -0.0 V. The 
Pourbaix diagram of 3 in phosphate buffer again shows that there 
isalinearrelationship~fE~p with pH. Theslopeof0.077 fO.O1 
V/pH (R = 0.989) clearly shows that a proton-coupled electron- 
transfer mechanism is operative. The EPR spectrum of a solution 
of 3 in 0.1 M H3P04 shows the six-line spectrum indicative of 
the presenceofcopious Mn(I1) evenbeforeanyvoltagewasapplied 
to the solution; thevisible spectrum of this solution shows a distinct 
610-nm peak attributable to the (IVJV) dimer, 2. This indicates 
that 3 is undergoing a disproportionation in solution which 
generates the (IV,IV) complex, 2. Quantitative analysis of the 
intensity of the 610-nm absorbance indicates that dispropor- 
tionation, 3 - 2 + 2Mn2+, was virtually complete in this solution 
(-0.1 mM 3).  EPR studies show that there is no appreciable 
increase in the concentration of Mn(I1) with time for this solution, 
once 3 has dissolved; this means that the disproportionation process 
is essentially instantaneous and complete as soon as the complex 
dissolves in the phosphate medium and the observed electro- 
chemistry is that of the (IV,IV) dimer 2. 

A solution of the pure Mn(II1) complex 3 in 0.1 M H3P04 
disproportionates immediately, yielding 2 and Mn( 11). However, 
the electrochemistry of 2 at a glassy-carbon electrode in 0.1 M 
H3P04 is indicative of the formation of the (II1,IV) dimer 1 in 
the electroactive layer on the application of potential. The 
conversion of 2 to 1 in the electroactive layer by reduction (eqs 
4 and 5) requires the presence of available free bpy ligand which 
concentrates on the glassy-carbon electrode surface by adsorption, 
a process known to occur on this type of electrode.16 Even though 
bpy adsorption on the glassy-carbon electrode is a problem, other 
electrodes, such as SnO2 or In203, have been shown to provide 
poorer peak resolution for the CV of such manganese clusters;16 
the glassy-carbon electrode pretreatment which permits sharp- 
ening of CV waves makes it the best choice for our studies. 

This effective increase in the concentration of bpy in the region 
of the electroactive layer mimics the conditions which occur when 
pH 4.5 bpy buffer is added to a solution of 1 in 0.1 M H3P04 
(note that this solution contains a mixture of a (IV,IV) dimer 2 
and a Mn(II1) species); upon addition of pH 4.5 bpy buffer to 
the 0.1 M H3P04 solution, the mixed-valence di-p-oxo dimer, 1, 
is quantitatively regenerated as determined from EPR and UV- 
vis spectroscopy. The electrochemical reduction of 2 causes bpy 
to be taken up from the electrode surface to generate 1; hence, 
solutions of 2 exhibit the electrochemistry of 1 plus Mn(I1). This 
chemistry demonstrates the thermodynamic stability of the 
(II1,IV) dimer 1. 

Summary. Phosphate clearly stabilizes Mn(1V) in aqueous 
solution. With aqueous acetate ion, a (II1,IV) dimer with a 
[ Mn111MnIV(p-0)2(CH&Oz)]2+ core is the most oxidized dimeric 

(16) Thorp, H. H.; Bowden, E. F.; Brudvig, G. W. J .  Electroanal. Chem. 
1990,290, 293. 
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Figure 5. Zero current potential curve for [MnIVMnIV(fi-0)2(fi- 
HFQ)(bpy)z(HzP04)2] in 0.1 M phosphate buffer at  pH 4.55. Z C P  
0.71 * 0.01 V. Scan rate: 100 mV/s. 

species that has been isolated;17 no (IV,IV) dimer containing 
bridging acetate has been isolated. From nonaqueous solutions, 
(111,111) dimers possessing the [Mn~~IMnI11(p-O)(CH3CO~)#+ 
core have been characterized.'* The facile acid-catalyzed 
disproportionation of a (II1,IV) bipy dimer (1) to produce a 
(IV,IV) dimer and some lower valence manganese species in acidic 
phosphate medium may have some relevance to the assembly of 
the Mn cluster in PS 11. It is known that protons are liberated 
during certain of the photooxidation events in the water oxidation 
cycle. These protons which are produced in the immediatevicinity 
of the water oxidation Mn catalyst help to determine the local 
pH there. Such pH alterations may help to stabilize oxidation 
equivalent buildup in PS I1 by promoting disproportionation to 
even higher valence for some Mn atoms and reduction of others 
to more photochemically active, easier to oxidize lower valent 
forms for other manganese centers. Such facile acid-catalyzed 
disproportionation seems to be fairly common in high-valent 
manganese chemistry.17J9 

Another feature of high-valent manganese chemistry that we 
see is the lability of the metal ion's coordination sphere in aqueous 
solution. While Mn(I1) is labile to substitution, the higher oxi- 
dation states are usually considered to be more inert.3 Our obser- 
vations demonstrate that the higher oxidation states of manganese 
can also be quite labile in aqueous solution. The facile quantitative 
reconversion of a solution of 2 and 3 back to 1 with the addition 
of pH 4.5 bpy buffer and the rapid disproportionation of the 
Mn(II1) complex 3 on dissolving in aqueous H3P04 to give the 
(IV,IV) dimer 2 and Mn(I1) exemplify this point. It would seem 
that electron exchange with lower-valent Mn present in solution 
helps to make the high-valent species more labile. 
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