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Abstract 
 
The compound (bpy)2MnIII(µ-O)2MnIV(bpy)2, a structural model relevant for the 

photosynthetic water oxidation complex, was coupled to single CrVI charge-transfer 

chromophores in the channels of the nanoporous oxide AlMCM-41. Mn K-edge EXAFS 

spectroscopy confirmed that the di-µ-oxo dinuclear Mn core of the complex is unaffected 

when loaded into the nanoscale pores. Observation of the 16-line EPR signal 

characteristic of MnIII(µ-O)2MnIV demonstrates that the majority of the loaded complexes 

retained their nascent oxidation state in the presence or absence of CrVI centers.  The FT-

Raman spectrum upon visible light excitation of the CrVI-OII  CrV-OI ligand-to-metal 

charge-transfer reveals electron transfer from MnIII(µ-O)2MnIV (Mn-O stretch at 700 cm-

1) to CrVI, resulting in the formation of CrV and MnIV(µ-O)2MnIV (Mn-O stretch at 645 

cm-1). All initial and final states are directly observed by FT-Raman or EPR spectroscopy, 

and the assignments corroborated by X-ray absorption spectroscopy measurements. The 

endoergic charge separation products (∆Eo = -0.6 V) remain after several minutes, which 

points to spatial separation of CrV and MnIV(µ-O)2MnIV
 as a consequence of hole (OI) 

hopping as a major contributing mechanism. This is the first observation of visible light-

induced oxidation of a potential water oxidation complex by a metal charge-transfer 

pump in a nanoporous environment. These findings will allow for the assembly and 

photochemical characterization of well defined transition metal molecular units, with the 

ultimate goal of performing endothermic, multi-electron transformations that are coupled 

to visible light electron pumps in nanostructured scaffolds. 
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1. Introduction  

Synthetic polynuclear manganese complexes have received much attention as 

candidates for water oxidation catalysts in engineered solar to chemical conversion 

systems due to the role of Mn in the water oxidation complex of Photosystem II.1 While 

only a few dinuclear Mn complexes have been implicated in the evolution of O2 when 

chemically driven by strong oxidants in solution2,3,4 or adsorbed on high surface area 

supports such as clays4,5,6 or nanoporous silica7, the vast majority of such polynuclear Mn 

compounds have served as structural models for the natural water oxidation 

complex.8,9,10,11,12  These complexes are also useful for the study of electron transfer 

between a Mn core and an electron acceptor. Understanding the photon-driven electron 

transfer in all such systems has proven essential for the continued development of 

artificial photosynthetic systems.13,14  For Mn based systems, Magnuson et al. and 

Burdinski et al. have demonstrated photon-induced electron transfer from a dinuclear Mn 

complex to a covalently attached Ru(bpy)3; the latter functions as a charge-transfer pump 

by generating a transient RuIII upon excitation of RuII in the presence of an acceptor in 

solution.15,16,17 Synthetic manipulation of the chemical nature, the mode of attachment 

and the redox properties of the organic linkage between the Mn core and the Ru 

chromophore coupled with time-resolved optical spectroscopy of the systems has 

provided critical insights into the energetics and kinetics of sequential light-driven 

transfer of electrons out of the Mn core. In such systems, as many as three sequential 

oxidation steps are observed, with MnIIIMnIV being the highest oxidation state achieved 

for the Mn core to date.18 Knowledge of these physico-chemical properties are key for 

optimizing the efficiency for visible light-driven water oxidation catalysis.  
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Inorganic molecular photocatalytic units that are arranged and coupled on inert 

nanoporous oxide supports offer opportunities for developing artificial systems for 

sunlight to chemical energy conversion. Our approach features photocatalytic units 

consisting of a single metal center or an oxo-bridged heterobinuclear charge-transfer 

group that absorbs visible light to generate transient oxidizing (or reducing) intermediates. 

These can then be linked to multi-electron catalysts to achieve the desired reactivity. The 

photocatalytic units are covalently anchored on the surface of nanoporous silica materials, 

like MCM-41.19,20,21,22,23 Such high surface area oxide supports allow for a high density 

of reactive sites while retaining the independence of each site as unique chemical species. 

The nanostructured features also offer possibilities to arrange and couple photocatalytic 

oxidation and reduction sites in ways that instantly separate the redox products, 

minimizing back reactions. The modular nature of such a system’s polynuclear metal 

centers allows for optimization of several critical properties.  These include redox level 

matches, visible light absorption characteristics, and efficient electronic coupling. We 

believe that the flexibility of this approach will eventually allow for the development of 

integrated sunlight to fuel conversion systems where each component is coupled to 

another with minimal loss of energy or charge.  

In recent work, we demonstrated visible light-induced oxidation of water using 

iridium oxide (IrOx) nanoclusters coupled to single CrVI or TiOCrIII charge-transfer 

pumps in MCM-41 silica nanopores.21,24 While this noble metal catalyst successfully 

oxidizes water, there is an urgent need for exploring Mn or other first row transition 

metal-based water oxidation catalysts because large scale deployment of solar fuel 

conversion systems requires the use of inexpensive, abundant materials. Equally 



 5

important, from a fundamental research standpoint, is the need to gain a detailed 

understanding of photon induced charge transfer processes between catalysts and visible 

light chromophores. Polynuclear transition metal complexes, as well-characterized 

molecular units, offer spectroscopic precision into chemical and electronic states at a 

level not readily attainable with metal oxide nanocluster catalysts.   

In this paper, we report the coupling of molecular, bridging di-µ-oxo dinuclear 

Mn model catalysts, in particular (bpy)2MnIII(µ-O)2MnIV(bpy)2, to single CrVI charge-

transfer pumps loaded inside the nanopores of the silica material AlMCM-41. Visible 

light-driven transfer of electrons from the Mn core to the chromophore is demonstrated, 

with the core reaching its highest, MnIV(µ-O)2MnIV oxidation state (Figure 1). 

 

2. Results and Discussion  

In the first part of this study, we focus on the structure and integrity of di-µ-oxo 

dinuclear Mn complexes upon loading into a nanoporous support (AlMCM-41, an 

aluminum functionalized amorphous silica material with 30 Å cylindrical channels and a 

surface area of 1250 m2/g).25   This is followed by experiments demonstrating that visible 

light drives the oxidation of the Mn core when coupled to a CrVI chromophore. 

 

2.1 Characterization of (bpy)2MnIII(µ-O)2MnIV(bpy)2 Loaded into Nanoporous Solid  

 

Figure 2(I) shows the Fourier Transform (FT) of the Mn K-edge EXAFS of 

(bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded into Cr-AlMCM-41 (Cr/Si = 0.007 according to 

ICP/MS) (trace C) and plain AlMCM-41 (trace B). The loading level of the complex is 
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0.5 wt% (corresponding to a Cr:Mn2 ratio of 11:1). For comparison, the FT of crystalline 

[(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3 is included as trace A of Figure 2(I). The results of 

Mn K-edge EXAFS curve fitting for the three samples are summarized in Table 1. No 

significant differences are found for the Mn-O and Mn-N distances (first FT peak of 

Figure 2(I)) as well as the Mn-Mn distance (second FT peak) for the complex inside Cr-

AlMCM-41, AlMCM-41, or in crystalline form. Also, the coordination numbers of the 

three samples agree within uncertainties. The intense Mn-Mn FT peak of trace B and C 

clearly demonstrates that the majority of the complexes have intact di-µ-oxo Mn 

dinuclear cores inside the silica nanopores in the presence or absence of Cr centers (at 

twenty-fold higher concentration of the complex, curve fitting gives a second Mn-Mn 

distance of 2.98 Å, probably due to Mn cluster formation. Corresponding Mn K-edge 

EXAFS curve fitting results are presented in Table S1 of the Supporting Information).  

The Mn K-edge XANES spectra of loaded (bpy)2MnIII(µ-O)2MnIV(bpy)2 are similar to 

those of the reference compounds (Figure 2(II)) and changes very little between AlMCM-

41 and Cr-AlMCM-41.  One noticeable effect is the broadening of the shoulder on the 

rising edge at ~6555 eV, which has previously been assigned to a Mn to  ligand π* 

transition.26  This broadening implies that the bipyridine ligands become disordered when 

the dinuclear Mn complexes are adsorbed onto the surface, but the complex is otherwise 

intact.  EPR spectra confirm that no breakup of the dinuclear Mn  core takes place upon 

loading onto the silica support. The MnIII(µ-oxo)2MnIV oxidation state is manifested in 

the EPR spectrum by a characteristic 16-line signal, shown in Figure 3.28 This signal does 

not significantly change when the complex is loaded into nanoporous silica, as described 

in more detail below.               
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 The ability of EPR spectroscopy to detect changes in MnIII(µ-O)2MnIV structure 

on the surface allows us to determine the longer term stability of the complex loaded into 

AlMCM-41. As seen in Figure 4, we are able to observe the formation of MnII from 

MnIII(µ-O)2MnIV over time, indicated by the appearance of its characteristic 6-line EPR 

signal.  In the case of (terpy)MnIII(µ-O)2MnIV(terpy), this reaction (presumably 

disproportionation) is observable within hours of loading and is complete within a day 

when the sample is maintained under ambient conditions. When (bpy)2MnIII(µ-

O)2MnIV(bpy)2 or (phen)2MnIII(µ-O)2MnIV(phen)2 are loaded, we find that they remain 

stable for significantly longer periods of time, the formation of MnII is only observable 

after 3 weeks and is complete after 2-3 months under identical conditions. This 

remarkable stability of (bpy)2MnIII(µ-O)2MnIV(bpy)2 within AlMCM-41 enables the 

detailed study of this system.  

The FT of the Cr K-edge EXAFS  (Figure 5(I)) shows the short 1.64 Å Cr=O 

distance characteristic for tetrahedral CrVI centers anchored on the silica pore surface.21 

The Cr K-edge EXAFS curve fitting results are summarized in Table 2. The analysis 

reveals two peaks: One corresponds to the two Cr=O bonds, the other indicates a longer 

Cr-O bond around 1.9 A, 21,25 in agreement with the expected (SiO)2Cr(O)2 structure of 

the site. The absence of an additional separate peak at ~2 Å indicates that reduction of 

CrVI (to CrV) is insignificant under these conditions, 21 confirming that CrVI is the 

prevalent chromium species before and after loading of the dinuclear Mn complexes. 

This finding is consistent with Cr K-edge XANES (Figure 5(II)) which shows negligible 

effect on the intensity of the 1s-3d pre-edge peak of CrVI upon loading of the dinuclear 

Mn complex into Cr-AlMCM-41 (0.5 wt%); Figure 5(II), curve G shows the intense Cr 



 8

K-edge XANES pre-edge peak of tetrahedral CrVI centers anchored on the silica pore 

surface. The band is characteristic for tetrahedrally coordinated CrVI, but is absent for 

octahedral (centrosymmetric) CrIII shown in curve D for the case of Cr(NO3)3, typical for 

such systems.27 The Cr pre-edge peak intensity is decreased by at most 15 percent upon 

loading of the Mn complex (curve F) or bipyridyl ligand (curve E). Furthermore, no 

second nearest neighbor signal is observed in the FT of the Cr K-edge EXAFS (Figure 

5(I)), indicating that the interaction of the Cr center with the Mn complex does not give 

rise to an ordered structure as one might expect for a covalent Cr-O-Mn linkage. The 

absence of second nearest neighbor peaks also rules out the presence of Cr oxide clusters 

in the Cr-AlMCM-41 samples as these would give rise to Cr-Cr peaks. 

 While the Mn K-edge EXAFS and XANES data indicate a high degree of 

conservation of the di-µ-oxo structure of the Mn(µ-O)2Mn core upon loading of the 

complex onto the nanoporous silica support, the 16-line EPR signal allows us to evaluate 

the integrity of the MnIIIMnIV oxidation state upon loading.28 No shifts of the peak 

positions of the EPR hyperfine lines are noted for (bpy)2MnIII(µ-O)2MnIV(bpy)2 in 

solution (Figure 3, trace C), in Cr-AlMCM-41 (trace B) or AlMCM-41 (trace A). This 

confirms that no significant structural changes of the MnIIIMnIV core occur when loaded 

into the silica channels. Slight broadening of the hyperfine splitting is noted upon 

adsorption of the complex, reflecting both the increased disorder of the ligand 

environment (as observed by Mn K-edge XANES) and the increased anisotropy of the 

environment for complexes adsorbed on nanoporous surfaces.29 Also, no effect of the Cr 

centers on the MnIIIMnIV spectrum is detected. While the majority of the Cr centers in 

calcined Cr-AlMCM-41 (Cr/Si = 0.007) are CrVI, a small fraction of the centers are CrV 
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(g⊥= 1.977, g�= 1.890 in Figure 3 (inset) - the g� signal is obscured by the Mn 16-line 

signal in all other spectra).21 We have found that the CrV signal decreases linearly with 

increased loading of the dinuclear Mn complex, likely by spontaneous thermal oxidation 

of MnIIIMnIV to MnIVMnIV (Figure S1 of Supporting Information). This is corroborated 

by the blue shift of the Mn K-edge XANES of (bpy)2MnIII(µ-O)2MnIV(bpy)2 in Cr-

AlMCM-41 relative to AlMCM-41 (Figure 2(II), curves E and F); in higher oxidation 

states the Mn K-edge XANES shift to higher energy.30  The observation is in agreement 

with the strong oxidizing power of CrV in solution (Eo of  1.34 V,31 compared to 1.16 V 

for (bpy)2MnIII(µ-O)2MnIV(bpy)2
32).  Note that, by contrast, CrVI (Eo =  0.55 V31) is 

unable to spontaneously oxidize the dinuclear Mn complex to the MnIVMnIV state as seen 

in Scheme 1.  Although the true potentials of these redox active molecules on silica 

surfaces is not known, the solution measurements do allow for a correct prediction of the 

reactivity between these complexes. The presence of residual CrV at low loading levels 

also supports the idea that the dinuclear Mn complexes have limited mobility on the 

surface of AlMCM-41, as CrV would otherwise be titrated by excess MnIIIMnIV. Aside 

from this small effect of residual CrV on MnIIIMnIV upon loading, the EPR spectra show 

that the concentration of MnIIIMnIV species increases linearly with the amount of 

(bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded into the nanoporous Cr-AlMCM-41 or AlMCM-41, 

up to the maximum loading (~ 9 wt%). 
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     Scheme 1 

 

 The Mn-O stretch region of the FT-Raman spectrum allows us to simultaneously 

monitor the complex in the MnIIIMnIV and the MnIVMnIV oxidation state, in addition to 

observing possible effects of the loading on the bipyridyl ligand spectra. A comparison of 

spectra of the dinuclear Mn  complex in Cr-AlMCM-41 at 2.5 % and 5 % loading is 

presented in Figure 6. Two bands show an approximate doubling of the intensity, namely 

one around 700 cm-1 and the other at 645 cm-1. The 700 cm-1 feature is in the region 

where Mn-O modes of MnIII(µ-O)2MnIV are expected to absorb, while a band in the 640 – 

650 cm-1 range is typical for Mn-O modes of MnIV(µ-O)2MnIV.33 Based on this 

comparison to literature values, we assign the 700 cm-1 band to MnIII(µ-O)2MnIV and the 

absorption at 645 cm-1 to MnIV(µ-O)2MnIV. Note that the 700 cm-1 region is free of any 

absorption of bipyridyl (isolated or bound to Mn), while the 645 cm-1 band is overlapped 

by a broad ligand absorption (Figures S2 and S5).  Hence, this pair of Raman bands, 

along with the Mn K-edge XANES results, allows us to qualitatively follow the relative 

abundance of oxidation states for the dinuclear Mn complex. Moreover, the 893 cm-1 

band in the FT-Raman spectrum, originating from the symmetric O=CrVI=O mode, 

allows us to simultaneously monitor the concentration of the CrVI species. Aside from 

these absorptions, all other bands in the FT-Raman spectrum are due to bipyridyl ligand 



 11

absorptions. While there are small differences of the ligand spectrum of the crystalline 

Mn complex compared to the spectrum of the loaded complex, no significant effect of the 

presence of Cr on band frequencies or intensities is observed. Since the ligand is in large 

molar excess of (bpy:Mn2 = 25:1 in this system) this is to be expected. 

In summary, the spectroscopic characterization of (bpy)2MnIII(µ-O)2MnIV(bpy)2 

loaded into the channels of Cr-AlMCM-41 sieve reveals a material with the structure of 

the Mn complex completely intact and the oxidation state largely retained, and with 

almost all Cr centers in the oxidation state CrVI. The dominating driving force for 

adsorption of the Mn dimer complex into the silica nanopores are most probably 

dispersion interaction and H-bonding, especially between the bpy ligands and the 

siloxane and surface silanol groups as already evidenced by the ease of adsorption of 

free bpy ligands onto MCM-41.   

 

2.2 Light-driven Oxidation of MnIIIMnIV to MnIVMnIV by CrVI Ligand to Metal Charge 

Transfer (LMCT) Excitation 

 Upon illumination with visible light, samples of Cr-AlMCM-41 containing 1.5 

wt % (bpy)2MnIII(µ-O)2MnIV(bpy)2 were found to have undergone the redox reaction CrVI 

+ MnIIIMnIV → CrV + MnIVMnIV, which is endoergic by 0.61 V.31,32  Each reactant and 

product redox state was observed upon illumination using a combination of EPR, 

XANES, and FT-Raman spectroscopy. As seen in Figure 7(I), the FT-Raman band of 

(MnIII(µ-O)2MnIV) at 700 cm-1 decreases during illumination; spectra following 5 min 

(trace B) and 30 min (trace C) irradiation at 458 nm (170 mW) are shown - see 

Supporting Information (Figure S7) for the DRS of these materials.23 Note that the 
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features around 700 cm-1 remaining after 30 min illumination are not noise but coincide 

with bands observed when (bpy)2MnIII(µ-O)2MnIV(bpy)2 is loaded into AlMCM-41 at 

low concentration (0.5 wt% - trace D).  This shows that the MnIIIMnIV complexes 

remaining after continued illumination occupy similar sites to those preferentially 

occupied at low loading levels.  No visible light-induced depletion is observed for the 

complex in AlMCM-41 (free of Cr), as shown in Figure 7(II). This excludes the 

possibility of MnIIIMnIV depletion through light absorption by the dinuclear Mn complex 

itself. In agreement with the Raman observations, EPR spectroscopy shows a decrease in 

intensity for the 16-line signal of MnIII(µ-O)2MnIV for the complex loaded into Cr-

AlMCM-41 (Figure 8, spectra A and B), but no change for the complex loaded into 

AlMCM-41 (Figure 8, spectra C and D). We conclude that MnIII(µ-O)2MnIV in Cr-

AlMCM-41 is oxidized upon visible light excitation of the CrVI ligand-to-metal charge-

transfer (LMCT) chromophore.  

The product of this photooxidation is MnIV(µ-O)2MnIV, as indicated by the 

increase of the band at 645 cm-1 in the FT-Raman spectrum.33 While bpy ligand bands 

also absorb in this region (see Figures S2 and S5 in Supporting Information), the increase 

in intensity upon illumination only occurs when both CrVI and MnIII(µ-O)2MnIV are 

present. Assignment of the photoproduct to MnIV(µ-O)2MnIV is also supported by the 

observation that, upon disappearance of MnIII(µ-O)2MnIV, no other EPR active Mn signal 

is observed. In particular, no MnII, a known disproportionation product of this type of 

complex30 with its characteristic 6-line signal (Figure 4C), is formed. Since MnIV(µ-

O)2MnIV is EPR silent, the absence of additional Mn signals upon illumination is 

consistent with the formation of MnIV(µ-O)2MnIV. Furthermore, X-ray absorption spectra 
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of samples of the dinuclear Mn complex on Cr-AlMCM-41 recorded before and after 

illumination exhibit an ~  1 eV shift of the Mn K-edge XANES 2nd derivative zero 

crossing point to higher energy (Figure 9(I)), which is characteristic for oxidation of the 

Mn center.26  

 The decrease of the CrVI Raman mode at 895 cm-1, assigned to the symmetric 

Cr=O mode of tetrahedral CrVI,20 upon 458 nm irradiation (Figure 7(I)) and concurrent 

growth of the g⊥ = 1.977 EPR signal of CrV (Figure 8B) confirms that photooxidation of 

MnIII(µ-O)2MnIV to MnIV (µ-O)2MnIV is accompanied by the reduction of CrVI to CrV (see 

Scheme 1). The corresponding bands are absent when conducting the illumination with 

dinuclear Mn complexes loaded into AlMCM-41 (Figure 7(II) and Figure 8D). The 

reduction of the Cr centers is further confirmed by red shift of ~1 eV in the Cr K-edge 

XANES 2nd derivative zero crossing point,27 as shown in Figure 9(II)). We conclude that 

photo-excitation of CrVI-O LMCT induces electron transfer from MnIII(µ-O)2MnIV to CrVI, 

resulting in the formation of  MnIV(µ-O)2MnIV and CrV.  

Based on the number of photons absorbed by CrVI LMCT at 458 nm and the 

number of MnIII(µ-O)2MnIV complexes converted to MnIV(µ-O)2MnIV as determined by 

the decrease in the intensity of the 16-line EPR signal, a quantum efficiency of 10 percent 

was estimated for the light-induced electron transfer (this constitutes a lower limit 

because it is assumed that each CrVI center in the silica material contributes to photon-

induced electron transfer, which may not be the case). The estimate shows that the uphill 

electron transfer CrVI + Mn2
III,IV → CrV + Mn2

IV,IV with ∆Eo = - 0.61 V31,32 results in a 

substantial fraction of the charge separated products surviving on the time scale of 

minutes at room temperature. To our knowledge, this is the first observation of visible 
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light-driven oxidation of a dinuclear Mn complex to the (IV,IV) oxidation state. The most 

likely origin of the long life time of the charge separated products is hole hopping on 

intervening oxygen atoms: upon activation of the CrVI-O ligand-to-metal charge-transfer 

state to yield CrV-O• (Scheme 1), the transient hole on O can hop to a neighboring O of 

the silica environment (i.e. Cr-O• to Si-O•) before pulling an electron from a MnIII(µ-

O)2MnIV unit. For such a configuration, back electron transfer from CrV to the oxidized 

dinuclear Mn complex is expected to be slow due to the separation of the metal centers 

by Si-O-Si surface groups. This result also suggests that the dinuclear Mn complexes are 

effectively immobile on the nanopore surfaces. There is very likely a distribution of 

lifetimes for the charge separated products due to differences in the way dinuclear Mn 

complexes are arranged around Cr centers.  Furthermore, a factor that may contribute to 

the very long-lived charge separation is the large reorganization energy associated with 

CrVI to CrV reduction (replacement of the short Cr=O double bond by the 0.4 A longer 

Cr-O single bond)21, which will slow down back reaction. Time-resolved optical studies 

of electron transfer between the dinuclear Mn complex and the CrVI chromophore are 

needed to obtain a complete overview of the electron transfer processes and their kinetics.  

Such studies are in progress. 

 

3.  Conclusions 

 In summary, we have loaded transition metal di-µ-oxo dinuclear Mn complexes 

with bpy, phen, or terpy ligands into nanoporous silica materials. The complex with bpy 

ligands exhibited by far the best stability. FT-Raman, EXAFS, XANES, and EPR 

spectroscopy confirmed that (bpy)2MnIII(µ-O)2MnIV(bpy)2
 retains its structural integrity 
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inside the nanoscale silica channels for weeks at room temperature. Moreover, the 

majority of the (bpy)2Mn(µ-O)2Mn(bpy)2
 complexes remain in the (III,IV) oxidation state 

upon loading; no MnII containing decomposition products were observed. Excitation of 

the CrVI-O LMCT absorption with visible light results in the oxidation of the dinuclear 

Mn(III,IV) state to Mn2O2(IV,IV), with all initial and final states of the electron transfer 

spectroscopically identified. The charge separation products were found to last up to 

several minutes at room temperature. Charge transport from the Cr-O sites to the 

dinuclear Mn complexes by hole hopping is thought to be primarily responsible for the 

long lifetime of the charge separation because it allows for significant spatial separation 

of the Cr and Mn centers.  

With this direct spectroscopic observation of visible light-driven oxidation of a 

complex relevant to water oxidation by a metal center chromophore in silica nanopores, 

we are able to begin studying the detailed energetics and kinetics of photon-induced 

electron flow between multi-electron transfer catalysts and a molecular charge-transfer 

chromophores inside high-surface area oxide supports. A complete assessment of the 

electron transfer processes of the photocatalytic units requires time-resolved monitoring 

of the various spectra, which will become particularly important as the single Cr LMCT 

center is replaced by a heterodinuclear charge-transfer chromophore with a donor 

potential that can be tuned or selected.21  
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Experimental 

Unless otherwise noted, all manipulations were carried out under ambient conditions with 

solvents and materials used as received from the manufacturer. 

Synthesis of di-µ-oxo dinuclear Mn complexes  [bpy4Mn2(µ-O)2][BF4]3,34 

[phen4Mn2(µ-O)2][BF4]3,35 and [terpy2Mn2(µ-O)2 (H2O)2][NO3]3,36,37 were synthesized by 

literature methods or small variations thereof.  

Synthesis of Cr-AlMCM-41 and AlMCM-41 Cr-AlMCM-41 was synthesized via 

hydrothermal synthesis as previously described.24 Briefly, a solution of diethylamine (10 

mL), 25 wt% cetyl trimethylammonium chloride (7.2 mL) and Al(NO3)2 • 9H2O (0.6 g) 

in H2O (65 mL) was prepared. A separate solution of Cr(NO3)3 • 9H2O (0.065 g) in 25 

wt% NH4OH (3.6 mL) was sonicated for 30 minutes. The two solutions are combined 
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and stirred for 30 minutes. Then, tetraethylorthosilicate (8.9 mL) is added dropwise, 

resulting in a white slurry that is stirred for 4 hours. This mixture is transferred into a Parr 

bomb, sealed, and heated at 110 °C for 3 days. The resulting light blue solid is collected 

via filtration, washed with copious amounts of water, and dried at 100 °C for 6 hours. 

This is followed by calcination at 630 °C for 6 hours under air flow (1 °C per minute 

ramp), resulting in a light yellow product. EPR spectroscopy revealed residual CrV not 

exceeding 5 percent (Reference 21, Figure 4A, spectrum a). These centers are most likely 

in the interior of the silica walls separating the nanoscale channels and, hence, not 

reachable by oxygen. AlMCM-41 is synthesized by omitting Cr(NO3)3 from the above 

preparation. These materials were identical by IR, FT-Raman, and DRS to samples 

previously prepared in our laboratory.24 

Grafting bpy4Mn2(µ-O)2 into AlMCM-41  AlMCM-41 (100 mg) was placed in 10 mL 

of acetonitrile buffered with 0.01 M 2,2’-bipyridine (0.01 M bpy buffer) with vigorous 

stirring to form a slurry. Separately, a stock solution containing 1 mM (~ 1 mg/mL) of 

[bpy4Mn2(µ-O)2][BF4]3 in 0.01 M bpy buffer was prepared. The buffer is necessary as, 

according to our experience, [bpy4Mn2(µ-O)2][BF4]3 slowly decomposes to form a brown 

solid in pure acetonitrile.32 

Depending on the amount of bpy4Mn2(µ-O)2 loaded in the material, an 

appropriate amount of the stock solution is added dropwise into the AlMCM-41 slurry 

and allowed to stir for one hour. Then, the solid is filtered, washed with 5 x 20 mL 

acetonitrile, and dried in vacuo for 2 hours. The final solid typically has no residual 

CH3CN by FT-Raman and FT-IR. These materials are characterized by FT-Raman, EPR, 
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TGA, DRS, and ICP-MS. Identical procedures are used to graft bpy4Mn2(µ-O)2 into Cr-

AlMCM-41. 

Grafting phen4Mn2(µ-O)2 into AlMCM-41  Samples are prepared similarly to 

bpy4Mn2O2 grafted materials, substituting [phen4Mn2(µ-O)2][BF4]3 and 0.01 M 1,10-

phenanthroline in acetonitrile (0.01 M phen buffer). These materials are characterized by 

EPR and FT-Raman. Although EPR demonstrates that MnIII(µ-O)2MnIV is grafted, we 

were unable to identify a strong characteristic FT-Raman signal for further study. This is 

due to ligand bands that overlap the area of interest.  See Supporting Information for 

further characterization of this material (Figures S17 and S18).  

Grafting terpy2Mn2(µ-O)2 into AlMCM-41  The samples were manipulated similarly to 

other materials of this type. The grafting solution was prepared from a methanol solution 

of [terpy2Mn2(µ-O)2][NO3]3 (1 mM) and an appropriate amount added to a separate slurry 

of 100 mg of AlMCM-41 in 10 mL of methanol and stirred for one hour. The resulting 

solid was filtered, washed with methanol (5 x 20 mL), and dried in vacuo. The material 

was characterized by EPR and FT-Raman. While EPR of immediately frozen (liq. N2) 

materials showed that MnIII(µ-O)2MnIV is successfully grafted into AlMCM-41, no strong 

characteristic FT-Raman signals could be observed for MnIII(µ-O)2MnIV. This could be 

due to the instability of terpy2Mn2
III/IVO2 within AlMCM-41 (Figure 4) or overlapping 

ligand absorptions in the region of interest. See Supporting Information for more details 

of this material (Figure S16). 

Determining maximum load of L4Mn2(µ-O)2 into AlMCM-41  A 1 mM solution of 

[L4Mn2(µ-O)2][BF4]3 (L=bpy, phen) in 0.01 M L acetonitrile was prepared. This is then 

added in differing amounts to approximately 30 mg of AlMCM-41, resulting in final 
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loading levels between 10 and 15 wt%. For instance, 3.5 mL of a 1 mM stock solution is 

added to 27.8 mg of AlMCM-41, resulting in a maximum possible load of 12.3 wt%.  

This solution is stirred for 1 hour and then filtered to collect the supernatant. The 

supernatant is compared to the remaining stock solution by UV/Vis spectroscopy. The 

amount of [L4Mn2(µ-O)2][BF4]3 remaining in solution after grafting was measured by 

comparing four points (450 nm, 530 nm, 600 nm, 690 nm) before and after the grafting 

procedure. Each material combination was measured at three loading levels (typically 10, 

12 and 15 wt%), with the results combined to provide the values shown in Table S2 in the 

Supporting Information. The bpy4Mn2(µ-O)2 system has slightly higher maximum 

loading than phen4Mn2(µ-O)2 (~ 9:7.5 wt%). There was no significant difference between 

loading on AlMCM-41 and Cr-AlMCM-41 in either system.  

FT-Raman sample preparation and data acquisition  Samples were prepared by 

pressing approximately 1 mg of material into an aluminum sample well. Spectra were 

collected on a Bruker model IFS66 spectrometer with a FT-Raman module FRA-106 

fitted with a liquid N2-cooled Ge detector. Samples were typically illuminated with 1064 

nm laser probe light at 300 mW, with 1000 scans recorded per sample.   

EPR analysis of Mn containing Cr-AlMCM-41 and AlMCM-41 

X-band EPR spectroscopy was performed with a Varian E-109 spectrometer, a standard 

TE102 cavity, and an Air Products liquid helium cryostat. EPR spectra were typically 

collected at 20 K using 1 mW microwave power and 32 G modulation amplitude. 

Samples are prepared by lightly crushing the material, followed by placing it into a tared 

quartz EPR tube which is then sealed. 
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EXAFS data collection  X-ray absorption spectra were collected at the Stanford 

Synchrotron Radiation Laboratory (SSRL) on beamline 7-3 at electron energy 3.0 GeV 

and an average current 100-500 mA. The beamline is equipped with a Si(220) double 

crystal monochromator. The intensity of the incident X-rays was monitored by a N2-filled 

ion chamber (I0) in front of the sample. To reduce the sample damage by radiation, the 

incident X-ray beam was defocused at the sample position. The samples were protected 

from the beam during spectrometer movements between different energy positions by a 

shutter synchronized with the scan program. The samples were kept at 9 ± 1 K in a He 

atmosphere at ambient pressure using an Oxford CF-1208 continuous-flow liquid He 

cryostat. Data were recorded as fluorescence excitation spectra using a germanium 30-

element energy-resolving detector (Canberra Electronics). For Mn K-edge XAS, energy 

was calibrated by the pre-edge peak of KMnO4 (6543.3 eV), which was placed between 

two N2-filled ionization chambers (I1 and I2) after the sample. For Cr K-edge XAS, Cr 

foil was used with (E0=5989.0 eV) corresponding to the first peak of the first derivative 

on the Cr0 edge. 

EXAFS data analysis  Data reduction has been described previously38 and is described 

in more details in the Supporting Information (Figures S3 and S4). 

Stability of grafted LxMn2(µ-O)2 AlMCM-41 materials  Samples were stored under air 

at room temperature and periodically removed for EPR and FT-Raman analysis. In the 

case of terpy2Mn2O2 grafted materials, the initial samples were immediately frozen under 

liquid nitrogen after the grafting procedure was completed for EPR and FT-Raman 

analysis. It was found that L4Mn2(µ-O)2 (L=bpy, phen) were stable for weeks to months 

under ambient conditions, while terpy2Mn2(µ-O)2 samples were stable for only a few 
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hours, forming unidentified MnII products (see Figure 4). EPR shows that a similar MnII 

product is the final result for all AlMCM-41 material containing LxMn2(µ-O)2 cores. 

Illumination of Cr-AlMCM-41 and AlMCM-41 containing bpy4Mn2(µ-O)2  Samples 

were prepared by pressing ~ 5 mg of material into a pellet 1 cm in diameter using 2 tons 

of force. The pellet was placed in a stainless steel IR vacuum cell equipped with CaF2 or 

KBr windows. Samples in the evacuated cell are illuminated with 458 nm Ar ion laser 

emission at 170 mW, with the beam expanded to 1 cm to cover the entire sample pellet. 

At time intervals between 0 (control) and 30 minutes samples are removed from the beam 

for analysis by FT-Raman or EPR. For EPR measurements, the pellet was crushed, 

placed in quartz EPR tubes, and stored under liquid N2 if there was a time lag between 

illumination and recording of spectra.  
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Figure Captions 
 

Table 1: Mn K-edge EXAFS curve fitting results for (bpy)2MnIII(µ-O)2MnIV(bpy)2
 

loaded into AlMCM-41, Cr-AlMCM-41, and for crystalline 

[(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3. Asterisk denotes values that were 

fixed during minimization. 

 

Table 2: Cr K-edge EXAFS curve fitting results for Cr-AlMCM-41, 0.5 wt% 

(bpy)2MnIII(µ-O)2MnIV(bpy)2
 loaded into Cr-AlMCM-41, and 9.0 

wt%(bpy)2MnIII(µ-O)2MnIV(bpy)2
 loaded into Cr-AlMCM-41. Asterisk 

denotes values that were fixed during minimization. 

 

Figure 1: A schematic representation of the photon-induced electron transfer 

reaction.  Light excites a CrVI-O LMCT, creating the high energy 

intermediate that transfers an electron from (bpy)2MnIII(µ-O)2MnIV(bpy)2 

into CrVI, creating CrV. 

 

Figure 2:  (I) FT of the k3-weighted Mn K-edge EXAFS of (A) crystalline 

[(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3. (B) (bpy)2MnIII(µ-O)2MnIV(bpy)2 

loaded (0.5 wt%) into AlMCM-41. (C) Complex loaded into Cr-AlMCM-

41 (Cr/Si = 0.01). (II) Mn K-edge XANES of (D) crystalline 

[(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3. (bpy)2MnIII(µ-O)2MnIV(bpy)2  

loaded into (E) AlMCM-41 (0.5 wt%), (F) complex loaded into Cr-
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AlMCM-41. (G) Crystalline [(Me2-bpy)2MnIV(µ-O)2MnIV(Me2-

bpy)2][ClO4]4. D and G are included to reference the edge position of 

Mn2
III/IV and Mn2

IV/IV, respectively.   

 

Figure 3:  X-band EPR spectra of (bpy)2MnIII(µ-O)2MnIV(bpy)2 grafted into (A) 

AlMCM-41, (B) Cr-AlMCM-41.  (C) [(bpy)2MnIII(µ-

O)2MnIV(bpy)2](NO3)3 in acetonitrile solution. Spectra were recorded at 20 

K. The small signal at ~3300 G originates from the residual CrV present in 

Cr-AlMCM-41.  Inset is an EPR spectrum of calcined Cr-AlMCM-41 for 

comparison. 

 

Figure 4:  X-band EPR signal of AlMCM-41 grafted with 4 wt% terpy2Mn2O2. The 

samples were kept under ambient conditions for (A) 10 minutes, (B) 6 

hours, and (C) 7 days after grafting was complete, then frozen under liquid 

N2 for EPR analysis. EPR intensities were arbitrarily normalized for 

comparison. 

 

Figure 5:  (I) FT of k3-weighted Cr K-Edge EXAFS of (A) Cr-AlMCM-41, (B) Cr-

AlMCM-41 grafted with 9.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2, (C) Cr-

AlMCM-41 grafted with 0.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2. (II) Cr K-

edge XANES of (D) Cr(NO3)3 (solid Cr(III) compound), (E) Cr-AlMCM-

41 treated with 0.01 M 4,4’-bipyridine, (F) Cr-AlMCM-41 grafted with 

0.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2, (G) calcined Cr-AlMCM-41. 
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Figure 6:  FT-Raman of (bpy)2MnIII(µ-O)2MnIV(bpy)2 grafted onto Cr-AlMCM-41 in 

different weight ratios: (A) 2.5 wt%, (B) 5.0 wt%. Spectra are normalized 

relative to the bipyridyl ligand absorption at 765 cm-1. The inset expands 

the MnIIIMnIV absorption at 700 cm-1. 

 

Figure 7:  (I) FT-Raman spectra of Cr-AlMCM-41 grafted with 1.5 wt% 

(bpy)2MnIII(µ-O)2MnIV(bpy)2 which was illuminated with a 458 nm laser 

operating at 170 mW. (A) Before illumination, (B) illumination for 5 

minutes, (C) for 30 minutes. Spectrum (D) is 0.5 wt% (bpy)2MnIII(µ-

O)2MnIV(bpy)2 loaded in AlMCM-41. (II) The same photolysis 

experiment conducted with 1.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded 

onto AlMCM-41. (E) Before illumination, (F) illumination for 5 minutes, 

((G) for 30 minutes. *Denotes residual acetonitrile. Growth of a band at 

805 cm-1 upon illumination is noted in spectra (I)A, B, and C; assignment 

to ν(CrV-O) is uncertain because of overlap with the silica absorption 

around 800 cm-1.   

 

Figure 8:  X-band EPR spectra of (bpy)2MnIII(µ-O)2MnIV(bpy)2 (1.5 wt%) on Cr-

AlMCM-41 and AlMCM-41 illuminated at 458 nm. (A) Before, (B) after 

30 minutes illumination of complex in Cr-AlMCM-41. (C) Before, (D) 

after 30 minutes illumination of complex in AlMCM-41. Spectra are from 
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the same samples whose FT-Raman spectra are shown in figure 6, traces 

A,C,E, and G, respectively. Spectra are normalized per mg of material. 

 
Figure 9: Mn(I) and Cr(II) K-edge XANES of (bpy)2MnIII(µ-O)2MnIV(bpy)2 (1.5 

wt%) on Cr-AlMCM-41 before (trace A) and after (trace B) illumination 

with a 458 nm laser emission for 30 minutes. 
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Table 1 
Fit Sample    

– Figure # 
Shell R (Å) N (with 

S0
2=0.85)

σ2(Å2)x103 Φ(x103) ε2(x105) 

1 Pure       
– 1A 

Mn-O 
Mn-N 

1.78 
2.10 

0.9 
2.3 

1 
13 

0.4 0.16 

2 Mn2 on 
AlMCM   

– 1B 

Mn-O 
Mn-N 

1.81 
2.15 

1.2 
2.2 

1.6 
12 

0.3 0.12 

3 Mn2 on 
CrAlMCM 

– 1C 

Mn-O 
Mn-N 

1.80 
2.08 

1.1 
2.7 

0.8 
25 

0.8 0.37 

4 Pure – 1A Mn-Mn 2.73 0.6 2* 0.6 0.28 
5 Mn2 on 

AlMCM   
– 1B 

Mn-Mn 2.72 0.5 2* 0.4 0.19 

6 Mn2 on 
CrAlMCM 

– 1C 

Mn-Mn 2.74 0.5 2* 0.6 0.28 

 
Table 2 
Fit Sample    

– Figure # 
Shell R (Å) N (with 

S0
2=1.0) 

σ2(Å2)x103 Φ(x103) ε2(x105) 

1 CrAlMCM 
– 4A 

Cr-O 1.64 2.2 2* 1.3 0.69 

2 Mn2 on 
CrAlMCM 

– 4C 

Cr-O 1.64 1.7 2* 0.9 0.47 

3 Mn2 max 
CrAlMCM 

– 4B 

Cr-O 1.65 2.1 2* 0.7 0.38 

4 CrAlMCM 
– 4A 

Cr-O 
Cr-O 

1.64 
1.87 

2.8 
1.1 

2* 0.8 0.44 

5 Mn2 on 
CrAlMCM 

– 4C 

Cr-O 
Cr-O 

1.65 
1.91 

2.0 
0.6 

2* 0.6 0.34 

6 Mn2 max 
CrAlMCM 

– 4B 

Cr-O 
Cr-O 

1.65 
1.89 

2.3 
0.5 

2* 0.6 0.32 
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Figure 1: A schematic representation of the photon-induced electron transfer reaction.  

Light excites a CrVI-O LMCT, creating the high energy intermediate that transfers an 

electron from (bpy)2MnIII(µ-O)2MnIV(bpy)2 into CrVI, generating a CrV.  
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Figure 2: (I) FT of the k3-weighted Mn K-edge EXAFS of (A) crystalline [(bpy)2MnIII(µ-

O)2MnIV(bpy)2](NO3)3. (B) (bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded (0.5 wt%) into AlMCM-

41. (C) Complex loaded into Cr-AlMCM-41 (Cr/Si = 0.01). (II) Mn K-edge XANES of 

(D) crystalline [(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3. (bpy)2MnIII(µ-O)2MnIV(bpy)2  

loaded into (E) AlMCM-41 (0.5 wt%), (F) complex loaded into Cr-AlMCM-41. (G) 

Crystalline [(Me2-bpy)2MnIV(µ-O)2MnIV(Me2-bpy)2][ClO4]4. D and G are included to 

reference the edge position of Mn2
III/IV and Mn2

IV/IV, respectively. 
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Figure 3: X-band EPR spectra of (bpy)2MnIII(µ-O)2MnIV(bpy)2 grafted into (A) AlMCM-

41, (B) Cr-AlMCM-41.  (C) [(bpy)2MnIII(µ-O)2MnIV(bpy)2](NO3)3 in acetonitrile solution. 

Spectra were recorded at 20 K. The small signal at ~3300 G originates from the residual 

CrV present in Cr-AlMCM-41.  Inset is an EPR spectrum of calcined Cr-AlMCM-41 for 

comparison.
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Figure 4: X-band EPR signal of AlMCM-41 grafted with 4 wt% terpy2Mn2O2. The 

samples were kept under ambient conditions for (A) 10 minutes, (B) 6 hours, and (C) 7 

days after grafting was complete, then frozen under liquid N2 for EPR analysis. EPR 

intensities were arbitrarily normalized for comparison. 
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Figure 5: (I) FT of k3-weighted Cr K-Edge EXAFS of (A) Cr-AlMCM-41, (B) Cr-

AlMCM-41 grafted with 9.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2, (C) Cr-AlMCM-41 

grafted with 0.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2. (II) Cr K-edge XANES of (D) 

Cr(NO3)3 (solid Cr(III) compound), (E) Cr-AlMCM-41 treated with 0.01 M 4,4’-

bipyridine, (F) Cr-AlMCM-41 grafted with 0.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2, (G) 

calcined Cr-AlMCM-41. 
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Figure 6: FT-Raman of (bpy)2MnIII(µ-O)2MnIV(bpy)2 grafted onto Cr-AlMCM-41 in 

different weight ratios: (A) 2.5 wt%, (B) 5.0 wt%. Spectra are normalized relative to the 

bipyridyl ligand absorption at 765 cm-1. The inset expands the MnIIIMnIV absorption at 

700 cm-1. 
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Figure 7: (I) FT-Raman spectra of Cr-AlMCM-41 grafted with 1.5 wt% (bpy)2MnIII(µ-

O)2MnIV(bpy)2 which was illuminated with a 458 nm laser operating at 170 mW. (A) 

Before illumination, (B) illumination for 5 minutes, (C) for 30 minutes. Spectrum (D) is 

0.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded in AlMCM-41. (II) The same photolysis 

experiment conducted with 1.5 wt% (bpy)2MnIII(µ-O)2MnIV(bpy)2 loaded onto AlMCM-

41. (E) Before illumination, (F) illumination for 5 minutes, ((G) for 30 minutes. *Denotes 

residual acetonitrile. Growth of a band at 805 cm-1 upon illumination is noted in spectra 

(I)A, B, and C; assignment to ν(CrV-O) is uncertain because of overlap with the silica 

absorption around 800 cm-1. 
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Figure 8: X-band EPR spectra of (bpy)2MnIII(µ-O)2MnIV(bpy)2 (1.5 wt%) on Cr-AlMCM-

41 and AlMCM-41 illuminated at 458 nm. (A) Before, (B) after 30 minutes illumination 

of complex in Cr-AlMCM-41. (C) Before, (D) after 30 minutes illumination of complex 

in AlMCM-41. Spectra are from the same samples whose FT-Raman spectra are shown 

in figure 6, traces A,C,E, and G, respectively. Spectra are normalized per mg of material. 
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Figure 9: Mn(I) and Cr(II) K-edge XANES of (bpy)2MnIII(µ-O)2MnIV(bpy)2 (1.5 wt%) on 

Cr-AlMCM-41 before (trace A) and after (trace B) illumination with a 458 nm laser 

emission for 30 minutes. 

 


