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Abstract  

 

Mild synthetic methods are demonstrated for the selective assembly of oxo-

bridged heterobinuclear units of the type TiOCrIII, TiOCoII, and TiOCeIII on mesoporous 

silica support MCM-41. One method takes advantage of the higher acidity and, hence, 

higher reactivity of titanol compared to silanol OH groups towards CeIII or CoII precursor. 

The procedure avoids the customary use of strong base. The controlled assembly of the 

TiOCr system exploits the selective redox reactivity of one metal towards another (TiIII 

precursor reacting with anchored CrVI centers). The observed selectivity for linking a 

metal precursor to an already anchored partner versus formation of isolated centers 

ranges from a factor of six (TiOCe) to complete (TiOCr, TiOCo). Evidence for oxo 

bridges and determination of the coordination environment of each metal centers is based 

on K-edge EXAFS (TiOCr), L-edge absorption spectroscopy (Ce), and XANES 

measurements (Co, Cr). EPR, optical, FT-Raman and FT-IR spectroscopy furnish 

additional details on oxidation state and coordination environment of donor and acceptor 

metal centers. In the case of TiOCr, the integrity of the anchored group upon calcination 

(350 oC) and cycling of the Cr oxidation state is demonstrated. The binuclear units 

possess metal-to-metal charge-transfer transitions that absorb deep in the visible region. 

The flexible synthetic method for assembling the units opens up the use of visible light 

charge transfer pumps featuring donor or acceptor metals with selectable redox potential. 
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1. Introduction 

 
 

Inert nanoporous oxide materials such as silica offer robust high surface area 

supports for inorganic polynuclear units for demanding photosynthetic transformations, 

such as water oxidation or carbon dioxide reduction. Our approach for developing 

artificial photosynthetic assemblies is based on all-inorganic bi- or polynuclear 

photocatalytic units arranged and coupled on a nanoporous support, taking advantage of 

the precision by which one can control energy flow, charge transport and chemical 

transformations in molecular structures. The nanoporous support affords a means for 

arranging and coupling of the sites, and the very high surface area allows for sufficient 

density of photocatalytic units so that the chemistry can keep up with the incident photon 

flux even at high photolysis light intensity. In addition, the nanostructured features offer 

ways for ultimately separating reducing from oxidizing catalytic units. With the goal of 

developing systems driven by solar photons, the principal challenge is to design units that 

accomplish the oxidation and reduction half reactions with visible instead of UV light. 

Furthermore, the active groups need to be designed in such a way that reduction and 

oxidation sites can be coupled under minimal loss of energy or charge.  

Our photocatalytic units typically consist of a molecular or well-defined 

polynuclear multi-electron transfer catalyst coupled to a visible light charge-transfer 

pump. These pumps are oxo-bridged heterobinuclear moieties, are covalently anchored 

on the silica nanopore surface, and possess a metal-to-metal charge-transfer (MMCT) 

absorption covering a large fraction of the visible spectrum.1 We have recently reported 

several such binuclear MMCT units in mesoporous silica type MCM-41 (TiOCuI,1 
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TiOSnII,1 ZrOCuI,2 TiOCoII 3) and demonstrated photo-induced CO2 splitting to CO 

inside the mesopores for the ZrOCuI system.2 Nakamura et al. have expanded the systems 

to TiOCeIII and demonstrated stability of the unit when utilizing the charge-transfer 

chromophore for photocatalytic hydrocarbon oxidation.4 These examples provide proof-

of-existence for visible light absorbing charge-transfer units on silica nanopore surfaces 

consisting of two different metal centers with no ligands other than bridging or siloxy 

oxygens. Furthermore, the free selection of pairs of metals and oxidation states offers the 

flexibility required for optimizing visible light absorption properties and, most 

importantly, for tuning the redox potentials of the donor and acceptor metal centers so as 

to drive the linked oxidation or reduction catalysts efficiently. Adjustment of the 

potentials of the metal centers is an essential requirement for minimizing energy losses 

while accomplishing directional charge flow between oxidation and reduction sites.  

 The usefulness of this approach depends on the ability to selectively assemble 

binuclear units inside the nanoporous silica materials. Controlled anchoring of homo-

binuclear and multi-metallic sites on nanoporous materials is an important challenge that 

has received increasing attention by the materials chemistry and catalysis communities.5-8 

In this paper, we report two very mild synthetic methods that result in the preferential 

linkage of the metal precursors upon loading and anchoring inside the nanopores of 

MCM-41 silica material to form heterobinuclear sites. Diffuse reflectance UV-Vis, FT-IR, 

FT-Raman, EPR, XANES and EXAFS spectroscopy provide details of the optical and 

structural properties of the charge-transfer units.  
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2. Experimenal 

 

2.1 Synthesis of materials 

Source of chemicals: cetyltrimethyl ammonium bromide(CTABr), ammonium 

hydroxide (NH4OH, 30 wt%), tetraethyl orthosilicate (TEOS), bis(cyclopentadienyl) 

titanium dichloride (titanocene dichloride, TiCp2Cl2), anhydrous cobalt dichloride 

(CoCl2), ethanol (95 %), TiIII(THF)3Cl3, diethylamine and hydroxylamine were obtained 

from Aldrich and used as received. Anhydrous acetonitrile (CH3CN, Aldrich) was 

distilled over CaH2 under N2 atmosphere; anhydrous dichloromethane (Aldrich) was 

dried over 4 Å molecular sieves activated at 300 °C; triethylamine (TEA, Aldrich) was 

dried over sodium. Ce(NO3)3, Cr(NO3)3 and Al(NO3)3 were obtained from ACROS and 

used as received.  

Siliceous MCM-41 was prepared as follows9: Template CTABr (2.2 g) was 

dissolved in deionized water (52 mL) containing NH4OH (3.6 mL) at 40°C. TEOS (10 

mL) was added dropwise under vigorous stirring at RT to give white gel precipitate. The 

gel mixture was stirred at RT for 4 hr, transferred into a Teflon lined autoclave and aged 

at 110 °C for 3 days. Filtration and thorough washing with deionized water gave white 

as-synthesized MCM-41 powder. Template removal by calcination in oxygen flow at 

550 °C yielded the final product.   

Grafted Ti-MCM-41 (Ti/Si = 1:100 and 3:100, respectively) was synthesized as 

described previously3 using titanocene dichloride as precursor.10,11 Ratios of metals for 

these and other samples indicated in this paper were determined from ICP-MS analysis of 

the materials.  
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CoII-MCM-41 samples and TiCoII-MCM-41 were also synthesized as described 

before3 using the acetonitrile complex CoII(NCCH3)2Cl2 as precursor. However, in 

contrast to our previous procedure, no triethylamine was used during the reaction. Instead, 

the reaction was carried out for an additional hr at 65 °C followed by 3 hr at RT in order 

to enhance CoII grafting. The new procedure enhances substantially the selectivity for the 

formation of heterobinuclear compared to isolated metal sites. Diffuse reflectance UV-

Vis and FT-Raman spectra showed that no cobalt oxide clusters (Co3O4) and no Co 

hydroxide were formed after calcination at 350 °C (Figs. S1 and S2).12  

TiCe-MCM-41 and Ce-MCM-41 sieve were synthesized as follows: 2 g of Ti-

MCM-41 (or MCM-41) were placed into a Schlenk tube and dehydrated under vacuum at 

250 °C for 4 hr. At the same time, Ce(NO3)3 (108 mg) was degassed in another Schlenk 

tube under vacuum at 80 °C and subsequently dissolved in 40 mL deaerated 

ethanol/water = 20/1 solution at RT. The colorless Ce(NO3)3 solution was added into the 

Schlenk tube containing Ti-MCM-41 (or MCM-41). The reaction mixture was stirred at 

RT for 1hr and at 65 °C for an additional hr. Grafting of CeIII onto mesoporous silica at 

modestly elevated temperature using acetonitrile as solvent was recently reported by 

Nakamura et al.4 Filtration and washing with deaerated ethanol in a glove box under N2 

atmosphere yielded the final product. Calcination at moderate temperature (350 °C) gave 

TiCeIV-MCM-41 (yellow) or CeIV-MCM-41 (pale yellow).  

CrVI-AlMCM-41 (Cr/Al/Si = 2:3.7:100) was synthesized using a modified version 

of a method reported by Klabunde.13,14 The reason for using Al in the preparation of Cr-

containing mesoporous material is two-fold: improved dispersion of Cr in the form of 

single sites, and stabilization of Cr centers by interaction with Al, which reduces leaching 
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of the metal.15-17 Briefly, CTABr (2.04 g) was dissolved in 70 mL deionized water 

containing 10 mL diethylamine. TEOS (8.9 mL) was added dropwise at RT under 

vigorous stirring to give a white gel. The gel suspension was stirred at RT for 2 hr, 

followed by dropwise addition of Al(NO3)3 •9H2O (0.6 g) in deionized water (2 mL). The 

mixture was stirred at RT for an additional hr. Subsequently, Cr(NO3)3 in NH4OH (30 

wt%, 3.6 mL)  was added dropwise and stirred vigorously at RT for 4 hr. The blue 

colored gel mixture was then transferred into a Teflon lined autoclave and aged at 110 °C 

for 4 days. Filtration and washing with excess deionized water resulted in blue-colored 

as-synthesized CrIII-AlMCM-41. Calcination at 630 °C gave yellow-colored final product 

CrVI-AlMCM-41.  

TiCr-AlMCM-41 was synthesized via redox coupling of TiIII with CrVI using 

TiIII(THF)3Cl3 precursor.18,19 The reaction was conducted using a vacuum manifold with 

three Schlenk tubes. Calcined CrVI-AlMCM-41 was dehydrated in one Schlenk tube at 

250 °C under vacuum for 4 hr while Ti(THF)3Cl3 was evacuated at RT for 30 min in 

another. Dried CH3CN (40 mL) was deaerated by four freeze–pump-thaw cycles to 

remove O2 and subsequently vacuum-distilled into the Schlenk tube containing the Ti 

precursor. Stirring for 10 min at RT gave a clear blue-colored acetonitrile solution of the 

TiIII species, which was added to the Schlenk tube containing CrVI-AlMCM-41 powder 

under N2 flow. The reaction mixture was stirred at RT for 1hr during which the 

supernatant solution became colorless. This indicated completion of the reaction by 

quantitative uptake of TiIII into the Cr-AlMCM-41 material. Filtration and washing with 

excess deaerated CH3CN solution gave blue-colored TiCr-AlMCM-41 product (termed 

as-synthesized material). Calcination at moderate temperature of 350 °C yielded bright 
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blue TiCr-AlMCM-41. FT-IR and FT-Raman spectra did not show any trace of THF or 

solvent, confirming that the resulting material is free of organics.  

 

2.2 Spectroscopic characterization 

Optical spectra were measured on a Shimadzu model UV-2100 spectrometer equipped 

with an integrating sphere model ISR260. For measurement of mesoporous silica samples, 

the powder was pressed into a self-sustaining pellet and mounted in a home-built vacuum cell 

for diffuse reflectance measurements. Barium sulfate was used as reference. Fourier-

transform Infrared (FT-IR) spectra were recorded on a Bruker model IFS66V spectrometer 

equipped with liquid N2 cooled MCT detectors Kolmar model KMPV8-1-J2 (8 µ bandgap), 

Infrared Associates (25 µ bandgap), or a DTGS detector (for 600–400 cm-1 region). Pressed 

self-sustaining pellets of nanoporous silica powder (5 mg) were mounted in a transmission 

infrared vacuum cell equipped with KBr windows. The loading of the infrared cell was done 

under N2 atmosphere. All FT-IR spectra were recorded after evacuation of the sample cell at 

RT for at least 1 hr. FT-Raman spectra were recorded with a Bruker model FRA-106 

spectrometer equipped with a Nd:YAG laser source emitting at 1.064 µm (9394.3 cm-1, 525 

mW) and a liquid N2 cooled Ge detector. Samples for the FT-Raman measurement were 

prepared by pressing the powder on an aluminum sample holder, or by loading the powder 

into a quartz tube in a N2 glove box in the case of air-sensitive materials.   

Powder X-ray diffraction (XRD) measurements were performed on a Siemens 

model D500 diffractometer equipped with Ni-filtered Cu Kα radiation source (k = 1.5406 

Å). Typically, an accelerating voltage of 40 kV and a current of 30 mA were used. The 

textural uniformity of the MCM-41 materials was recorded for the 2θ range from 1.5° to 
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8° with a step size of 0.02° (d-spacing approx. 40 Å20, Fig S3 of supporting 

information).12 

X-band electron paramagnetic resonance (EPR) spectra of CrV and CrIII were 

recorded on a Varian E-109 spectrometer equipped with an E-102 microwave bridge 

(microwave frequency 9.25 GHz). The temperature of the sample was maintained at 20 K 

during the measurements using an Air Products Helitran liquid helium cryostat. In order 

to facilitate comparison, the same instrument parameters were used for the recording of 

EPR spectra of all samples: modulation amplitude of 3.2 G for CrV and 32 G for CrIII, 

scanning field range of 400 G for CrV and 4000 G for CrIII, modulation frequency of 100 

KHz, microwave power of 1 mW, receiver gain of 3.2×103, center field at 3340 G, 

scanning rate of 2 min/scan, and time constant of 0.25 s. EPR spectra of CoII were 

recorded with the same experimental parameters as CrIII except that the center field was 

set to 2700 G with sweep width of 3200 G. Samples were weighed accurately (range 12-

15 mg) prior to loading into the EPR tubes, and the relative intensity of the EPR spectra 

were normalized accordingly. Uncertainties of g values derived form the measurements 

are + 0.002.  

Extended X-Ray Absorption Fine Structure (EXAFS) spectra were recorded at 

Beamline 7-3 at SSRL (Stanford Synchrotron Radiation Laboratory). The synchrotron 

ring SPEAR was operated at 3.0 GeV with a beam current in the range of 100–500 mA. 

The incident beam intensity was monitored using a passivated implanted planar silicon 

(PIPS) detector installed in a N2-filled ion chamber (I0) positioned in front of the sample. 

An incident X-ray beam with a spot size of 2 × 15 mm2 and a flux of ~ 2 × 1012 

photons/sec @ 100 mA/9000 eV with 1 × 4 mm2 aperture was used for the EXAFS 
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experiments. The sample was evenly placed on the sample holder with a dimension of 2.5 

× 10 mm2 and covered with metal free transparent tape. Energy resolution (∆E/E = 1 × 

10-4) of the unfocused incoming X-rays with energy range of 4600-37000 eV was 

achieved using a Si(220) double-crystal monochromator, which was detuned to 50 % of 

maximal flux to attenuate harmonic X-rays. The samples were placed at an angle of 45° 

relative to the X-ray beam and kept at a constant temperature of 10 ± 1 K at ambient 

pressure using an Oxford CF-1208 continuous-flow liquid He cryostat. The X-ray 

absorption spectra were acquired by XAS-Collect software in fluorescence mode using a 

30-element Ge detector array, and were referenced against I0. The energy reference 

spectra were collected concurrently with sample data by placing a standard sample (Cr 

foil (K-edge 5989.0 eV), Co foil (K-edge 7709 eV), CeO2 (L3 edge 5723 eV)) between 

two N2-filled ion chambers which were positioned behind the sample.  

Data processing and analysis were carried out using Ifeffit version 1.2.10 EXAFS 

analysis software package (integrated with SixPack, Athena, Artemis, Feff 6.02, 

Hephaestus, autobk).21 Preliminary data processing was performed using SixPack. 

Energy calibration, final data averaging by aligning and merging all scans, background 

subtraction (including pre-edge subtraction and spline correction), as well as forward 

Fourier Transform (FT) of κ3 weighted data (at Kaiser Bessel window) were performed 

using Athena. The first inflection points in the first derivative of Ce L3-edge, Co and Cr 

K-edge spectra were used for energy calibration. The threshold energies (E0) at which κ = 

0 were set at 5995 eV for Cr and 7715 eV for Co. To show the real distances of the first 

shell Co-O and Cr-O, the κ3-weighted FT-EXAFS spectra reported in this paper were 

phase-corrected using O as the backscatterer.  
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3. Results and Discussion 

 

3.1  Selective assembly of hetero-binuclear MMCT units on silica nanopore surface 

The selective assembly of heterobinuclear units on the surface of silica nanopores 

through sequential precursor loading requires a mild synthetic approach that takes 

advantage of specific chemical interactions between the partner metals. In this section, 

we will present the results of two different methods, both leading to the preferential 

formation of oxo-bridged heterobinuclear units at the expense of isolated metal centers. 

One method exploits the higher acidity and, hence, higher reactivity of titanol compared 

to surface silanol OH groups. The second method takes advantage of the selective redox 

reactivity of metal precursors towards already anchored metal centers.  

 

3.1.1  Selectivity based on acidity difference between TiOH and SiOH 

When monitoring the uptake of the donor metal precursor CoII(NCCH3)2Cl2 into 

MCM-41 or Ti-MCM-41 particles from acetonitrile solution by UV-Vis spectroscopy of 

the supernatant over a 2 hr period, more than an order of magnitude faster rate was 

observed for the silica sieve that contains tripodally anchored (OSi)3TiOH groups on the 

pore surface. As shown in Table 1, the uptake of CoII onto Ti-MCM-41 containing 1 

percent Ti exceeds the value for plain MCM-41 by a factor of 12. According to ICP 

analysis of the resulting TiCo-MCM-41 material, the Ti/Co ratio is 12, and the increase 

of the Co content compared to monometallic Co-MCM-41 is over a factor of 50. 

Similarly, the uptake of CeIII ions dissolved in ethanol increased from 9 percent in the 
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case of MCM-41 to 20 percent for Ti-MCM-41(1%). IPC analysis of the bimetallic TiCe-

MCM-41 material gave a factor of 6.5 increase of the Ce loading compared to plain 

MCM-41, and a Ti/Ce ratio of 7 (Table 1; note that differences in the data on precursor 

uptake by supernatant measurement on the one hand and ICP analysis of the solid 

material on the other reflect the removal of unanchored metal centers upon washing of 

the synthesized material).  

Comparison of the OH infrared absorption bands of free (non-H bonded) SiOH 

groups after calcination of the resulting materials at moderate temperature (350 oC) 

confirms these trends. In the case of CeIII grafting onto pure mesoporous silica, the 

intensity of the band of free SiOH in the range  3743-3745 cm-1 of MCM-4122,23 

decreased by only 10 percent (Fig. 1B) while the intensity loss was 30 percent in the case 

of Ti-MCM-41 (Fig. 1A). We attribute the more pronounced loss of free SiOH upon 

grafting of Ce precursor onto Ti-MCM-41 to the formation of more Ce-O-Si bonds as one 

would expect from the increased loading of CeIII. Similar observations by FT-IR were 

made in the case of CoII grafting.  

The much larger uptake of CeIII and CoII into Ti-MCM-41 is attributed to the higher 

acidity, hence higher reactivity of TiOH groups with metal precursors compared to SiOH 

groups.24 The acidity difference is manifested in the lower OH  stretch frequency of 

TiOH (3676 cm-1)25,26 compared to the SiOH group at 3745 cm-1. These results show that 

one can exploit OH group acidity as a general synthetic method for the selective 

assembly of oxo-bridged heterobinuclear units on silica nanopore surfaces, which 

requires avoidance of strong base for the grafting procedure.  
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3.1.2  Selectivity through redox coupling 

The preferential formation of heterobinuclear units compared to isolated metal 

centers on silica nanopore surfaces can in principle be achieved by exploiting selective 

redox reactivity of one metal with another.18,19 To this end, we have explored the 

assembly of TiOCr units in MCM-41 by first preparing a material that contains 

tetrahedral CrVI centers anchored on the nanopore surface. The synthesis and 

characterization of CrVI-AlMCM-41 by optical, FT-Raman and FT-IR spectroscopy has 

been reported previously,27 and new structural details derived from X-ray absorption 

measurements are presented in Sect. 3.3.2 below. Exposure of the material to a solution 

of TiIII(THF)3Cl3 in acetonitrile resulted in essentially quantitative reaction of the 

precursor within 1 h at RT, while only 3 percent could be loaded into plain AlMCM-41 

under the same experimental conditions. According to ICP analysis, an equimolar amount 

of Ti was incorporated into Cr-AlMCM-41. No Ti could be detected by ICP in Ti-only 

AlMCM-41 using this precursor, which implies that the increase of the Ti content in the 

TiCr-AlMCM-41 material is at least a factor of 150 based on the ICP detection limit. This 

effect of Cr can readily be explained by the redox reaction of CrVI=O with the TiIII 

complex 

CrVI=O +  TiIII    CrV-O-TiIV    (1) 

The accompanying change of the yellow color of CrVI-AlMCM-41 to pale blue indicates 

that a substantial fraction of the Cr centers undergo reduction to CrIII. Such redox 

interaction cannot occur with the non-reducible Si centers, which explains the selectivity.  

It is well established that CrVI centers of calcined Cr-AlMCM-41 have distorted 

tetrahedral coordination and occur predominantly as (SiO)2Cr(=O)2 sites at the nanopore 
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surface.15,16,28 A characteristic spectroscopic signature of this site is a sharp band in the 

FT-Raman spectrum of dehydrated CrVI-AlMCM-41 at 987 cm-1 assigned to the 

symmetric O=CrVI=O stretch (Fig. 2A, trace (a)).27,29 More accurately, one of the 

linkages may involve an Al center that partially compensates for the large positive charge 

of CrVI.  

 

Al Si

O
Cr

O

OO

Isolated Td CrVI

 

 

Redox coupling of the CrVI centers with TiIII was confirmed by diffuse reflectance (DRS) 

UV-Vis spectroscopy as well as FTIR, FT-Raman and EPR (X-band) spectroscopy. As 

can be seen from Fig. 3, trace (a), only a weak absorption with a maximum around 280 

nm and a very weak band at 568 nm are observed when plain AlMCM-41 is exposed to 

TiIII precursor, indicating loading of only trace amounts of TiIII. The latter band is a 

characteristic of d-d absorption of TiIII, shown in the inset of Figure 3.30 By contrast, 

comparison of the spectra of calcined CrVI-AlMCM-41 before and after exposure to TiIII, 

trace (b) and (c) of Fig. 3, reveals substantial loading and interaction with Ti. The 263, 

357, and 457 nm peaks of the OII-CrVI → OI-CrV ligand to metal charge transfer (LMCT) 

band15 of CrVI-AlMCM-41 decrease precipitously upon reaction with TiIII precursor 

indicating reduction of most CrVI centers. Concurrent growth of a broad band with a 

maximum at 654 nm, Fig. 3 trace (c), indicates the formation of CrIII and/or CrV.15,31  
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FT-Raman spectra show a complete loss of the symmetric O=CrVI=O stretch upon 

reaction with TiIII(THF)3Cl3. This is seen by the disappearance of the νs(CrO2) absorption 

of dehydrated (987 cm-1, Fig. 2A trace (a)) or dehydrated CrVI-AlMCM-41 (901 cm-1, 

trace (b))15,32; the band is completely vanished upon exposure to TiIII precursor (as-

synthesized TiCr-AlMCM-41 sample, Fig. 2A trace (c); after calcination at 350 oC, Fig. 

2A trace (d)). At the same time, anchoring of Ti is signaled by growth in the resulting 

TiCr-AlMCM-41 spectrum at 925 cm-1 characteristic for Si-O stretch modes perturbed by 

a metal center.33,34 Likewise, Fig. 2B shows that the asymmetric O=CrVI=O stretch in the 

FT-IR spectrum disappears upon TiIII loading (910 cm-1, dehydrated sample, trace (a); 

893 cm-1, hydrated sample, trace (b)).11 The resulting TiCr-AlMCM-41 spectra, shown in 

Fig. 2B trace (c) (as-synthesized material) and trace (d) (after calcination at 350 oC) 

exhibit a broad shoulder at 930 cm-1 which is due to Si-O stretch modes perturbed by the 

presence of Ti centers.1,22 Hence, Raman and FT-IR spectra strongly support our 

interpretation that the reaction of CrVI=O groups with TiIII leads to the reduction of Cr 

centers and anchoring of Ti. No FT-Raman bands characteristic of di- or polychromate 

(1000-1100 cm-1)15,27 were detected in the final TiCr-AlMCM-41 material. Furthermore, 

the formation of Ti oxide or Cr2O3 clusters was excluded based on FT-Raman 

measurements (Fig. S4).12  

EPR spectra recorded upon TiIII grafting allowed us to directly monitor the 

formation of CrV (Fig. 4A) and CrIII species (Fig. 4B). While trace amounts of CrV are 

detected in the calcined CrVI-AlMCM-41 material (Fig. 4A, spectrum (a)), a large 

increase of the signal occurs upon TiIII treatment due to reduction of CrVI to CrV (Fig. 4A, 

spectrum (b)). At the same time, spectrum (b) of Fig. 4B shows a marked growth of the 
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EPR signal of CrIII centers confirming that a substantial fraction of the Cr sites undergo 

multi-electron reduction to CrIII, the most stable reduced form of Cr on silica supports.15 

Closer inspection of the EPR spectra reveals more than one type of residual CrV signal 

present in the calcined CrVI-AlMCM-41 material (Fig. 4A, spectrum (a)). Observed CrV γ 

EPR signals are: a square-pyramidal (Sp) CrV with g⊥ = 1.977 and g// = 1.964, and a 

distorted tetrahedral (Td) CrV with g⊥ = 1.975 and g// = 1.890.15,35 In addition, a very weak 

broad, 600 G wide β EPR signal of octahedral (Oh) CrIII with giso = ~ 2.029 is observed 

(Fig. 4B, spectrum (a)).15,35,36 Interestingly, the g values of the CrV signal that grows upon 

reaction of CrVI=O with TiIII, g⊥ = 1.988 and g// = 1.960 (Fig. 4A, spectrum (b)) indicate 

that a new CrV site is generated, possibly because of the link that is formed to Ti. Note 

that upon calcination the CrIII EPR signal partially decreases while the CrV signal 

broadens, indicating partial oxidation of CrIII to CrV (Fig. 4, spectrum (c)).   

We conclude that monitoring of TiIII(THF)3 exposure to CrVI-AlMCM-41 sieve by 

optical, vibrational and EPR spectroscopy demonstrates redox reaction that results in 

selective grafting of Ti onto Cr centers.  

   

3.2.  Optical and EPR spectroscopic properties of MMCT units  

The heterobinuclear units assembled on the surface of nanoporous silica, with one 

metal (TiIV) acting as electron acceptor and the other as electron donor (CoII, CeIII, CrIII) 

possess visible light absorption properties originating from a MMCT transition. In this 

section, characterization of the units by optical and EPR spectroscopy will be presented 

and discussed. 
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For the TiCo system, Co may possess either high spin or low spin state electronic 

configuration. Low spin Co usually occurs in Oh coordination, while high spin Co could 

be either Oh or Td (Fig. S5).12,38-40 To address this question, we have recorded EPR 

spectra of CoII-MCM-41 and TiCoII-MCM-41 shown in Fig. 5 trace (a) and (b), 

respectively. The large signal with g⊥ = 5.107 (CoII-MCM-41) and g⊥ = 5.250 (TiCoII-

MCM-41) and the accompanying small g// = 2.032 (2.034) signal clearly demonstrate that 

the grafted CoII center, whether isolated or linked to Ti is high spin CoII.40-42 The result is 

consistent with the diffuse reflectance UV-Vis spectra of Co-MCM-41 and TiCoII-MCM-

41, shown in Fig. 6. The three d-d absorption bands with maxima at 535, 593 and 650 nm 

signal tetrahedral coordination (CoII 4A2(F) → 4T1(P) transition is split into triplets by 

spin-orbit coupling).3,39 Note that the absorption energy of the three d-d CoII spin-orbit 

components remains essentially unchanged upon assembly of hetero-binuclear TiOCoII 

units. We conclude from the EPR and optical data that the grafted CoII centers are mainly 

high spin and in tetrahedral coordination. The TiCoII-MCM-41 material shows an 

additional absorption extending from UV into the deep red spectral region (~650 nm), not 

present in the Co only material. The new absorption, highlighted in Fig. 6 as shaded area, 

is attributed to the CoII + TiIV → CoIII + TiIII MMCT transition.3 While formation of 

Co3O4 clusters would give a similar additional absorption, this possibility was ruled out 

by FT-Raman spectroscopy (Supporting Information Fig. S1, spectra (b) and (c)).12,43 

TiCo MMCT transition has been encountered previously in Co doped titanate.44 

Fig. 7 shows the diffuse reflectance UV-Vis spectra of (a) CeIII-MCM-41 

(amplified by 6.5, see figure caption); (b) sum of Ti-MCM-41 and (a);  (c) TiCeIII-MCM-

41. CeIII-MCM-41 exhibits a weak 4f → 5d absorption with a maximum at 268 nm and 
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an onset at 350 nm.45,46 The Ti-MCM-41 sieve features the OII → TiIV LMCT band at ca. 

220 nm with an absorption onset around 340 nm.1 On the other hand, the bimetallic 

TiCeIII-MCM-41 sieve has a continuous absorption in the visible region extending to 525 

nm that is absent in the mononuclear materials. It is assigned to the MMCT transition 

CeIII + TiIV → CeIV + TiIII,44,46,47 first reported as binuclear unit in mesoporous silica by 

Nakamura et al.4 Metal-to-metal charge-transfer is the only transition we can conceive of 

for a low energy absorption formed upon interaction of a TiIV and CeIII center. 

Furthermore, the isopropanol + O2 photoreaction observed upon excitation of the 

transition is consistent with the MMCT nature of the absorption.4 The possibility of CeO2 

clusters contributing to this new absorption of the bimetallic material was ruled out by the 

absence of a characteristic CeO2 band at 465 cm-1 in FT-Raman spectrum (Fig S6).12,47 

Upon oxidation of CeIII to CeIV by calcination of TiCe-MCM-41 at 350 oC, the DRS at 

visible wavelengths looks the same as the calcined monometallic CeIV-MCM-41 

spectrum (Fig. S7)12 and originates from the CeIV LMCT (OII-CeIV) transition.48,49 

Disappearance upon oxidation of the new absorption observed for the TiCeIII units 

supports the assignment to a MMCT transition between CeIII and TiIV.   

As discussed above (Sect. 3.1.2), as-prepared TiCr-AlMCM-41 features Cr in 

oxidation state III and V, while calcined Cr-AlMCM-41 has Cr mostly in oxidation state 

VI. Cr centers in oxidation state V and VI are highly oxidizing and unlikely to give rise to 

a visible MMCT absorption when linked to Ti.37 To obtain a visible light-absorbing TiCr 

charge-transfer system, Cr centers were reduced to CrIII using aqueous hydroxylamine. 

Diffuse reflectance UV-Vis spectra of the resulting reduced TiCrIII-AlMCM-41 and CrIII-

AlMCM-41 are shown in Fig. 8. The two bands of CrIII-AlMCM-41 with maxima at 430 
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and 600 nm (Fig. 8, trace (a)) originate from d-d transition of octahedrally coordinated 

CrIII (spin-orbit components 4A2g → 4T2g and 4A2g → 4T1g, respectively)15,31, while the 

intense absorption below 380 nm is due to LMCT of OII-CrIII.31 No LMCT bands due to 

CrVI are observed in the diffuse reflectance spectrum indicating that CrVI is completely 

reduced to CrIII. The bimetallic TiCrIII-AlMCM-41 sieve, Fig. 8 trace (c), shows 

absorption at wavelengths longer than 340 nm that is not present in the sum of the spectra 

of CrIII-AlMCM-41 + Ti-AlMCM-41 (Fig. 8, spectrum (b)). The additional intensity 

above 600 nm might be caused by a small shift of the 4A2g – 4T1g component of the CrIII 

(d-d) transition due to coupling with the Ti center. However, it is very unlikely that the 

new absorption of the TiOCrIII moiety between 600 and 340 nm merely reflects a change 

of the CrIII ligand field spectrum because of linkage to Ti. We conclude that TiOCrIII 

units feature a TiIV + CrIII → TiIII + CrIV MMCT absorption extending from about 330 nm 

into the red spectral region. Assignment to a MMCT transition is supported by the direct 

observation of Ti3+ by EPR spectroscopy if the TiOCrIII unit is coupled to an Ir oxide 

nanocluster that acts as electron donor; in this case, back electron transfer is blocked by 

the reduction of transient CrIV by the electron donor.50 Mixed TiCr oxide minerals are 

again precedents for this type of charge transfer absorption.51,52  

 

3.3.  XANES and preliminary EXAFS characterization of binuclear units 

X ray absorption spectroscopy is an essential tool for investigating the molecular 

structure of non-crystalline materials at the atomic level. In this work, XANES 

measurements for all three binuclear systems and EXAFS of TiOCr sites are used to 

explore in more detail the structural properties of the assembled hetero-binuclear units 
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and to corroborate the formation of covalently linked binuclear groups on the surface of 

nanoporous silica.  

 

3.3.1  TiOCo units  

Co K-edge spectra of CoII-MCM-41 and TiCoII-MCM-41 are shown in Fig. 9A, 

with the small pre-edge bands displayed on an expanded scale in Fig. 9B. The pre-edge 

peaks at 7709.7 eV for CoII-MCM41 and 7709.9 eV for TiCoII-MCM41 are due to 

partially allowed, dipole forbidden 1s → 3d transition of Td coordinated CoII
 
53 in 

agreement with the result from diffuse reflectance UV-Vis spectra discussed above. 

Compared to solely Co containing CoII-MCM-41, binuclear TiCoII-MCM-41 material 

shows a shift of the peak by 0.2 eV toward higher energy accompanied by an intensity 

decrease. We have previously reported the same effect of TiCoII binuclear unit formation 

on the pre-edge 1s → 3d peak of the Ti edge.3 The shift is caused by a distortion of the 

metal center from tetrahedral geometry as it is expected to occur upon formation of an 

oxo-bridge to a metal partner. We conclude that the XANES spectra exhibit behavior 

consistent with the formation of a covalent MMCT unit.  

 

3.3.2  TiOCr units 

Cr K-edge XANES spectra of Cr-AlMCM-41 and TiCr-AlMCM-41 with the Cr 

center in various oxidation states are shown in Fig. 10A, with the corresponding detailed 

pre-edge peaks presented in Fig. 10B. Both the pre-edge absorption and the position of 

the K-edge furnish important information on coordination geometry and oxidation state 

of the metal. The XANES spectrum of calcined CrVI-AlMCM-41 (spectrum (a) of Fig. 
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10A) shows a characteristic sharp intense pre-edge peak at 5993.4 eV due to the partially 

allowed dipole forbidden 1s-3d transition of Td coordinated CrVI 15,28,53 (in Fig. 10B 

spectrum (a), the observed signal was divided by 10 to facilitate comparison with other 

spectra shown in the panel). The peak intensity of this pre-edge band relative to the 

height of the plateau between K-edge54 and the onset of the EXAFS region is close to one, 

which implies that essentially all Cr centers are in tetrahedral CrVI configuration.29 

Furthermore, since the position of the Cr-AlMCM-41 K-edge relative to that of metallic 

Cr is linearly dependent on the oxidation state of the metal,55 the oxidation state can also 

be derived from the K-edge energy. The K-edge of the metallic Cr reference was 

observed at 5990 eV (first derivative peak) while that of Fig. 10A spectrum (a) lies at 

6008.4 eV. Hence, the shift is 18.4 eV, which is typical for CrVI.53 After redox coupling 

of CrVI with TiIII precursor, spectrum (b) of Fig. 10A is observed with the K-edge located 

at 6000.6 eV, corresponding to ∆E = 10.6 eV. The shift implies that the Cr centers of as-

synthesized TiCr-AlMCM-41 are mainly CrIII.53 Nevertheless, some centers remain as Sp-

coordinated CrV based on our EPR measurements (Fig. 4A). Concurrently, the large pre-

edge band of CrVI is replaced by a much less intense doublet at 5990.6 and 5993.4 eV 

(Fig. 10A spectrum (b)) characteristic of the 1s-3d absorption of octahedral CrIII.56 

Subsequent mild calcination of TiCr-AlMCM-41 at 350 oC (Fig. 10A, spectrum (c)) 

results in a small blue shift of the K-edge to 6001 eV indicating partial oxidation of CrIII 

to higher oxidation states. Corresponding EPR spectra (Fig. 4) confirm that mainly Td 

and Sp coordinated CrV is produced. The extent of oxidation is very small as manifested 

by the small K-edge shift and only minor intensity changes of the CrIII pre-edge peaks at 

5990.6 and 5993.4 eV (Fig. 10B, spectrum (c)).  
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 These X-ray absorption spectra reveal that our method of preparing TiCrIII units 

by reduction with hydroxylamine is quantitative. In the XANES spectrum of 

hydroxylamine-reduced TiCr-AlMCM-41 (Fig. 10A, spectrum (d)), doublet pre-edge 

peaks due to octahedrally coordinated CrIII are observed at 5990.6 eV and 5993.4 eV. 

Comparison with literature results shows that the there is no contribution of CrVI to the 

5993.4 eV absorption.53 Furthermore, no CrV is present according to EPR spectroscopy. 

The K-edge shift ∆E is 10.6 eV as expected for a CrIII sample.  

The Fourier-transformed EXAFS function of the Cr K-edge of CrVI-AlMCM-41 

(χ3 weighted and phase corrected with O as backscatterer, Fig. 11A spectrum (a)) shows a 

single peak at a distance of 1.58 Å assigned to backscattering from the first shell of O 

atoms. The short bond is consistent with the metal in its highest CrVI oxidation state.28 

Preliminary EXAFS curve fitting shows that two Cr=O distances of 1.59 A and two Cr-O 

bond distances of 1.89 A are involved in this first shell peak, in agreement with the 

expected geometry for tetrahedral CrVI. The absence of any additional peak indicates that 

CrVI centers are well dispersed and no clusters are formed. By contrast, the FT-EXAFS 

result of the as-synthesized TiCr-AlMCM-41 material, Fig. 11A trace (b) gives two peaks: 

A first shell signal at 2.02 Å corresponding to the Cr-O distance and a second shell peak 

at 2.70 Å (apparent distance). The considerably longer Cr-O bond is in agreement with 

the oxidation state change of Cr from +6 to +3.28,57 Since we can rule out the presence of 

Cr oxide clusters based on our FT-Raman measurements, the new peak at 2.7 Å is 

assigned to backscattering from TiIV centers. This distance is close to another case of an 

oxo-bridged heterobinuclear unit in mesoporous silica we are aware of, namely 2.8 A for 

Ti-O-Ge on MCM-41 (Ti-O-Ge bond angle of 106o).58 Observation of a Ti….Cr distance 
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convincingly demonstrates the formation of a hetero-binuclear Ti-O-Cr unit on the silica 

nanopore surface. After calcination at 350 °C (Fig. 11A, spectrum (c)), the Cr-O distance 

again shortens, but only slightly, to 1.97 Å. This corroborates the observation of only 

minor changes in the XANES spectra and K-edge position discussed in the preceding 

paragraph, indicating that only a small fraction of CrIII centers are oxidized by the process. 

At the same time, the Ti….Cr distance is shortened as well, to 2.58 Å (apparent distance), 

an expected consequence of the shortened Cr-O bond.  

The interpretation of these EXAFS results is further supported by examination of 

the Cr K-edge EXAFS FT spectra of samples treated by hydroxylamine, shown in Fig. 11, 

panel B. Comparison of spectra (a) and (b) confirms that reduction of CrVI-AlMCM-41 

by hydroxylamine causes a lengthening of the Cr-O distance from 1.58 Å to 2.00 Å, 

which is the same effect within experimental error as observed upon preparation of TiCr-

AlMCM-41 by treatment with TiIII precursor. Furthermore, reduction of calcined TiCr-

AlMCM-41 using hydroxylamine results in a shift of both first and second shell peaks 

toward longer distances, i.e., from 1.97 Å to 2.07 Å for the first peak and from 2.58 Å to 

2.7 Å (apparent distance) for the second peak, indicating complete reduction of 

chromium centers to CrIII. Restoration of the second shell peak to the distance of 2.7 Å, 

which is the same distance observed for the as-synthesized TiCr-AlMCM-41, manifests 

the integrity of the binuclear Ti-O-Cr unit under redox treatment.  

 

3.3.3  TiOCe units 

Absorption spectra of the L3-edge of Ce are very useful for probing the Ce 

oxidation state because of the characteristic bands for +3 and +4 state. CeIII has a single 
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peak at 5727.0 (5728.0) eV originating from the 2p → 5d transition. CeIV exhibits a 

doublet with maxima at 5729.0 eV (assigned to the transition from 2p to admixed [5d + 

4f] state) and 5737.0 eV (2p → 5d transition).59,60 Hence, the spectra afford a 

straightforward way of assessing the oxidation state of grafted Ce in the nanoporous 

material as previously demonstrated.4 For CeIII-MCM-41 and TiCeIII-MCM-41 samples, 

the L3-edge spectrum, shown in Fig. 12A, is dominate by the CeIII edge peak at 5727 

(5728) eV. The weak shoulder at 5738 eV might be due to traces of CeIV (the lower 

energy band of the doublet at 5729 eV would be overlapped by the intense CeIII 

absorption), probably introduced as an impurity of the precursor Ce(NO3)3 sample. We 

conclude that in the as-synthesized materials, Ce is mainly grafted as CeIII. After 

calcination at a moderate temperature of 350 °C, a doublet with peaks at 5729.0 eV and 

5737.0 eV was observed, with no evidence for residual CeIII (Fig. 12B). The very weak 

shoulder at 5720 eV in both calcined monometallic CeIV and bimetallic TeCeIV samples is 

due to dipole-forbidden 2p → 4f transition, which is a consequence of 5d admixtures to 

the 4f state in CeIV.60 The definitive assignment of Ce oxidation state based on the L3-

edge absorption measurements add strong support for our interpretation of the optical 

spectra of Ce-MCM-41 and TiCe-MCM-41 materials presented in Fig. 7.  

 

 

4. Conclusions 

 

Controlled assembly and anchoring of oxo-bridged heterobinuclear units on the 

inner surface of mesoporous silica has been demonstrated. By exploiting acidity 
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differences of surface OH groups while avoiding the customary use of strong base, or by 

taking advantage of the specific redox reactivity of one metal precursor towards another, 

we have accomplished highly selective attachment of the second metal precursor to the 

initially anchored metal center to form TiOCrIII, TiOCoII and TiOCeIII sites on the pore 

surface of MCM-41 silica sieve. X-ray absorption spectroscopy combined with results 

from EPR, FT-infrared and FT-Raman spectroscopy furnish proof for the formation of 

covalently linked binuclear units and reveal details about oxidation state and the oxide 

coordination environment of donor and acceptor centers.  For the TiCr material, 

preliminary analysis of Cr K-edge EXAFS data reveals a Ti center in the second 

coordination sphere at a distance expected for an oxo-bridged unit. Moreover, the 

EXAFS data confirm the integrity of the unit under repeated oxidation/reduction 

treatment of the Cr center. Curve fitting analysis of EXAFS data of the three binuclear 

materials, all of which exhibit second shell interactions, is in progress. The objective is to 

attain detailed structural knowledge of these oxo-bridged units on solid supports 

approaching that of homogeneous organometallic metal-to-metal charge-transfer systems 

such as cyano bridged complexes.61-64  

The three heterobinuclear sites presented here possess metal-to-metal charge-

transfer absorptions that extend deep into the visible spectral region. The flexibility of 

assembling units with desired donor or acceptor metal and oxidation state is crucial for 

developing charge-transfer pumps with selectable redox potentials and tunable optical 

absorption properties. Matching of the redox potentials of donor and acceptor centers of 

the charge-transfer chromophores to those of multi-electron transfer catalysts is the key 

for developing photocatalytic units that are thermodynamically efficient. The ability to 
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assemble units with selected redox energetics is equally critical for accomplishing 

efficient directional electron transport between photocatalytic oxidation and reduction 

sites. The mild synthetic methods presented here open up opportunities for developing 

robust photocatalytic sites on nanostructured supports for demanding photosynthetic 

applications.  
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Figure Captions 

 

Fig. 1: FT-IR spectra showing the changes of silanol group intensities after reaction 

of CeIII precursor. Panel (A): (a) Ti-MCM-41 before grafting, (b) TiCe-MCM-41 calcined 

at 350 oC. Panel (B): (a) MCM-41 before grafting, (b) Ce-MCM-41 calcined at 350 oC. 

Spectra were normalized using the silica overtone bands at 1976, 1867, and 1643 cm-1.  

 

Fig. 2: (A) FT-Raman spectra of Cr-AlMCM-41 and TiCr-AlMCM-41 materials: 

(a) dehydrated CrVI-AlMCM-41, (b) hydrated CrVI-AlMCM-41, (c) as-synthesized TiCr-

AlMCM-41, (d) TiCr-AlMCM-41 calcined at 350 °C. The broad absorption at 800 cm-1 

is due to the symmetric Si-O-Si stretch mode of the silica material. The 974 cm-1 growth 

is assigned to ν(Si-O) of terminal SiOH groups perturbed by the grafted metal centers. (B) 

FT-IR spectra of (a) dehydrated CrVI-AlMCM-41, (b) hydrated CrVI-AlMCM-41, (c) as-

synthesized TiCr-AlMCM-41, and (d) TiCr-AlMCM-41 calcined at 350 °C. No bands 

due to di- or polychromates are observed.  

 

Fig. 3: Diffuse Reflectance UV-Vis spectra of mesoporous materials after 1 hr 

reaction of TiIII precursor with (a) AlMCM-41. Spectrum (b) shows CrVI-AlMCM-41 

before, spectrum (c) after reaction with TiIII, yielding TiCr-AlMCM-41. The inset shows 

the 500-800 nm region on an expanded absorption scale.  

 

Fig. 4: X-band EPR spectra (20 K) of CrV centers (A) and CrIII centers (B) of 

samples: (a) calcined Cr-AlMCM-41, (b) as-synthesized TiCr-AlMCM-41, (c) TiCr-
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AlMCM-41 after calcination at 350 °C. The inset of trace (c) shows the 4-fold amplified 

g// = 1.890 signal for tetrahedrally coordinated CrV.  

 

Fig. 5: X-band EPR spectra of (a) CoII-MCM41 and (b) TiCoII-MCM41 recorded at 

20 K.  

 

Fig. 6: Diffuse reflectance spectra of (a) Co-MCM-41, (b) sum of Ti-MCM-41 + 

Co-MCM-41 spectra, (c) TiCoII-MCM-41. Because of the negligible amount of CoII 

grafted onto plain MCM-41 in the absence of a base, triethylamine was added for the 

preparation of CoII-MCM-41 (for activating silanol groups, see text). By contrast, no base 

was used for the synthesis of TiCoII-MCM-41. The additional absorption from UV to 

visible region (extending from 335 nm to approx. 650 nm) of TiCoII-MCM-41 is due to 

MMCT CoII + TiIV → CoIII + TiIII. 

 

Fig. 7: Diffuse reflectance spectra of (a) CeIII-MCM-41 amplified 6.5-fold (per ICP 

result, see text) to reflect the absorption of CeIII present in the TiCeIII-MCM-41 sample; 

(b) sum of Ti-MCM-41 + (a); (c) TiCeIII-MCM-41. The additional absorption in the range 

350 - 550 nm of TiCeIII-MCM-41 is due to MMCT CeIII + TiIV → CeIV + TiIII. 

 

Fig. 8: Diffuse reflectance spectra of (a) CrIII-AlMCM-41; (b) sum of Ti-MCM-41 

+ (a); (c) TiCrIII-AlMCM-41 prepared by reduction with hydroxylamine. The additional 

visible absorption (ca. 350 - 600 nm) of TiCrIII-AlMCM-41 is due to MMCT CrIII + TiIV 

→ CrIV + TiIII. Because the Ti content of the Ti-only material using TiIII(THF)3Cl3 
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precursor is negligible, a Ti-AlMCM-41 material using the conventional Ti grafting 

method was employed to compute spectrum (b).  

 

Fig. 9: Co K-edge XANES spectra of (a) CoII-MCM-41 and (b) TiCoII-MCM-41. 

Panel A shows K-edge and EXAFS region, while panel B gives the pre-edge peak of the 

two samples on an expanded scale.  

 

Fig. 10: Cr K-edge XANES spectra of (a) calcined CrVI-AlMCM-41, (b) as-

synthesized TiCr-AlMCM-41, (c) calcined TiCr-AlMCM-41, (d) reduced TiCr-

ALMCM-41 (using hydroxylamine). Panel A shows the K-edge, panel B the pre-edge 

region on an expanded scale. Note that in panel B, spectrum (a), the amplitude of the very 

intense pre-edge peak of CrVI was reduced by a factor of 10 to facilitate comparison with 

the spectra (b) through (d).  

 

Fig. 11: Panel A: Cr K-edge EXAFS (χ3 weighted) FT plots of (a) CrVI-AlMCM-41, 

(b) as-synthesized TiCr-AlMCM-41, (c) TiCr-AlMCM-41 calcined at 350 oC.  Panel B: 

Cr K-edge EXAFS (χ3 weighted) FT plots of (a) CrVI-AlMCM-41, (b) same sample after 

reduction by hydroxylamine, (c) TiCr-AlMCM-41 reduced by hydroxylamine.  

 

Fig. 12: Panel A: Ce L3-edge absorption of (a) as-synthesized CeIII-MCM-41, (b) 

as-synthesized TiCeIII-MCM-41. Panel B: Same samples calcined at 350 oC (a) CeIV-

MCM-41, (b) TiCeIV-MCM-41.  
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Table 1:  

Metal Uptake ( in percent)  
Metal 

precursor MCM-
41 

Ti-MCM-41 
(Ti/Si 

=1:100)d 

Ti-MCM-41 
(Ti/Si 

=3:100)d 

CrAl-MCM-41 
(Cr/Al/Si = 
2:3.7:100)d 

CoII(CH3CN)2Cl2 
(0.0067 M) 

1a 12a 25a ⎯ 

CeIII(NO3)3 
(0.0067 M) 

9 b 20 b 48 b ⎯ 

TiIII(THF)3Cl3 
(0.0134 M) 

3 c ⎯ ⎯ 90 c 

 

(a) Monitored by the intensity of CoII d-d transition band at 681 nm of supernatant UV-

Vis spectra after 2 hr reaction at RT. (b) Monitored by the CeIII charge transfer band at 

262 nm in supernatant UV-Vis spectra after 2 hr reaction (1 hr at RT and additional 1 hr 

at 65 °C). (c) Monitored by the TiIII charge transfer band at 240 nm in supernatant UV-

Vis spectra after 1 hr reaction at RT. (d) Ti/Si ratio determined by ICP-MS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 36

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 

 
 

3600 3300 3000

A
bs

or
ba

nc
e

Wavenumber (cm-1)

3745

a

b

A

0.4

3600 3300 3000

A
bs

or
ba

nc
e

Wavenumber (cm-1)

3744

a

b

B

0.3



 37

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 2 
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Fig. 4 
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Fig. 9 
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Fig. 10 
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Fig. 12 
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Fig. S1: FT-Raman spectra of (a) CoII-MCM-41 calcined at 350°C; (b) TiCoII-

MCM-41 calcined at 350°C; and (c) 1%Co3O4 mechanically mixed with MCM-41. 

Co3O4 (c) shows distinct Raman absorption bands at 689, 618, 523, 482 and 196 cm-1, 

which were not observed in CoII-MCM-41 and TiCoII-MCM-41 materials. No Co3O4 

clusters formation indicates that CoII was well dispersed on the surface of 

nanoporous slica. 
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Fig. S2 : FTIR spectra of (a) Co-MCM41; (b) CoTi-MCM41; and (c) Co(OH)2 

mechanically mixed with MCM41 (molar ratio Co/Si = 1:100). For reference of FT-

IR spectra of Co(OH)2: Hou, Y.; Kondoh, H.; Shimojo, M.; Kogure, T.; Ohta, T., J. 

Phys. Chem. B 2005, 109, 19094-19098. 
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Fig. S3: XRD patterns of the synthesized materials show long range ordering of 

mesoporous structure by the observation of (100), (110) and (200) Brag reflection 

peaks. 
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Fig. S4: FT-Raman spectra of (a) as-synthesized TiCr-AlMCM-41; (b) TiCr-

AlMCM-41 calcined at 350 ºC; and (c) TiO2 mechanically mixed with MCM41 

(molar ratio Ti/Si = 1:50). For reference of FT-Raman spectra of TiO2, see: Miller J. 

M.; Lakshmi, L. J., J. Phys. Chem. B 1998, 102, 6465-6470. Cr2O3 has a strong 

characteristic Raman band at ca. 550 cm-1, see ref.: Zuo, J.; Xu C., J. Raman. Spec. 

1996, 27, 921-923. 
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Fig. S5: Electronic configuration of high spin and low spin CoII d-electrons in Td 

and Oh coordinations.   
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Fig. S6: FT-Raman spectra of (a) 1%CeO2 mixed with MCM-41; (b) Ce-MCM-41 

calcined at 350°C; and (c) TiCe-MCM-41 calcined at 350°C. CeO2 (a) shows a very 
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intense Raman absorption at 465 cm-1, which was not observed in Ce-MCM-41 and 

TiCe-MCM-41. No CeO2 clustering indicates that CeIII was well dispersed on the 

surface of nanoporous silica.  
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Fig. S7: Diffuse Reflectance UV-Vis spectra of CeIV-MCM-41 and TiCeIV-MCM-

41. Both materials were calcined at a mild temperature of 350 °C. MMCT of CeIII to 

TiIV is lost due to CeIII oxidation to CeIV after calcination.  

 
 


