
ABSTRACT 

LUO, LAN. Synthesis of Metal-Oxide/Organic Hybrids: Structures, Bandgap Sizes, and 

Photocatalytic Activities. (Under the direction of Prof. Paul A. Maggard). 

Photocatalysis research has attracted intense current attention for the development of 

new sources of renewable energy from sunlight. Mixed-metal oxides that comprise an early 

transition metal (e.g., d0 electronic configuration) with a late transition metal (e.g., d10 

electronic configuration) demonstrate significant promise in the red-shifting of the bandgap 

sizes of simpler metal oxides into the visible-light energy range, and for thus enabling 

visible-light driven photocatalysis. However, the lack of a significant molecular-level control 

over their structures and bonding limits the current synthetic abilities to prepare potentially 

more efficient photocatalysts. Metal-oxide/organic hybrids are materials containing both 

extended metal-oxide connectivity and coordinating organic ligands. These materials have 

also been the focus of intense research owing to the molecular-level manipulation of their 

solid-state structures which can be used to control their physical properties, as has been 

previously applied in many other research areas.  

Research efforts herein are focused on the investigation of metal-oxide/organic 

hybrids and their structures, optical bandgap sizes, and photocatalytic properties. The 

approach to the photocatalysis research begins with the hydrothermal syntheses of specific 

hybrid materials that can fulfill the band-energy requirements for visible-light absorption 

through the use of mixed-metal systems with d5 and d0 or d10 and d0 electron configurations, 

specifically in the Mn(II)/V(V) and Cu(I)/Mo(VI) systems. Optical bandgap sizes were 

measured by UV-Vis diffuse reflectance spectroscopy and surfaces areas were characterized 



by BET measurements. The first measured photocatalytic activities for total water splitting 

and/or hydrogen production for hybrid oxide/organic materials were measured under both 

visible-light or ultraviolet irradiation in aqueous solutions. Optical bandgap size sand 

photocatalytic activities were strongly influenced by the coordination environments, and 

oxidation states of the metal cations. The results of these investigations led to new insights 

into the photocatalytic activities of oxide/organic hybrids, demonstrating the utility of 

organic ligands to manipulate metal-oxide structures at the molecular level. 
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INTRODUCTION  
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CHAPTER 1 

OVERVIEW  

Investigations into the use of sunlight for the production of clean and renewable 

chemical fuels have drawn considerable attention in recent years.1 As global energy 

consumption grows rapidly, it is critical to develop clean energy systems as a substitute for 

fossil fuels.2 The Earthôs fossil energy reserves are limited and non-renewable, and the 

combustion of fossil fuels produces carbon dioxide that is an environmentally-harmful 

greenhouse gas.3 Alternatively, the sun irradiates the Earth with 3×1024 joules of energy 

every year, which is 10,000 times more than the current global energy demand.4 Therefore, 

the development of efficient photocatalysts for the production of hydrogen from water 

splitting is a very promising approach to utilize the vast supply of energy from the sun.  

One of the first photocatalytic investigation into hydrogen generation from water was 

reported by Fujishima and Honda in 1972, when water was reduced to hydrogen over an n-

doped TiO2 photoelectrode under ultraviolet irradiation.5 Since then, hundreds of different 

materials have been discovered to function as photocatalysts for water splitting.4, 6, 7 Many 

photocatalysts possess semiconductor properties, wherein there is a visible-light bandgap size 

between the conduction band and valence band, which can then bracket the water redox 

couples.2 The mechanism of photocatalytic water splitting involves the excitation of electrons 

across the bandgap: When the energy of incident light is larger than or equal to the bandgap 

of the semiconductor, valence band electrons are excited to the conduction band and 

electron-hole pairs are generated.2 If the potential of the excited electrons in the conduction 
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band is more negative than the redox potential of H+/H2 (0 V vs. NHE at pH = 0), then water 

(or protons) can be reduced to hydrogen at the surface of the semiconductor.2 If the potential 

of vacant holes in the valence band is more positive than the redox potential of O2/H2O (1.23 

V), then water can be reduced to O2 at its surfaces.2 Theoretically, to drive the water splitting 

reaction, the bandgap of a single-junction semiconductor must exceed 1.23 eV, 

corresponding to photons with a wavelength smaller than 1008 nm in the near IR region. This 

indicates ~70% of all photons from solar light can potentially be used to drive water splitting, 

though typically the smallest bandgap semiconductors have typically required an external 

bias voltage or sacrificial reagent to assist the reaction.8, 9 

Numerous solids exhibit high activities for the photocatalysis of water to generate 

hydrogen and/or oxygen, including BaTa2O6
10, SrTiO3

11, La3TaO7
12, Sr2Nb2O7

13 etc.14-16 

However, most of them are only active under ultraviolet-light irradiation. It is a challenge to 

lower the bandgaps of semiconductors to absorb a greater fraction of incoming sunlight while 

keeping the conduction band above the H+/H2 redox couple.17 Recently, mixed-metal systems 

comprised of an early transition metal (d0, e.g., Ta5+, Nb5+, V5+, or Mo6+) in combination with 

a late transition metal (d10, e.g. Cu+, Ag+), have been shown to exhibit small bandgap sizes of 

~1.2 to 2.5 eV owing to low energy metal-to-metal charge transfer.18, 19 The combination of 

d0/d10 electron configurations decreases the bandgap sizes and avoids partially-filled d-orbital 

that could function as electron/hole recombination centers.20 Compared to the alkali-metal 

analogues, the optical absorption edges of the d0/d10 metal oxides occur ~0.5 eV to 1.5 eV 

lower in energy.18, 19 For example, the bandgap sizes of AgTaO3 and AgNbO3 were both ~0.6 
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eV smaller than the corresponding NaTaO3 and NaNbO3.
19 Moreover, several mixed-metal 

oxides exhibit visible-light photocatalytic activities for H2 or O2productionfrom water, 

including AgNbO3,
19 AgVO3

21 and Ag3VO4
21. However, while these photocatalysts possess 

dense structures (i.e.,as binary and ternary oxides), their syntheses are often limited by the 

lack of significant molecular-level control over their structures and bonding.22 The lack of a 

greater structural tunability of their coordination environments and structural connectivity 

limits the currently known synthetic abilities to prepare more efficient photocatalysts.22 

One approach to control the molecular-level structure of metal-oxides is to introduce 

coordinating organic molecules into their structures, wherein the organic ligands can serve in 

various structural roles.23 Compounds containing both organic ligands and inorganic metal-

oxide components are called metal-oxide/organic hybrids. By selecting for specific organic 

functional groups and coordination environments, it enables the preparation of materials with 

tailored structures that can be used to better understand the structural and electronic origins 

photocatalytic activity. Organic ligands in polymeric coordination compounds play a variety 

of functional roles. The organic ligand can balance the charge of the anionic oxide species, as 

well as influence the metal oxide component to achieve desired network architectures.24 In 

addition, by coordinating to the metal sites they serve as bridges between the metal-oxide 

clusters or layers, and forming more extended structures.25 The numerous possible organic 

functional groups creates a remarkable range of structural diversity within metal-

oxide/organic hybrid compounds.22 Thus, the introduction of organic ligands into the 
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structures of metal oxides provides a promising approach to understand and tune the 

photocatalytic properties of metal-oxides.26 

Hydrothermal synthetic methods have been utilized for the preparation of a wide variety 

of metal oxide/organic hybrids.27-30 In contrast to conventional solid-state methods, 

hydrothermal synthesis provides mild conditions with relatively low temperatures and 

autogenous pressure to increase the solubility of metal oxide components without 

decomposition of the organic species.26 Further, hydrothermal conditions reduce the viscosity 

of water in order to speed the diffusion in solution and to aid the growth of high-quality 

single crystals that can be characterized using X-ray diffraction techniques.26 The synthesis 

of crystalline metal-oxide/organic hybrids via the hydrothermal method is typically 

performed within the temperature range of 120-260 °C and under autogenous pressure in a 

sealed Teflon-lined reaction vessel. In these reactions, the organic ligands and metal-cations 

undergo a self-assembly process of óbuilding blocksô in solution (i.e., as clusters, chains, 

layers, etc.).22, 31 The products of hydrothermal reactions depend on the reaction 

stoichiometry, pH value, and time and temperature. The varied reaction conditions result in 

changes in the type and arrangement of building blocks and can affect the overall network 

dimensionality and crystal structure.22, 32 Thus, adjustment of the reaction conditions provides 

a powerful method of structural control, as described in the results herein. New hybrid 

structures can lead to a deeper understanding of structure-property relationships that can 

contribute to more advanced designs in future hybrid materials.33 
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Numerous types of oxide/organic molybdates, vanadates, and phosphates have been 

prepared via hydrothermal and solvethermal methods, demonstrating their use in many 

different research fields, such as in catalysis, gas absorption, electrical conductivity, 

magnetism and optical absorption.22, 33, 34 Some specific examples from the Maggard group 

include the previously reported ligand-pillared hybrid solids Ag2Cu(pyrazine-2-

carboxylate)2MOxF6īx (M = Nb, Mo, W)35, the low-dimensional reduced vanadates 

M(bipyridine)V4O10 (M = Cu, Ag)36, and the reduced layered vanadate Zn(C4H4N2)V4O10.
37 

Recently, some of the first photocatalytically-active hybrids for the decomposition of 

methylene blue based on [Ag(L)]+ (L = organic ligand) and [VxOy]
z- building blocks have 

been synthesized.29 However, there have been no prior examples of hybrids that were active 

under visible-light irradiation for water reduction and/or oxidation reactions.38, 30 

The research described herein has revealed new discoveries of hybrid solids with 

photocatalytic activities for water reduction and/or oxidation. These include the hydrothermal 

synthesis of new metal-oxide/organic hybrids in the (Cu+ or Cu2+)/Mo8O26/L andMn2+/VxOy
n-

/L systems. Further, the physical properties of these hybrid compounds were investigated, 

including their thermal stability, surface areas, and magnetic and optical properties. Their 

photocatalytic activities for water reduction and/or water splitting were investigated, and the 

results were analyzed with respect to their optical bandgap sizes, structural features, and the 

calculated electronic structures. 

  



7 

 

 

 

 

CHAPTER 2 

EXPERIMENTAL TECHNIQUES  

Hydrothermal Synthesis. Each hybrid solid was synthesized via hydrothermal methods 

by adding a stoichiometric amount of the metal cations and organic ligands and heat-sealing 

all reactants into an FEP Teflon pouch (3òĬ3ò). The pouches were then placed inside an ~125 

mL polytetrafluoroethylene-lined stainless steel autoclave which was backfilled with ~40mL 

deionized water before closing. The reaction vessel was heated in a mechanical convection 

oven with a programmable heating control. Heating procedures and reagent molar ratios are 

described in each chapter. 

Single crystal X-ray Crystallographic Structure Determination. A single crystal 

data set of each new compound was collected on a Bruker SMART APEX-II CCD 

diffractometer using graphite-monochromatized Mo KŬ radiation (ɚ=0.71073 ¡) in a sealed 

tube at 296 K. The initial unit cell determination and data reduction was performed by the 

Bruker SAINT program.39 The structures were solved by direct methods in SHELXS-97.40 

The final structure refinement was performed by full matrix least-squares in SHELXS-97.40 

Hydrogen atoms were fixed in the idealized positions and riding on parent carbon or oxygen 

atoms. Details of the single crystal data and analysis are given in the experimental sections of 

each chapter. 

Powder X-ray Diffraction (PXRD).  High-resolution powder PXRD data on powder 

samples of each compound were collected on a RIGAKU R-Axis Spider diffractometer 

(graphite monochromatized Cu KŬ radiation, ɚ= 1.5406) at room temperature. The powder 
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diffraction pattern was scanned with a step size of 0.02° over the 2ɗ angular range from 4° to 

100° and dwell times of 4 s for each step. The theoretical powder patterns were simulated 

and generated from their crystallographic information files using the program MERCURY.41 

Infrared Spectroscopy. Mid-infrared (400ï4000 cmī1) spectra were measured on an 

IR-Prestige 21 Shimadzu Fourier Transform Infrared (FTIR) spectrophotometer with sample 

stage and a GladiATR accessory (PIKE Technology). Approximately 10 mg of each solid 

sample was placed onto the detector with an attenuated total reflectance (ATR) crystal plate. 

Pressure was applied in the pressure clamp tip so the sample was fully in contact with the 

crystal surface. 

Thermogravimetric Aanalyses (TGA). A weighted amount of each compound was 

loaded onto a platinum pan on a TA Instruments TGA Q50 analyzer. The pan was 

equilibrated and tarred at room temperature and then heated to 300 - 600 oC at a rate of 10 

°C.min-1 under nitrogen flow (40 mL/min). The data was plotted as the percentage of starting 

weight versus temperature (°C). 

BET Surface Area Analysis. Surface areas were measured by a Quantachrome 

ChemBET Pulsar TPR/TPD. Samples were preheated to 140-300 °C under nitrogen flow to 

degas for 2-3 h and then analyzed using a 30% He/N gas mixture and cooled using a Dewar 

filled with liquid nitrogen. 

Optical Bandgap Measurements. The UV-Vis diffuse reflectance spectra (DRS) were 

recorded on a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer with an integrating 

sphere. A pressed barium sulfate powder tablet was used as the reference. Approximately 
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50 mg of each sample was pressed and mounted onto a fused-silica holder and placed along 

the external window of the integrating sphere. According to the KubelkaïMonk theory of 

diffuse reflectance, the data were plotted as the remission function F(R¤) =(1-R¤)2/(2R¤) 

versus electron volt where R¤ is diffuse reflectance.42 The optical bandgap size was 

estimated from the onset of absorption using the formula Eg (eV)=1240/ɚg (nm), where ɚg is 

determined by the linear rising part to the X-axis in the absorptions.43  

Magnetic Properties Study. Temperature-dependent magnetic susceptibility 

measurements of the respective compounds were taking by a Quantum Design MPMS XL 

SQUID magnetometer under both zero-field cooled and field cooled conditions. 

Magnetization measurements were recorded in the temperature range of 4-300K at an applied 

field of 1T after calibrating and background subtraction. 

X-ray Photoelectron Spectroscopy (XPS). The XPS spectra of each sample were 

recorded on a Riber XPS equipped with a Mark II Cylindrical Mirror Analyzer (CMA) using 

monochromatized Mg (KŬ = 1253 eV) radiation. A chamber base pressure of approximately 

10ī10 mbar was achieved under ultrahigh vacuum. The diameter of the X-ray spot was set at 

1-2 mm, and the sample sizes were ~1 cm2. The binding energies were internally calibrated 

to the graphite C 1s peak at 284.3 eV. 

Electron Paramagnetic Resonance Measurements (EPR). EPR spectra were 

performed at the X-band frequency with a Bruker Elexsys E500 spectrometer at room 

temperature. Each solution sample was sealed in a 25 µL quartz capillary. Each solid sample 

was placed into a piece of weighting paper which was then folded into a 3 mm ×3 mm 
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square. Then they were put into a 3-mm quartz EPR tube for analysis. Details of the 

spectrometer settings are given in the experimental sections of each chapter.  

Mass Spectrometry Analysis. MALDI -TOF/TOF-Mass Spectrometry analyses were 

performed to detect the positive ion clusters using the AB SCIEX TOF/TOF 5800 instrument 

(AB SCIEX, Foster City, CA). The instrument was equipped with a Nd:YAG laser (349 nm 

wavelength, 3 ns pulse width, 1000 Hz firing rate). The instrument was calibrated in positive 

linear ion mode using the Cal-1 mixture (peptide mass standard kit for calibration of AB 

SCIEX MALDI-TOF Instruments, P/N P2-3143-00). The spectra were acquired in positive 

linear ion mode, with a mass range of 300-2000 m/z. Mass spectra from 200 laser shots were 

averaged to produce a composite spectrum. MS data were processed using Data Explorer 

software from AB Sciex. Electrospray ionization mass spectrometry was performed on a 

Thermo Fisher Scien Scientific TSQ Quantum Discovery MAX Triple Quadrupole MS 

instrument equipped with a capillary electrospray (ESI) source to detect the negative ion 

clusters. Samples were introduced into the MS via direct injection. The spectra were acquired 

in negative ion mode, with a mass range of 300-1200 m/z. 

Electronic Structure Calculations. Electronic structure calculations were carried out 

using the package CASTEP according to plane-wave density functional theory.44 The lattice 

dimensions and atomic positions were obtained from the respective single crystal structures. 

The PerdewīBurkeīErnzerhof functional in the generalized gradient approximation and 

ultrasoft core potentials were utilized in the calculations.45 Equally distributed k-points 
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within the Brillouin zone were automatically calculated based on the MonkhorstīPack 

scheme.46 

Photocatalysis testing. The photocatalytic activity for hydrogen production was 

measured by suspending a weighed amount (~20mg) of each powdered sample (either pure 

or coated with 1% platinum) in an outer-irradiation range quartz reaction cell which was 

filled with 45 mL 20% aqueous methanol solution. In order to remove any trapped gases on 

the particlesô surfaces, the mixture solution was first stirred in the dark for ~0.5h with 

constant nitrogen bubbling. Then the cell was irradiated under a 1000 W high pressure Xe arc 

lamp (focused through a shutter window) which was equipped with an external fan to cool 

down and an infrared radiation water filter and with cutoff filters to achieve the desired 

wavelength ranges. The solution was irradiated under both UV and visible light (ɚ > 200 nm) 

or visible light only (ɚ > 420 nm) with constant stirring for 5-8 hours. Methanol acts as a hole 

scavenger that helps to separate the photoexcited electrons from the holes and to reduce the 

reverse reaction rates and enhance the H2 production rate.2 During the photocatalysis 

reaction, the methanol is oxidized into aldehyde, including formic acid, methyl formate etc., 

as confirmed by gas chromatography (HP GCD; flame ionization detector) and Tollensô test, 

while water is reduced into hydrogen gas.7  

The photoreaction cell was connected to an L-shaped horizontal quartz tube through an 

airtight rubber tube to collect the evolved gases. By injecting a moveable water bubble into 

the L shaped tube, the amount of gas produced at a constant pressure can be determined 

volumetrically by measuring the movement of the water bubble every 30 minutes during the 
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photo testing experiments. The movement of the bubble can be converted into the micromole 

of gas generated to calculate the hydrogen evolution rate. The collected gas was manually 

injected into a gas chromatograph (SRI MG #2; thermal conductivity detector) to identify the 

generated gases and to confirm a constant molar ratio versus time. 

Thesis Organization. This thesis has been organized as separate chapters in the format 

of papers either formerly published or in a potentially publishable format. These are divided 

into two major sections. The first section focuses on new Mn-V hybrids and their structures, 

properties and photocatalytic activities. The second section covers Cu-Mo hybrids and new 

investigations of their photocatalytic properties for water splitting. 
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Abstract 

A new manganese-vanadate hybrid structure, Mn(H2O)(bpy)V2O6 (I; bpy = 2,2ô-

bipyridine)), has been synthesized via hydrothermal methods and characterized by single 

crystal X-ray diffraction (P21/n, Z = 4, a = 6.8557(4) Å, b = 10.4900(6) Å, c = 19.7921(13) 

Å, ɓ = 96.419(4)°), infrared spectroscopy, thermogravimetric analysis, magnetic 

susceptibility measurements and UV-vis diffuse reflectance. The structure is comprised of 

manganese vanadate layers that are spanned by 2,2ô-bipyridine ligands via coordination to 

the Mn(II) ions. The water molecules coordinated to the manganese sites can be reversibly 

desorbed at ~190 °C with the formation of a new hybrid structure, before then further 

decomposing to MnV2O6 upon heating to 300 °C. Notably, I  undergoes a reversible 

structural transformation to Mn(bpy)V4O11(bpy) (II ) under hydrothermal conditions. This 
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structural transformation results from additional bpy-ligand coordination to ¼ of the 

vanadium sites. Magnetic data indicates Mn(II)  in both I  and II  are high spin (S = 5/2). The 

optical bandgap sizes of I  and II  were measured to be ~2.2 eV and ~1.6 eV, respectively, and 

which are calculated by DFT methods to arise from Mn-to-V electronic transitions between 

the valence and conduction bands. Visible-light irradiation of II  in aqueous solutions leads to 

photocatalytic activities for total water splitting at a rate of ~92 ɛmol H2/½O2 g
-1 h-1 and ~21 

ɛmol H2/½O2 g
-1 h-1 for II , with and without a 1 wt% Pt surface cocatalyst, respectively, but 

no measureable activity for I . Rates for only H2 production using aqueous methanol solutions 

were significantly lower. Results from electronic structure calculations show that the change 

in ligand coordination from I  to II  causes the excited electrons to populate slightly lower-

energy bpy ligand ́ *-orbitals that are coordinated to V(V), and thus this structural change 

leads to a better excited-state charge separation within the hybrid structure of II . 

 

Introduction  

Investigations into the use of visible-light energies to drive photocatalytic water- 

splitting reactions at the surfaces of metal-oxide semiconductors have drawn intense research 

interest in recent years, especially as a renewable route to produce hydrogen and oxygen 

using sunlight.1, 2 Current approaches have focused on lowering the band gaps of metal 

oxides to absorb a greater fraction of sunlight while also maintaining a conduction band edge 

above the H2/H2O redox couple.1 Vanadium-containing oxides, such as V6O13, InVO4, 

BiVO4, and Ag3VO4 have been found with visible-light photocatalytic activities for O2 and 
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H2 production.3-5 The 3d orbitals of vanadium serves to lower the conduction band energies 

compared to the analogous titanate, niobate, and tantalate photocatalysts.3 Further, recent 

results indicate that by incorporating Mn(II) ions into the structures of vanadates, the 

bandgap size can be decreased an additional ~0.5 to 1.0 eV, such as found in the 

photocatalytic decomposition of methylene blue using visible light.6 Though these types of 

mixed- metal oxides have shown great potential for photocatalytic applications, their 

structures have a relatively limited range of flexibility for tuning the connectivity and 

coordination environments of the transition metals responsible for their optical, electronic, 

and photocatalytic properties.7 

Organic/inorganic hybrids are a large and fast growing class of materials with structures 

that are determined by the combination of the organic ligands together with inorganic ions, 

and which typically yields highly-functionalized frameworks with potential applications in 

biomedicine,8 gas storage,9 energy storage,10 and photocatalysis.11, 12 Metal-oxide/organic 

hybrids constitute one of the major subfields within this area, and that exhibit structures 

constructed from extended metal-oxide components (i.e., chains, layers, etc.) that are linked 

together by organic ligands.7 Thus, while their crystalline frameworks are built up from the 

extended [-O-M-O-]n connectivity, these may or may not also contain extended metal-

organic components that are analogous to those in purely metal-organic frameworks.7, 13, 14 In 

recent years, a few metal-organic frameworks have been found to be active for water 

reduction to hydrogen under irradiation with the use of sacrificial reagents.11,l2  Within hybrid 

oxide/organic structures, Vanadate/organic hybrids have been of particular interest owing to 
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the multiple possible oxidation states (III, IV and V) and coordination geometries of soluble 

vanadate species, and that has yielded a large structural diversity and tunability of optical 

bandgap sizes.15 For examples, these include [{Co(1,10-phenanthroline)2} 2V6O17],
16 

[Ni(1,10-phenanthroline)2V4O11],
17 [{Co2(4,4ô-bipyridine)3 (H2O)2}V 4O12]·2H2O,18 and 

[{Cu(pyrazole)4} 2V10O28],
19 that are constructed from 1D to 3D vanadate structures. 

However, relatively little has been previously explored on the optical and photocatalytic 

properties of these hybrid systems. Recent efforts in the Maggard group have focused on 

Mn(II) -organic/vanadate hybrids that could have the optimal band energies and visible-light 

bandgap sizes to drive the water splitting reactions.  Examples of in this system include 

[(Hen)2Mn(VO3)4],
20 [C3N2H12][Mn(V 4O12)(H2O)2],

21 [Mn(1,10-

phenanthroline)(H2O)V2O6],
22 [enH2][Mn3(V2O7)2(H2O)2],

23 and [H2pn][n2(C2O4)(V4O12)].
24  

However, none of these hybrids have been deeply investigated for optical properties and 

photocatalytic activity. 

In addition to a greater degree of structural flexibility, hybrid compounds can undergo 

low-temperature structural transformations to new phases, and which have been investigated 

for their effects on physical properties such as magnetic properties,25 gas storage,26 

catalysis,27 and thermal stability.28 Structural transformations of oxide/organic hybrids have 

typically been limited to the removal of small guest molecules (e.g. coordinated water 

molecules), such as in the layered hybrids [M2(pzc)2(H2O)x][Mo5O16] and 

M(pzc)2(H2O)2AgReO4 (M = Co, Ni; pzc = pyrazinecarboxylate).29, 30 However, examples of 

the ligand-induced modification of hybrid solids are still relatively few in number. For 



21 

 

 

 

 

example, hybrid compounds in the copper-rhenate system could be structurally transformed 

with the removal or insertion of both bipyridine and water ligands.31 Thus, key physical 

properties in a hybrid compound might potentially be carefully tuned using low-temperature 

structural modifications. 

Presented herein is the synthesis and characterization of a new layered hybrid 

Mn(H2O)(bpy)V2O6 (I ) and its low-temperature structural transformation to 

[Mn(bpy)V4O11(bpy)] (II ). The changes in crystalline structures, thermal stability, magnetic 

properties, optical bandgap sizes and photocatalytic activities have been investigated. The 

[Mn(bpy)V4O11(bpy)] hybrid is the first reported example of a metal-oxide/organic 

compound that shows visible-light photocatalytic activity for hydrogen production, as well as 

overall water splitting, from aqueous solutions.  Electronic-structure calculations are used to 

probe the origins of these bandgap excitations, and which illustrate the potential of these 

manganese-vanadate hybrids as a new class of photocatalysts. 

 

Experimental Section 

Materials. All reagents were used as supplied by the manufacturer without further 

purification, including: Mn(OAc)2·4H2O (98%, Alfa Aesar), NH4VO3 (99.99%, Aldrich), 

2,2ǋ-bipyridine (99%, Alfa Aesar), and glacial acetic acid (99.7%, Fisher). A reagent amount 

of deionized water was also used in each synthesis. 
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Synthesis.  Mn(H2O)(bpy)V2O6 (I ) was prepared via a hydrothermal procedure by heat-

sealing all reactants into a polytetrafluoroethylene Teflon pouch (3òĬ3ò), including 0.0175 g 

Mn(OAc)2·4H2O, 0.0169 g NH4VO3, 0.0390 g 2,2ǋ-bipyridine, 0.0215 g glacial acetic acid, 

and ~2 mL H2O in a molar ratio of 2:4:7:10:~3000. The pouches were then placed into an 

~125 mL polytetrafluoroethylene-lined stainless steel autoclave which was backfilled with 

~40 mL deionized water before closing. The reaction vessel was heated at 140 °C for six 

days in a convection oven and slowly cooled to room temperature at 6 °C/h. The products 

were washed with deionized water, collected, and dried at 60 °C overnight. Cubic shaped 

orangish-red crystals were obtained in a yield of ~78% (based on vanadium). The synthesis 

of I  was sensitive to both pH and reaction time. The absence of acetic acid or an insufficient 

reaction time (<6 days) leads to a mixture of I and Mn(bpy)V4O11(bpy) (II ). The 

interconversion of these two compounds will be discussed in further detail later. The reaction 

temperature is also critical, as higher temperatures (160 and 180 °C) lead to the formation of 

Mn2V2O7. Unidentified brown powder or unreacted reagents were found when manganese 

nitrate, manganese chloride or divanadium pentoxide were employed as reactants. 

Mn(bpy)V4O11(bpy) (II ) was obtained by a hydrothermal procedure with a synthesis 

time that was shorted from 3 days to 10 h, compared to the literature report.32 The reactants 

were 0.0173 g Mn(OAc)2·4H2O, 0.0331 g NH4VO3, 0.0387 g 2,2ǋ-bipyridine, 0.0213 g 

glacial acetic acid (99.7%, Fisher) and ~2 mL H2O in a molar ratio of 2:8:7:10: ~3000 at 140 

°C for 10 h. Needle-like brown crystals were obtained in a yield of ~69% (based on 
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vanadium). Each hybrid solid was obtained in high phase purity (>95%) according to powder 

X-ray diffraction data, shown in Figure 3. S1. 

Structural Characterization. A single-crystal data set for I  was collected on a Bruker 

APEX-II CCD diffractometer using graphite-monochromatized Mo KŬ radiation (ɚ = 

0.71073 Å) in a sealed tube at 296 K. The initial unit cell determination and data reduction 

were performed by the Bruker SAINT program.33 The structures were solved by direct 

methods and the structure refinement was performed by full matrix least-squares methods in 

SHELXS-97.34 Hydrogen atoms were placed in idealized positions that were fixed to ride on 

the parent carbon or oxygen atoms.  Crystallographic data and structure refinement 

parameters for I  are given in Table 3. 1. The refined atomic coordinates and isotropic 

equivalent displacement parameters of I are listed in Table 3. S1 in the Supporting 

Information. Selected interatomic distances, angles and bond valences can be found in Table 

3. S2. 

The phase purities of the products for I  and II  were confirmed by high-resolution 

powder XRD data on a RIGAKU R-Axis Spider Powder X-ray diffractometer (graphite 

monochromatized Cu KŬ radiation) at room temperature. The powder X-ray diffraction 

pattern was scanned with a step size of 0.02° over the 2ɗ angular range from 4° to 100° and 

dwell times of 4 s for each step. Mid-infrared (400ï4000 cmī1) spectra were measured on an 

IR-Prestige 21 Shimadzu Fourier Transform Infrared (FTIR) Spectrophotometer with sample 

stage and a GladiATR accessory. Approximately 10 mg of sample was placed onto the 

detector with an attenuated total reflectance (ATR) crystal plate. 
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Physical Property Characterization. UV-Vis diffuse reflectance spectra (DRS) were 

recorded on a Shimadzu UV-3600/3100 UV-Vis-NIR spectrophotometer with an integrating 

sphere. A pressed barium sulfate powder tablet was used as the reference.  According to the 

KubelkaïMonk theory of diffuse reflectance, the data were plotted as the remission function 

F(R¤) = (1-R¤)2/(2R¤) versus energy where R¤ is diffuse reflectance.35 The optical bandgap 

sizes were estimated from the onset of absorption using the formula Eg(eV) = 1240 / ɚg(nm), 

where ɚg is extrapolated from the linear rising part in the spectra.36 Temperature dependent 

magnetic susceptibility measurements of I  were taking on a Quantum Design MPMS XL 

SQUID magnetometer under both zero-field cooled and field cooled conditions. 

Magnetization measurements were recorded in the temperature range of 4-300 K at an 

applied field of 1 T after calibration and background subtraction. 

Thermogravimetric analyses were taken on a TA Instruments TGA Q50 by loading 

~0.0050g onto a platinum pan. The pan was equilibrated and tarred at room temperature and 

heated to 600 oC at a rate of 10 oC·min-1 under nitrogen flow.  Specific surface areas were 

measured on a Quantachrome ChemBET Pulsar TPR/TPD. Samples were preheated to 140 

°C under nitrogen flow to degas for 3 h and then analyzed using a 30% He/N2 gas mixture 

and cooled with liquid nitrogen. 

Photocatalysis Testing. The photocatalytic activity for hydrogen production was 

measured by suspending a weighed amount (~20 mg) of the powdered samples (either pure 

or with 1 wt% Pt surface co-catalyst) in an outer-irradiation quartz reaction cell which was 

filled with 45 mL of pure deionized water or a 20% aqueous methanol solution.  During the 
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photocatalysis reaction, the methanol is oxidized while water is reduced to hydrogen.37 

Methanol serves as a hole scavenger which is used to measure the H2 production rate alone.38 

In order to remove any trapped gases on the particlesô surfaces, the solution was stirred in the 

dark for ~0.5 h with continuous nitrogen purging. Next, the cell was then irradiated for 

reaction times of 5 to 8 h under a 1000 W high pressure Xe arc lamp which was equipped 

with an external fan, an IR water filter, and wavelength cutoff filters. The wavelength range 

of the light source was filtered to either include only visible light only (ɚ > 420 nm) or both 

UV and visible light (ɚ > 200 nm). The photoreaction cell was connected to an L-shaped 

horizontal quartz tube to collect the evolved gases and to volumetrically measure the amount 

of gas produced. The collected gases were manually injected into a gas chromatograph (SRI 

MG #2; SRI MG #2; helium ionization and thermal conductivity detectors) to confirm the 

generated gases as H2 and O2. 

Electronic Structure Calculations. Electronic structure calculations were carried out 

using the package CASTEP according to plane-wave density functional theory.39 The 

PerdewīBurkeīErnzerhof functional in the generalized gradient approximation and ultrasoft 

core potentials were utilized in the calculations.40 Equally distributed k-points within the 

Brillouin zone were automatically calculated based on the MonkhorstīPack scheme.41 

 

Results and Discussion 

Structural Description.  Shown in Figure 3. 1 is an overall structural view of 

Mn(H2O)(bpy)V2O6 (I ) down the a axis with the unit cell outlined. The structure is 
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comprised of manganese-vanadate layers that are coordinated by 2,2ô-bipyridine ligands. 

Within these layers the vanadium and manganese atoms are coordinated in tetrahedral and 

octahedral geometries, respectively. Shown in Figure 3. 2, chains of vertex-bridged VO4 

tetrahedra run along the b axis, and these in turn are bridged to two MnO3(bpy)(H2O) 

octahedra to form extended layers down the c axis. The local coordination environments are 

illustrated in Figure 3. 3. Each VO4 tetrahedron is bridged via its apical oxygen atoms to two 

neighboring tetrahedra (O2 and O4, V-O at 1.620(6) - 1.812(6) Å). Each MnO3(bpy)(H2O) 

octahedral environment consists of one water molecule (Mn-OH2 at 2.258(6) Å; a typical 

Mn-OH2 bond length is 2.21 Å),42 two nitrogen atoms from the 2,2ô-bipyridine ligand (Mn-N 

at 2.247(7) - 2.251(7) Å), and three bridging oxygen atoms (O1, O3 and O5) to three 

different VO4 tetrahedra. Adjacent planes stack together through ˊ-ˊ distances between the 

bpy ligands of ~3.4 ¡, and which is close to that typically observed for ˊ-ˊ interactions at 

~3.3 Å to ~3.5 Å.43 The infrared spectrum of I  is consistent with these structural features, as 

shown in Figure 3. S2. Intense sharp peaks are observed in the range of 1200-1600 cm-1 

owing to the 2,2ô-bipyridine ligand,44 and broad absorption bands in the 400 to 1000 cm-1 

range are attributed to both VīO and MnīO vibrations.32,45 The O-H groups from the 

coordinated water molecule are present as small broad peaks around 3300-3500 cm-1.46 These 

interatomic distances and structural features are consistent with related hybrid structures, 

such as Ŭ-Cu(bpy)V2O6 and ɓ-Cu(terpyridine)V2O6, and M(bpy)(H2O)V2O6, (M = Co and 

Ni).47-49 
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Interestingly, the structure of I can be converted to Mn(bpy)V4O11(bpy) (II ) through a 

hydrothermally-mediated structural transformation. The hydrothermal reaction of I  together 

with 2,2ô-bipyridine and NH4VO3 in a mole ratio of 1:1:2 at 140 °C for 1 day results in single 

crystals of II . Alternatively, the hydrothermal reaction of II  with same molar amount of 

Mn(COOCH3)2·4H2O at 140 °C for 5 days results in single crystals of I . After each structural 

conversion, the phase purities of I  and II  were confirmed by PXRD, given in Figure 3. S3. 

Thus, the structural transformation between I  and II  can be driven reversibly using 

hydrothermal conditions. The synthesis and structure of II  have been described previously,19 

and its structure and local coordination environments are illustrated in Figures S4 in the 

Supporting Information. The magnetic susceptibility data of both I  and II , given in Figures 

S5 and S6, could be fitted to the Curie-Weiss model with the fitting parameters listed in 

Table 3. 2. The data for both are consistent with the oxidation states of Mn(II) (high spin; S = 

5/2) and V(V) oxidation states. The small, negative values of ɗ indicate a small amount of 

short range antiferromagnetic interactions between neighboring Mn(II) sites in each.50 The 

most significant difference is that the 2,2ô-bipyridine ligands in I  are coordinated only to the 

Mn atoms, while in II  the ligand is coordinated to both the Mn and V atoms. This change in 

ligand coordination is driven by the reaction time, as well as the compositional change under 

the different reaction conditions. 

Water Absorption, Desorption and Structural Decomposition. The thermal 

stabilities, reversible water desorption, and decomposition route of compounds I  and II  were 

investigated by thermogravimetric and powder XRD analyses. The slow heating of 
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compound I  to 600 °C under flowing N2 shows three weight-loss steps, as shown in Figure 3. 

S7 in the Supporting Information. The lowest-temperature weight loss corresponds with the 

loss of coordinated water molecules over a temperature range of 162 to 194oC (exp. 3.97%; 

calcd. 4.21%). The color of I  changes from orange to dark red. However, the powder XRD 

shows essentially the same pattern as before the loss of all water, Figure 3. S8, showing that 

the water can be relatively easily removed without significant decay of the crystalline 

structure. The expected composition would be approximately óMn(bpy)V2O6ô, with the 

removal of water potentially leaving open coordination sites on the Mn atoms. This 

dehydrated product can be completely rehydrated in an aqueous solution at 60 °C for 12 

hours or at room temperature over a period of 72 h. After rehydration, the same powder XRD 

pattern is obtained as before the dehydration, demonstrating the conservation of the original 

crystalline structure as shown in Figure 3. S9. The next two major weight loss steps starting 

at ~291 oC and at ~363 oC, correspond to the removal of the bipyridine ligand (total loss: exp. 

36.7%; calcd. 36.57%). The final dark-brown colored residue was identified as MnV2O6, 

Figure 3. S10, with a few minor peaks identified as MnV2O6·H2O. By comparison, 

compound II  does not contain coordinated water molecules and is stable up to ~285 oC with 

the loss of the bipyridine ligands (exp. ~40.36%, calculated ~41.8%), Figure 3. S11. 

Optical Bandgap Sizes and Electronic Structures. The optical bandgap sizes of 

Mn(H2O)(bpy)V2O6 (I ), Mn(bpy)V4O11(bpy) (II) and dehydrated óMn(bpy)V2O6ô (III ) were 

measured with the use of Tauc plots calculated from UV-Vis diffuse reflectance 

measurements, shown in Figure 3. 4. The optical absorption edge of I  is within the visible-
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light wavelengths, exhibiting a small indirect bandgap size of ~2.2 eV. After dehydration of 

I , the indirect band gap size is reduced to ~1.65 eV for III , consistent with the change in 

color from orange to red. Similarly, compound II  has an indirect bandgap size of ~1.60 eV. 

In the case of óorganic-freeô MnV2O6·H2O,51 the bandgap size is ~2.2 eV and is calculated to 

arise from an electronic excitation between the occupied Mn-3d/O-2p orbitals and the empty 

V-3d orbitals. Compared to the simpler vanadates, such as lithium vanadate, the 

incorporation of Mn(II) into a vanadate structure yields a decrease in its bandgap size of ~0.3 

to 1.0 eV.52, 53 This is consistent with the measured bandgap size for I . However, the 

incorporation of the coordinating organic ligand must be taken into consideration, as well as 

its effect on the coordination environments and structures of each of the hybrid compounds. 

Density-functional theory calculations (spin polarized) on the structures of I  and II were 

performed in order to evaluate their band structures and the atomic contributions to the 

valence and conduction bands. Plots of the electron density originating from the edges of the 

conduction and valence band states, pink and blue shading respectively, are shown in Figure 

3. 5 overlaid on top of the crystalline structures of each. The calculated total and partial 

Densities-Of-States (DOS) for I  and II  are provided in Figure 3. S12, with the spin down and 

spin up components projected out to the left and right, respectively. For both I  and II  the 

highest-occupied crystal orbitals primarily consist of the high-spin d5-orbital contributions 

from Mn(II), with some contributions from the N 2p orbitals on the bipyridine ligands. The 

lowest unoccupied crystal orbitals of I  and II are found to consist of ˊ*-orbital contributions 

from the bipyridine ligands, and that are, contrastingly, coordinated to Mn in I  but to V in II . 
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Shown in Figure 3. 6 is a closer view of the electron densities around the local coordination 

environments of Mn and V for I  and II . The vanadium 3d-oribtal contributions are found at 

slightly higher energies in the conduction bands for both, and that must also contribute 

significantly to light absorption across the bandgap edges, and corresponding to a charge 

transfer between primarily Mn(II)- and V(V)-based valence and conduction band states, 

respectively. Electronic structure calculations based on DFT are found to commonly 

underestimate the bandgap sizes of solids, but which exhibit accurate trends with respect to 

experimental data. The other spin component of both I  and II  exhibits a much larger 

energetic distance between the conduction and valence band states. 

The change in bpy-ligand coordination between I  and II  has a significant effect on their 

calculated electronic structures and bandgap sizes. The structure of I  consists of VO4 

tetrahedra that share vertices to form one-dimensional chains, while in II  the structure 

contains both VO4 tetrahedra and VO4(bpy) octahedra. Thus, the ligand ˊ*-orbitals interact 

with the empty V d-orbitals in II , and pushing them to lower energies in the conduction band 

compared to I . This change results in the smaller bandgap size of II  compared to I . There is 

also an increased contribution from the vanadium 3d-orbitals at energies lower in the 

conduction band. The Mn(II) is in similar octahedral coordination geometries for both I  and 

II, coordinated to one 2,2ô-bipyridine ligand and four VO4 ligands in II , or three VO4 and 

one H2O ligand in I . Thus, the relative energetic positions of the Mn d5-orbital contributions 

and the ligand contributions from O and N p-orbitals are similar. The two Mn-based bands 

near the Fermi level arise from the dxz/dyz/dxy (lower energy) and dz2/dx2-y2 (higher energy) 
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contributions that follow a d-orbital splitting pattern characteristic of an ideal octahedral 

geometry. The absence of extended Mn-O-Mn interactions results in less band broadening of 

the upper-energy valence band as compared to the extended V-O-V networks in each 

structure. 

Photocatalytic Activity for Hydrogen Production. The heterogeneous photocatalytic 

activities of both I  and II  were investigated by suspending a weighed amount of the 

powdered samples in aqueous solutions (with or without methanol as a hole scavenger and 

with or without Pt as a surface co-catalyst) and then irradiated under UV and/or visible-light 

irradiation. Compound I  exhibited no detectable hydrogen production activity under both 

visible and UV light, even in the presence of methanol and with 1 wt% Pt surface co-catalyst. 

By contrast, II  was found to exhibit photocatalytic activity for the production of hydrogen, as 

well as for total water splitting into both hydrogen and oxygen. Powder XRD was used to 

confirm that the crystalline structures were stable under these photocatalytic testing 

conditions, given in Figure 3. S16. Further experimental details, e.g., UV-Vis, IR, and 

surface area measurements, regarding the potential dissolution and/or instability of II  are 

provided in the Supporting Information. An approximate turnover number for the amount of 

hydrogen molecules produced per surface site was calculated based on the measured specific 

surface area (~4.4 m2 g-1) and the average density of surface sites calculated for surface 

terminations of various planes of the crystal structure. Time course plots of the turnover 

numbers under different photocatalytic conditions are shown in Figure 3. 7, and in Figures 

S17 to S20 in the Supporting Information. Under visible-light irradiation, II  exhibited a 
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photocatalytic rate of ~16 ɛmol H2·g
-1·h-1 in 20% methanol solution, and a similar rate of 

~21 ɛmol H2/½O2·g
-1·h-1 in deionized water, as shown in Figure 3. 7a and 7c, with a turnover 

number of ~8 to 9 after 6 h of testing. After coating with a 1 wt% Pt surface co-catalyst, II  

showed a high activity for total water splitting, shown in Figure 3. 7d, with a rate of ~92 

ɛmol H2/½O2·g
-1·h-1 and an approximate turnover number after 7 h that reached >28 for H2. 

With methanol as the hole scavenger and a 1 wt% Pt surface co-catalyst, II  exhibited a 

relatively lower activity for only hydrogen production of ~65 ɛmol H2·g
-1·h-1, shown in 

Figure 3. 7b, with a turnover number of >12 after 4 h. Under ultraviolet light, neither 1 wt% 

Pt nor methanol were necessary, and the rate of hydrogen production was ~71 ɛmol 

H2/½O2·g
-1·h-1. These photocatalytic rates are higher than for other simpler vanadates, such 

as reported for V6O13, VO2, and others.4 

Compound II  represents the first known hybrid solid with photocatalytic activities for 

hydrogen production as well as for total water splitting under visible-light irradiation. 

Compared to I , the significant structural change in II  is the coordination of the 2,2ô-

bipyridine ligand to 1/4 of the vanadium sites. The calculated electronic structure shows that 

the ligand ́ *-orbitals coordinated to the V(V) sites are at lower energies than the ligand ́ *-

orbitals coordinated to the Mn(II) sites. This can be seen in the electron density plots around 

the local coordination sites in Figure 3. 6, where the lowest ligand ˊ*-orbitals are coordinated 

to Mn(II) in I  but to V(V) in II . Thus, the absorption of visible light causes an electronic 

transition between the high-spin Mn(II) d5-orbitals and the ligand ˊ*-orbitals, or 

alternatively, to the empty V(V) d-orbitals at slightly higher energies, followed by the 
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relaxation of the electrons into the lower energy ligand ˊ*-orbitals. The latter electronic 

transition has a higher probability owing the greater overlap of the crystal orbitals of the 

valence and conduction band states that are locally nearer to each other in the structure. As 

shown by the separation of the conduction and valence electron densities in Figure 3. 6(left), 

compared to Figure 3. 6(right), the structure of II  facilitates the energetically-downhill 

movement of the excited electrons away from the holes on the Mn(II) sites. 

 

Conclusions 

A new manganese-vanadate hybrid structure, Mn(H2O)(bpy)V2O6 (I ) was synthesized 

by hydrothermal methods. Hybrid I  can be easily reversibly converted to 

Mn(bpy)V4O11(bpy) (II ) via low-temperature hydrothermal reaction conditions.  Hybrid I  

exhibits the reversible absorption of lattice water molecules starting at ӱ190°C, and which 

retains a roughly similar crystalline structure with the apparent composition óMn(bpy)V2O6ô. 

The optical band gaps were indirect with sizes of 2.20 eV for I , 1.60 eV for II . Electronic 

structure calculations show that the lowest-energy transitions between the conduction and 

valence band states are between the occupied Mn(II) (high spin d5-orbitals) and the empty 

bpy ligand ́ *-orbitals and V(V) 3d-orbitals. Compound II  represents the first hybrid solid 

with photocatalytic activities for total water splitting, as well as for hydrogen production 

alone, in aqueous solutions under visible-light irradiation. By contrast, hybrid I  showed no 

detectable photocatalytic activity. The high photocatalytic activity of II  is found to result 

from a change in the ligand coordination that causes the excited electrons to migrate to 
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lower-energy bpy ligand ˊ*-orbitals that are coordinated to V(V) rather than being 

coordinated to Mn(II) as in I . These results show the general utility of using new metal-

oxide/organic structures in understanding the relationship of structure and photocatalytic 

properties and in discovering new photocatalyst materials. 
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Table 3.  1. Selected Single-Crystal Refinement Parameters for I . 

Formula C10N2H10O7MnV2 

Crystal System Monoclinic 

Formula weight 427.0 

Space Group, Z P21/n, 4 

a, Å 6.8557(4)  

b, Å 10.4900(6) 

c, Å 19.7921(13) 

ɓ, ° 96.419(4) 

Volume, Å3 1414.45(15) 

ɟ, g/cm3 2.00(5) 

Temperature, K 293(2) 

Goodness of fit 1.199 

Final R1[I>2ů(I)], wR2 0.0794, 0.1749 

 

 

 

Table 3.  2. Fitting parameters based on the Curie-Weiss model for magnetic susceptibility of 

I  and II . 

Compound Fitting Range (K) C (emu* K/mol) ɗ (K) µeff (B.M.) R2 

I  4-300 4.5331 -6.5231 6.0220 1.0000 

II  4-300 4.5228 -3.8223 6.0152 0.9999 
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Figure 3. 1. Structural view of I  consisting of metal-centered polyhedra and the 2,2ô-

bipyridine ligand down the a axis. All H atoms have been omitted for clarity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2. A polyhedral representation of the manganese-vanadate layer down the b axis. 
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Figure 3. 3. Structural view of the vanadium and manganese local coordination 

environments in I . 
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Figure 3. 4. Tauc plots of [F(R)hɜ]n vs [hɜ] for the direct and indirect bandgap sizes, n = 2 

(left) and n = 1/2 (right), respectively, of I  (black), II  (blue) and III (red). 
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Figure 3. 5. Plot of electron densities for I  (left) and II (right): the lowest energy conduction 

band concentrated on bipydrine ligand (pink electron density), and the highest energy 

valence band concentrated on manganese (blue electron density). 
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Figure 3. 6. Plot of electron densities around the local coordination sites in I  (left) and II  

(right) of the lowest energy conduction-band states (pink electron density) and the highest 

energy valence-band states (blue electron density). 

  



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 7. Amount of hydrogen molecules per surface sites of II  under visible light (420 ï 

800 nm) and different photocatalytic testing conditions: with methanol as a scavenger (a and 

b), or with 1% Pt as a surface co-catalyst (b and d). 
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Supporting Information  

Effect of Ligand Coordination on the Structures and Visible-Light 

Photocatalytic Activity of Manganese Vanadate Hybrids 

 

Lan Luo and Paul A. Maggard.*  

Department of Chemistry, North Carolina State University, Raleigh NC 27695-8204. Email: 

Paul_Maggard@ncsu.edu 

Photocatalysis Testing of II.  In order to further confirm the stability of II  under these 

photocatalytic testing conditions, the specific surface areas, and infrared and UV-Vis diffuse 

reflectance spectra were taken on the samples after photocatalytic testing times of 1h, 4h and 

7h, as given in Table 3. S3 and Figures 3.21 and 3.22. There were no detectable changes 

during the course of these reaction time. The supernatant solutions over different reaction 

time were monitored by UV-Vis absorption spectrometry, and that did not show any 

detectable dissolution of the catatlyst during phototesting, as shown in Figure S23. The 

photocatalytic activities of the supernatants in 20% methanol solutions under both visible 

light and UV light was also measured and compared with the rates of the original power 

photocatalyst, as shown in Figure S24, and which confirmed that the measured photocatalytic 

activities originate from the suspended solid particles. To compare the influence of 

phototesting conditions on surface area, BET measurements was also performed on the solid 

mailto:Paul_Maggard@ncsu.edu


47 

 

 

 

 

sample after an 8 h phototecatalytic test in 20% methanol solution under UV light. The 

specific surface area was consistent with the solid after photocatalytic testing in DI water (4.3 

m2/g). 
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Table 3. S 1. Selected Atomic Coordinates and Equivalent Isotropic Displacement 

Parameters (Å2) for Mn(H2O)(bpy)V2O6. 

Atom x y z U(eq)a 

Mn 0.32021(17) 0.59588(11) 0.17304(6) 0.0081(3) 

V1 -0.3915(2) 0.45967(13) 0.30884(7) 0.0094(3) 

V2 -0.18120(19) 0.65380(13) 0.22267(7) 0.0077(3) 

N1 0.2689(10) 0.6505(7) 0.0627(3) 0.0107(13) 

N2 0.2893(10) 0.4133(7) 0.1131(3) 0.0106(13) 

O1 -0.6158(8) 0.4946(5) 0.2683(3) 0.0129(12) 

O2 -0.2120(9) 0.5835(6) 0.3036(3) 0.0140(12) 

O3 0.0265(9) 0.6140(6) 0.1940(3) 0.0152(12) 

O4 -0.2912(9) 0.3215(6) 0.2700(3) 0.0170(13) 

O5 -0.3620(7) 0.6000(5) 0.1691(2) 0.0030(10) 

O6 -0.4178(10) 0.4301(6) 0.3877(3) 0.0186(13) 

O7 0.3729(9) 0.8023(6) 0.2018(3) 0.0154(12) 

aU(eq) is one third of the trace of the orthogonalized mean-square atomic displacement 

tensor. 
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Table 3. S 2. Selected bond Distances (Å), Angles (°) and Bond Valence Sums for 

Mn(H2O)(bpy)V2O6.
a 

Atom1 Atom2 Distance Intra-Polyhedral Angles 

Mn1 O3 2.109(6) O3-Mn-O1 88.7(2) 

 O1 2.166(6) O1-Mn-O5 86.3(2) 

 O5 2.189(5) O3 Mn-O7  89.6(2) 

 N1 2.247(7) O5-Mn- N1  90.5(2) 

 N2 2.251(7) O5-Mn-N2 91.9(2) 

 O7 2.258(6) N1-Mn1-N2 73.1(3) 

 ɆSij 2.108   

     

V1 O6 1.620(6) . O6-V1-O1 107.7(3) 

 O1 1.693(6) O1-V1-O4 109.9(3) 

 O2 1.800(6) O6-V1-O2 139.6(2) 

 O4 1.812(6) O1-V1-O2 114.0(3) 

 ɆSij 4.967   

     

V2 O5 1.638(5) O4-V2-O5 108.3(3) 

 O3 1.645(6) O2-V2-O5 106.2(3) 

 O4 1.777(6) O4-V2-O2 108.0(3) 

 O2 1.798(6) O3-V2-O4 112.6(3) 

 ɆSij 5.173   

a.Sij  = exp[(R0-Rij )/B], B = 0.37, for Mn(II) ï O, R0 = 1.790 Å; for Mn(II) ï N, R0 = 1.862 Å; 

R0 =1.803 Å for V(V)ï O. 
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 Table 3. S 3. Specific surface area of II  vs phototesting time (hour) 

Time (hour) 0 1 4 7 

BET surface area (m2/g) 4.3(3) 4.3(3) 4.1(3) 4.4(3) 

 

  



51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. S1. Powder X-ray diffraction patterns of I : as synthesized (a) and theoretical (b); 

II : as synthesized (c) and theoretical (d). 
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Figure 3. S2. The IR spectrum of I . 
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Figure 3. S3. Powder X-ray diffraction patterns of I : theoretical (blue), as synthesized (red) 

and structurally converted from II (dark green), Powder X-ray diffraction patterns of II : 

theoretical (green), as synthesized (pink) and structurally converted from I (brown). 
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Figure 3. S4. A mixed polyhedral and ball-and-stick model in the (011) plane (a) and in the 

(110) plane (a), and the local coordination environment of II  (c). 

c 
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Figure 3. S5. Magnetic susceptibilities, i.e., ɢ and ɢ-1, versus temperature at 1T for I . 
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Figure 3. S6. Magnetic susceptibilities, i.e., ɢ and ɢ-1, versus temperature at 1T for II . 
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Figure 3. S7. Thermogravimetric analysis of I  in the temperature range of 30 oC to 600 oC. 
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Figure 3. S8. Powder X-ray diffraction patterns of I : theoretical (pink), synthesized (blue), 

after TGA in 160°C (green) and after TGA in 190°C (red).  
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Figure 3. S9. Powder X-ray diffraction patterns of I : theoretical (green), as synthesized (red), 

and after desorption and absorption of structural water (blue and pink).  
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Figure 3. S10. Powder X-ray diffraction patterns: the final product of TGA at 600 oC and the 

index pattern MnV2O6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. S11. Thermogravimetric Analysis of II  in the temperature range of 30 oC to 600 oC. 
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Figure 3. S12. Electronic densities of states for spin up (Ŭ) and down (ɓ) of I  (a) and II (b). 

 

a 

b 
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Figure 3. S13. Plot of electron densities for spin up state of the lowest unoccupied crystal 

orbitals (red electron density) and the highest occupied crystal orbitals (blue electron density) 

for I  (left) and II  (right). 
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Figure 3. S14. Amount of gas molecules per surface sites of I  with 1% Pt as surface co-

catalyst under photocatalytic testing conditions in 20% methanol and under ultraviolet and 

visible light (200ī800 nm). 
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Figure 3. S15. Amount of gas molecules per surface sites of pure I  under photocatalytic 

testing conditions in DI water and under visible light (420ī800 nm). 
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Figure 3. S16. The Powder X-ray diffraction patterns of II  with 1%Pt coated: before testing 

(green), after irradiating under sunlight (ɚ>200) for 10 hours (red), and the calculated (blue). 
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Figure 3. S17. Photocatalytic H2 production rate of the repeated experiment based on 

number of surface active sites of photocatalyst II  with 1% Pt under visible irradiation 

(420ī800 nm) in 20% methanol solution. 
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Figure 3. S18. Photocatalytic H2 production rate based on number of surface active sites of 

photocatalyst II  (a: pure, b: coated with 1% Pt) under UV and visible irradiation (200ī800 

nm) in 20% methanol solution. 
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Figure 3. S19. Photocatalytic H2 production rate of the repeated experiment based on 

number of surface active sites of photocatalyst II  with 1% Pt under UV and visible 

irradiation (200ī800 nm) in a 20% methanol solution.  
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Figure 3. S20. Photocatalytic H2 and O2 production rates based on number of surface active 

sites of photocatalyst II  (a: pure, b: coated with 1% Pt) under UV and visible irradiation 

(200ī800 nm) in DI water. 
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Figure 3. S21. Infrared spectra of II  solid after photocatalytic testing under UV light in DI 

water over different time: initial compound before test (pink), 1h (black), 4h (blue) and 7h 

(red). 
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Figure 3. S22. Diffuse reflectance spectra of II  solid after photocatalytic testing under UV 

light in DI water over different time: initial compound before test (pink), 1h (black), 4h 

(blue) and 7h (red).  
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Figure 3. S23. UV-vis absorption spectra of the phototesting solution of II  in DI water over 

different time of photocatalytic testing under UV light: 1h (black), 4h (blue) and 7h (red). 
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Figure 3. S24. Photocatalytic H2 production rate of 0.0150 g photocatalyst II  with 1% Pt 

under UV and visible irradiation (200ī800 nm) (a), and visible irradiation (420ī800 nm) (b), 

suspended in 45 mL 20% methanol solution (blue) comparing with the activity of the 

supernatant separated from the powder photocatalyst after an 8-h phototest (black). 
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CHAPTER 4 

COPPER-ORGANI C/OCTAMOLYBDATES:  STRUCTURES, 

BANDGAP SIZES, AND PHOTOCATALYTIC ACTIVITIES FOR 

HYDROGEN PRODUCTION  

A paper prepared for submission 

Lan Luo, Haisheng Lin, and Paul A. Maggard.*  

Department of Chemistry, North Carolina State University, Raleigh NC 27695-8204. 

 

Abstract 

The structures, optical bandgap sizes, and photocatalytic activities are described for 

three copper-octamolybdate hybrid solids prepared using hydrothermal methods, 

[Cu(pda)]4[ɓ-Mo8O26] (I ; pda = pyridazine), [Cu(en)2]2[ɔ-Mo8O26] (II ; en = 

ethylenediamine), and [Cu(o-phen)2]2[Ŭ-Mo8O26] (III ; o-phen = o-phenanthroline).  The 

structure of I  consists of a [Cu(pda)]4
4+ tetramer that bridges to neighboring [ɓ-Mo8O26]

4- 

octamolybdate clusters to form two-dimensional layers that stack along the a-axis.  The 

previously reported structures of II  and III  are constructed from [Cu2(en)4Mo8O26] and 

[Cu2(o-phen)4Mo8O26] clusters.  The optical bandgap sizes were measured by UV-Vis diffuse 

reflectance techniques to be ~1.8 eV for I , ~3.1 for II , and ~3.0 eV for III .  Electronic 

structure calculations show that the smaller bandgap size of I  originates primarily from an 
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electronic transition between the valence and conduction band edges comprised of filled 3d10 

orbitals on Cu(I) and empty 4d0 orbitals on Mo(VI).  Both II  and III  contain Cu(II) and 

exhibit larger bandgap sizes.  Accordingly, only I  exhibited visible-light photocatalytic 

activity for the production of hydrogen from an aqueous 20% methanol solution, as well as 

for total water splitting, at rates of ~217 ɛmol H2 g
-1 h-1 and ~60.0 ɛmol H2/½O2 g

-1 h-1 (5 mg 

samples; radiant power density of ~1 W/cm2), respectively.  Corresponding turnover 

frequencies per calculated [Mo8O26]
4- surface cluster were ~77 h-1 and ~24 h-1.  Higher 

photoctalytic activities are observed under both ultraviolet and visible-light irradiation.  By 

contrast, II  decomposed during the photocatalysis measurements.  The molecular clusters of 

III  dissolved into aqueous methanol solutions under ultraviolet irradiation, and exhibited 

homogeneous photocatalytic rates for hydrogen production of up to ~4,700 mmol H2·g
-1 h-1 

and a turnover frequency of 17 h-1., which can be precipitated out easily by evaporating 

solution and reuse with no decrease of activity. During the photocatalysis measurements, the 

dissolution of the clusters in III  is found to occur with the reduction of Cu(II) to Cu(I), 

followed by subsequent detachment from the octamolybdate cluster.  The lower turnover 

frequency, but higher photocatalytic rate of III , arises from the net contribution of all 

dissolved [Mo8O26]
4- clusters, compared to only the surface clusters for the heterogeneous 

photocatalysis of I .    
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Introduction 

Investigations into new inorganic materials for driving photocatalytic water-splitting 

reactions, i.e., for the production of hydrogen and oxygen, have drawn intense research 

attention in recent years.1-4 While numerous metal oxides exhibit high photocatalytic 

activities, most of these have primarily been active under only ultraviolet-light irradiation.  It 

has proven challenging to lower their bandgap sizes in order to absorb a greater fraction of 

incoming sunlight, while also possessing a high stability and efficient photocatalytic 

activities for water oxidation and reduction.  Inorganic materials containing a combination of 

early transition-metal cations (e.g., Ta(V) or Mo(VI) ) with late transition-metal cations (e.g.,  

Cu(I), Ag(I)) have shown a significant red-shifting of their bandgap sizes to visible-light 

energies owing to a metal-to-metal charge transfer between the d10 and d0 electron 

configurations.  Examples include several recently reported Cu(I) niobates and Cu(I) 

tantalates, such as CuNbO3, CuNb3O8, and Cu5Ta11O30.
5-8 and which exhibit high cathodic 

photocurrents as p-type polycrystalline films.   

The addition of coordinating organic ligands within the structures of metal oxides, i.e., 

in the synthesis of metal-oxide/organic hybrids, enables a finer molecular-level control over 

their structures and properties.9,10  Within this research field, our group has discovered some 

of the first photocatalytically-active hybrid materials based on [Ag(L)]+ (L = organic ligand) 

networks combined with vanadate or niobium oxyfluoride building blocks, e.g., 
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Ag(pyz)NbOF4 (pyz = pyrazine) and Ag4(pzc)2V2O6 (pzc = pyrazinecarboxylate).11,12  Their 

photocatalytic activities have so far remained limited to the decomposition of the methylene 

blue dye molecule under ultraviolet irradiation.  In related hybrid systems, recent research 

has demonstrated that structures containing various types of polyoxomolybdate clusters, e.g., 

[Mo10O34]
8-, [Mo6O19]

2-, and [Mo8O26]
4-, can exhibit heterogeneous photocatalytic activity 

for the decomposition of methylene blue under ultraviolet irradiation.13-15  When dissolved in 

solution, several types of polyoxomolybdate and polyoxotungstate clusters have been found 

to catalytically oxidize water to oxygen at high rates (not light driven), such as [Ru4(ɛ-O)4(ɛ-

OH)2(H2O)4(ɔ-SiW10O36)2]
10ī and   [Co4(H2O)2(Ŭ-PW9O34)2]10ï, with turnover frequences 

ranging from ~1,000 h-1 to 18,000 h-1.16,17  To our knowledge, metal-oxide/organic solids that 

show heterogeneous photocatalytic activity under visible-light irradiation for overall water 

splitting, and/or for the reduction of water to hydrogen, are currently rarely explored. 

Our prior investigations into Cu(I)-containing hybrids have revealed many new 

compounds that exhibit bandgap sizes (Eg) within the visible-light energy range, including 

CuReO4(pyz) (Eg ~ 2.5 eV), Cu(bpy)ReO4 (Eg ~ 2.0 eV), and others.11,18,19  Similar to the 

condensed metal-oxides, their relatively smaller bandgap sizes arise from a metal-to-metal 

charge transfer between the Cu(I) and late transition metal cation, e.g., Re(VII), Nb(V), or 

V(V).  However, these Cu(I)-containing hybrids have previously not been found to exhibit 

photocatalytic activity in aqueous solutions.  Herein, we report the synthesis of a Cu(I)-

containing hybrid with octamolybdate clusters, i.e. [Cu(pda)]4[ɓ-Mo8O26] (I ) (pda = 

pyridazine), with a visible-light bandgap size and photocatalytic activity for hydrogen 
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production and overall water splitting.  In addition, Cu(II)-containing hybrids with 

octamolybdate clusters, i.e., [Cu(en)2]2[ɔ-Mo8O26] (I I ) (en = ethylenediamine) and [Cu(o-

phen)2]2[Ŭ-Mo8O26] (III ) (o-phen = o-phenanthroline),20,21 were investigated in order to 

understand the effects of structural features and the copper oxidation state on their bandgap 

sizes, photocatalytic activities, and solubility in aqueous solutions. 

 

Experimental Section 

Materials.  All starting reagents were purchased from commercial suppliers and used 

without further purification, including Cu2O (99.9% metal basis, Alfa Aesar), CuCl2 (99%, 

Alfa Aesar), CuSO4 (98.8%, Fisher Scientific), (NH4)2MoO4 (99.99% metal basis, Alfa 

Aesar), MoO3 (99.998% metals basis excluding W, Alfa Aesar), KOH (Ó 85.0%, Fisher 

Scientific), pyridazine (98+%, Alfa Aesar), ethylenediamine dihydrochloride (98%, Aldrich) 

and o-phenanthroline (99+%, Aldrich).  A reagent amount of deionized water was also used 

as solvent in the syntheses. 

Synthesis.  [Cu(pda)]4[ɓ-Mo8O26]  (I ) was prepared via a hydrothermal procedure by 

heat-sealing all reactants into a polytetrafluoroethylene Teflon pouch, in weighed amounts of 

14.4 mg (0.10 mmol) of Cu2O, 61.8 mg (0.05 mmol) of (NH4)6Mo7O24
.4H2O, 16.0 mg (0.20 

mmol) of pyridazine, and 0.20 g (11.1 mmol) of H2O.  The sealed pouches were then placed 

into an ~125 mL polytetrafluoroethylene-lined stainless steel autoclave which was backfilled 
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with ~40 mL deionized water before closing.  The reactants were heated at 180 °C for 24 h 

inside a convection oven.  Black-red prism crystals of I  were obtained in ~92% yield based 

on Cu.  A small amount of unidentified fine yellow powder is observed that can be removed 

by dispersing the product into ~30 mL of water and sonicating for 20-30 seconds, followed 

by decanting after the red-colored crystals have been allowed to settle for ~1-2 min.  This 

sonication/separation process was repeated three times until a pure sample of I  was obtained, 

as judged by PXRD and visually under a microscope.   

[Cu(en)2]2[ɔ-Mo8O26] (II ) was prepared by a hydrothermal reaction from a mixture of 

0.0175 g of CuCl2, 0.0169 g of MoO3, 0.0556 g of ethylenediamine dihydrochloride, 0.05 g 

of KOH and ~2 mL H2O in a molar ratio of 1:1:2:4:~1000 and heated to 150 °C for 48 hours 

in a convection oven.  The product formed as large, purple, cubic-shaped crystals that were 

washed with deionized water without further purification, and dried at 60 °C overnight.  The 

product was obtained in high purity (>95%) according to powder X-ray diffraction analysis. 

[Cu(o-phen)2]2[Ŭ-Mo8O26] (III ) was prepared by a hydrothermal reaction from a mixture 

of 0.0175 g CuSO4, 0.0169 g of MoO3, 0.0390 g of o-phenanthroline and ~2 mL H2O in a 

molar ratio of 1:2:2:~1000.  The reactants were heated to 180 °C for 68 hours in a convection 

oven.  The products were sonicated and washed with deionized water to separate the green 

cubic-shaped crystalline products from an unidentified white powder.  The product was 

obtained in high purity (>95%) according to powder X-ray diffraction analysis. 
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Characterizat ion Methods. A single-crystal X-ray data set for I  was collected on a 

Bruker APEX-II CCD diffractometer using graphite-monochromatized Mo KŬ radiation (ɚ = 

0.71073 Å) from a sealed tube at 296 K. The initial unit cell determination and data reduction 

were performed using the Bruker SAINT program.22 The structure was solved by direct 

methods and the structure refinement was performed by full matrix least-squares methods in 

SHELXS-97.23 Hydrogen atoms were placed in idealized positions that were fixed to ride on 

the parent carbon or oxygen atoms.  Crystallographic data and structure refinement 

parameters for I  are given in Table 4. S1 of the Supporting Information. Selected interatomic 

distances, angles and bond valences can be found in Table 4. S2 of the Supporting 

Information. 

All powder X-ray diffraction data sets were collected using a high-resolution Rigaku R-

Axis Spider powder X-ray diffractometer (graphite monochromatized Cu KŬ radiation) at 

room temperature.  The diffraction patterns were scanned with a step size of 0.02° over the 

2ɗ angular range from 4° to 100°.  Mid-infrared (400ï4000 cmī1) spectra were measured 

using an IR-Prestige 21 Shimadzu Fourier Transform Infrared (FTIR) Spectrophotometer 

with sample stage and a GladiATR accessory.  Approximately 10 mg of sample was placed 

onto the detector with an attenuated total reflectance (ATR) crystal plate.  X-ray 

photoelectron spectroscopy data were taken with a Riber MAC2 XPS system.  The binding 

energies were internally calibrated to the graphite C 1s peak at 284.3 eV.  Solution samples 

were investigated by MALDI -TOF/TOF-Mass Spectrometry analyses using an AB SCIEX 

TOF/TOF 5800 instrument (AB SCIEX, Foster City, CA).  The instrument was equipped 
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with a Nd:YAG laser (349 nm wavelength, 3 ns pulse width, 1000 Hz firing rate).  The 

instrument was calibrated in positive linear ion mode using the Cal-1 mixture.  The spectra 

were acquired in positive linear ion mode, with a mass range of 450-1200 m/z.  Mass spectra 

from 200 laser shots were averaged to produce a composite spectrum. Electrospray ionization 

mass spectrometry in negative ion mode was performed on a Thermo Fisher Scien Scientific 

TSQ Quantum Discovery MAX Triple Quadrupole MS instrument equipped with a capillary 

electrospray (ESI) sourc via direct injection, with a mass range of 300-1200 m/z. 

Thermogravimetric analyses were taken on a TA Instruments TGA Q50.  Specific surface 

areas were measured on a Quantachrome ChemBET Pulsar TPR/TPD.  EPR spectra were 

taken on both solid and solution samples at the X-band frequency with a Bruker Elexsys 

E500 spectrometer at room temperature.  Each solution sample was sealed in a 25 µL quartz 

capillary.  Each solid sample was placed into a piece of weighing paper which was then 

folded into a 3 mm × 3 mm square.  These were then placed into a 3-mm quartz EPR tube for 

analysis. 

Optical Properties and Photocatalytic Activities. UV-Vis diffuse reflectance spectra 

(DRS) were collected on a Shimadzu UV-3600/3100 UV-Vis-NIR spectrophotometer with 

an integrating sphere.  A pressed barium sulfate powder tablet was used as the reference.  

According to the KubelkaïMonk theory of diffuse reflectance, the data were transformed 

using the function F(R¤) = (1-R¤)2/(2R¤) versus energy where R¤ is diffuse reflectance.24 

The data were plotted in the form of Tauc plots as [F(R)×hɡ]n versus hɡ, where n = 2 for 

direct transitions and n = 1/2 for indirect transitions. The optical bandgap sizes were 
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estimated from the onset of absorption, as extrapolated from the linear rising section of the 

curve that intersects with the baseline.25  

The photocatalytic activity for hydrogen production was measured by suspending a 

weighed amount (~5-10 mg typically) of each powdered sample (either pure or coated with 

1% platinum) in an outer-irradiation range quartz reaction cell which was filled with 45 mL 

of either deionized water or a 20% aqueous methanol solution.  In order to remove any 

trapped gases on the particlesô surfaces, the mixture solution was first stirred in the dark for 

~0.5h with constant nitrogen bubbling.  The cell was then irradiated under a 1000 W high 

pressure Xe arc lamp (Newport Oriel 6271, focused through a shutter window) which was 

equipped with a water filter and with cutoff filters to selected the desired wavelength range.  

The solutions were irradiated under both UV and visible light (ɚ > 200 nm) or only visible 

light only (ɚ > 420 nm) with stirring, at a radiant power density of ~1 W/cm2.  Photocatalytic 

activities were also performed under simulated solar light using an air mass filter (AM 1.5 

direct, Newport), specifically for I  and III  in deionized water and a 20% aqueous methanol 

solution. The lamp power was adjusted to ~0.1 W/cm2 by a radiant power meter in order to 

simulate the solar flux at the earthôs surface at sea level. 

The photoreaction cell was connected to an L-shaped horizontal quartz tube through an 

air-tight rubber pipe to collect the evolved gas.  By injecting a moveable water bubble into 

the L shaped tube, the amount of gas produced at a constant pressure can be determined 

volumetrically by marking its movement every 30 minutes during the photocatalytic testing 
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experiments.  This change in gas volume can be converted into the micromole of gas 

generated to calculate the hydrogen production rate.  The collected gas was manually injected 

into a gas chromatograph (SRI MG #2; thermal conductivity detector) for identification. 

Electronic Structure Calculations.   Electronic structure calculations were carried out 

within the commercial software package CASTEP using plane-wave density functional 

theory.26 The lattice dimensions and atomic positions were obtained from the respective 

single crystal structures.  The PerdewīBurkeīErnzerhof functional in the generalized 

gradient approximation and ultrasoft core potentials were utilized in the calculations.27 

Equally-distributed k-points within the Brillouin zone were automatically calculated based on 

the MonkhorstīPack scheme.28 

 

Results and Discussion 

Structural Descriptions.  The crystalline structure of [Cu(pda)]4[ɓ-Mo8O26] (I ) consists 

of an equimolar ratio of [Mo8O26]
4- octamolybdate clusters (ɓ-isomer) and [Cu(pda)]4

4+ 

tetramers, shown in Figure 4. 1.  The octamolybdate clusters are formed from eight face- and 

edge-sharing MoO6 octahedra, as described previously.29 These clusters are bridged to four 

[Cu(pda)]4
4+ tetramers through six terminal O atoms, while each [Cu(pda)]4

4+ tetramer is 

bridged to four [ɓ-Mo8O26]
4- clusters.  Overall, both types of clusters are connected into two-

dimensional sheets that stack together down the a-axis in an alternating arrangement, shown 
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in Figure 4. S2 (Supporting Information).  Each Cu(I) cation is coordinated in a distorted 

tetrahedral geometry  to two N atoms from two different pda ligands and to two O ligands 

from two [ɓ-Mo8O26]
4- clusters.  The CuïN/O bond distances are similar to those found in 

Cu2(pda)3(ReO4)2 and Cu(bpy)ReO4.
18,19 The  [Cu(pda)]4

4+ can be viewed as two symmetric 

face-to-face Cu2(pda)2
2+ subunits, shown in Figure 4. 1b, which are linked through pairs of 

oxo-bridging atoms from two molybdate clusters.  This results in a face-to-face arrangement 

of the pda groups at a -́ˊ stacking distances of ~3.2 Å, which is within the ranges of ˊ-ˊ 

interactions in previously reported structures.30,31     

The structures of [Cu(en)2]2[ɔ-Mo8O26] (II ) and [Cu(o-phen)2]2[Ŭ-Mo8O26] (III ) have 

been reported previously,20,21 and is described only briefly.  Compound I I  is comprised of 

[Mo8O26]
4- octamolybdate clusters (ɔ-isomer) that are coordinated to two Cu(en)2

2+ each at 

Cu ï O distances of 2.46(1) Å, as shown in Figure 4. 2.  The [ɔ-Mo8O26]
4- cluster consists of 

two pairs of MoO6 octahedra that are edge-sharing with two MoO5 trigonal bipyramids, and 

capped by two additional MoO6 octahedra.  Each Cu(en)2
2+ unit is also coordinated more 

weakly to a terminal oxygen ligand of another octamolybdate cluster at a longer Cu ï O 

distance of 2.98(1) Å, labelled as dashed lines in Figure 4. 2.  These weaker interactions 

connect the clusters into a three-dimensional framework.  The crystalline structure of I I I  is 

that of a molecular solid, consisting of discrete [Cu(o-phen)4Mo8O26] clusters, shown in 

Figure 4. 3.  The [Mo8O26]
4- cluster (Ŭ-isomer) consists of six edge-sharing MoO6 octahedra 

and two MoO4 tetrahedra.  Two Cu(o-phen)2 complexes coordinate to terminal oxygen atoms 
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at opposite sides of the cluster at a Cu ï O distances of 2.19(2) Å.  The next closest Cu ï O  

distance between clusters is 4.05(6) Å.   

Thus, in contrast to the extended two-dimensional structure of I , both II  and III  form as 

molecular solids with discrete (or nearly discrete) clusters.  This structural difference arises 

from the chelating ethylenediamine and o-phenanthroline ligands that block the bridging of 

Cu to multiple octamolybdate clusters.  Pyradazine is a non-chelating ligand and results in a 

two-dimensional structure.  Further, in contrast to compound I  that contains Cu(I) cations, 

both II  and III  consist of Cu(II) cations.  These differences in the copper oxidation states and 

structural connectivities are found to significantly impact the resulting bandgap sizes, their 

solubilities in aqueous solutions, and photocatalytic activities of each of these hybrids, as 

described below. 

Optical Bandgap Sizes and Electronic Structures.   The optical bandgap sizes of 

[Cu(pda)]4[ɓ-Mo8O26] (I ), [Cu(en)2]2[ɔ-Mo8O26] (II ), and [Cu(o-phen)2]2 [Ŭ-Mo8O26] (III ) 

were characterized by UV-Vis diffuse reflectance techniques.  Shown in Figure 4. 4 are Tauc 

plots indicating the direct and indirect bandgap transitions for each.  Both II  and I II  exhibit 

similar (to within ~0.1 eV) indirect and direct bandgap transitions of ~3.0 to ~3.2 eV.  These 

molecular solids exhibit very little band dispersion in k-space, and thus the lowest-energy 

bandgap transition for each is expected to be direct.  In addition, these exhibit lower-energy 

absorption peaks centered at ~2.4 eV and ~1.6 eV for II  and III , consistent with the purple 

and green colors (complementary to the absorption wavelength) of these crystals, 



86 

 

 

 

 

respectively.  These absorption peaks arise from the d-to-d transitions on the Cu(II) cations.  

The relatively higher energy d-to-d transition in II  arises from the distorted square-pyramidal 

geometry of Cu(II) that causes a significant increase in energy of the 3dx2-y2 versus the 3dz2.  

In contrast, the Tauc plots of I  exhibit a significantly lower-energy indirect bandgap 

transition of ~1.8 eV, and a slightly higher direct transition at ~2.0 eV.  This is consistent 

with the deep brownish-red color of its crystals.  Also, there is no detectable low-energy 

absorption peak in I  arising from d-to-d transitions, as the structure contains Cu(I) cations 

with filled 3d10 orbital configurations.  

The electronic origin of the significantly smaller bandgap size of I , compared to II  and 

III , was investigated by electronic structure calculations.  The atomic contributions to the 

conduction and valence band edges were calculated and plotted in Figure 4. 5.  The lowest 

unoccupied crystal orbitals are found to consist of four different molybdenum 4d orbitals 

located within the octamolybdate clusters, and that are mixed with smaller contributions from 

the oxygen 2p orbitals (blue-shaded electron density) via d(ˊ)-p(ˊ) antibonding interactions.  

Interestingly, very little electron density at the conduction band edge is found on the other 

four MoO6 octahedra within the octamolybdate cluster.  Conversely, the highest-energy 

occupied crystal orbitals at the edge of the valence band are found to primarily consist of 

contributions from the Cu 3d10 orbitals that are predominantly 3dxy in character, as expected 

for a distorted tetrahedral coordination geometry.  These are mixed with smaller 

contributions from the N 2p orbitals of the pda ligands via d(ů)-p(ů) antibonding interactions.  

The calculated bandgap size across the band edges is ~1.90 eV, and is fairly close to the 
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measured value of ~1.8 eV.  The electronic excitation between the valence and conduction 

band can be viewed as primarily a metal-to-metal charge transfer between the Cu(I) and 

Mo(VI) cations.  These results are consistent with our prior investigations involving a 

combination of two transition metals that combine filled d10 (i.e., Ag(I) or Cu(I)) and empty 

d0 (i.e.,  Re(VII)  or Nb(V)) electron configurations.  These systems show significantly 

decreased bandgap sizes relative to the simpler transition-metal oxides, and which increases 

their range of light absorption for use in sunlight-driven photocatalytic reactions.7,11,12   

Photocatalytic Activities for Water Splitting and Water Reduction.  The 

heterogeneous photocatalytic activity of I , II and III  were evaluated under visible and/or 

ultraviolet irradiation in a) deionized water for total water splitting, and b) in aqueous 

methanol solutions for water reduction to hydrogen.  In the visible-light range of 

wavelengths, only I  exhibited bandgap light absorption, while II  and III  showed small 

absorption peaks originating from the Cu(II)-based d-to-d transitions.  Accordingly, only I  

was found to show visible-light-driven photocatalytic activity for total water splitting.  

Powder X-ray diffraction was used to confirm that I  remains stable under each of these 

photocatalysis testing conditions (Supporting Information).  Over the course of 17 hours, I 

showed a nearly continuous rate of ~3.0 ɛmol H2/½O2 g-1 h-1 under AM 1.5 light (~0.1 

W/cm2), shown in Figure 4. 6.  An approximate turnover frequency per [Mo8O26]
4- cluster 

was calculated to be ~1.2 h-1, based on its measured specific surface area of 1.5 m2/g and the 

average density of [Ŭ-Mo8O26] surface clusters calculated for various planes of the crystal 

structure.  Using only visible-light irradiation (420 nm to 800 nm) at a higher power density 



88 

 

 

 

 

of ~1.0 W/cm2, a significantly higher rate was observed of ~60.0 ɛmol H2/½O2 g
-1 h-1 with a 

turnover frequency of 24 h-1, shown in Figure 4. 7c.  Shown in Figure 4. 7, the activity for 

hydrogen production alone under this light flux was an even higher ~217 ɛmol H2 g
-1 h-1 for 

only visible light and ~316 ɛmol H2 g
-1 h-1 for ultraviolet and visible light, with turnover 

frequencies of ~77 h-1 and ~142 h-1, respectively.  Each of these latter rates declined over the 

course of several hours, but which could be recovered by suspending the particles in a fresh 

aqueous methanol solution.  To the best of our knowledge, this represents the first example 

of a metal-oxide/organic hybrid active for total water splitting and/or the reduction of water 

to hydrogen under visible-light irradiation. 

Similarly, both II  and III  were investigated for their photocatalytic activities for total 

water splitting and/or water reduction to hydrogen in aqueous solutions.  However, II  

decomposed under these conditions into partially reduced molybdate phases containing 

ammonium cations, judging by powder X-ray diffraction data.  The ethylenediamine ligand 

was not stable under irradiation and served to reduce the molybdenum cations within the 

octamolybdate cluster.  Photocatalysis measurements of III  under ultraviolet light in aqueous 

methanol solutions showed that it slowly dissolved over the course of several hours (up to 

~90 mg / L).  Concomitantly, while III  showed almost no photocatalytic activity at the start 

of the measurements, it exhibited an accelerating activity for hydrogen production owing to 

its dissolution over time.  The rates of photocatalytic activity stabilized after ~ 2 ï 3 hours.  

The activity of III  was found to originate from the dissolved [Cu(o-phen)2]2[Ŭ-Mo8O26] 

molecular clusters, as the photocatalytic rates measured for the solution were the same with 
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or without the presence of the solid powder.  The solution of dissolved clusters III  was 

prepared by full-spectrum irradiation of a powdered sample for 25 hr in a 20% aqueous 

methanol solution, followed by centrifuging the remaining powder and decanting off the 

supernatant (~3.2 mg dissolved).  As shown in Figure 4. 8, an aqueous methanol solution of 

III  showed a high photocatalytic activity for hydrogen production of ~4,700 mmol H2·g
-1 h-1.  

During the course of a 17 hr experiment, ~246.3 mmol hydrogen was produced from 1.56 

mmol of III  (dissolved), with a total turnover number of ~157 and a turnover frequency of 

per [Ŭ-Mo8O26] cluster of ~9 h-1.  The products of methanol oxidation included formaldehyde 

and methyl formate, and which decreased the pH of the resulting solution to ~3.  Hydrogen 

gas was the only product detected for the photocatalytic reduction reaction. 

The dissolved clusters of III  can be re-precipitated from solution by evaporation, and 

this results in a brown powder that is amorphous by powder X-ray diffraction.  

Approximately 1.35 mg of this amorphous powder was re-dissolved into aqueous methanol 

(pH = 7) and exhibited photocatalytic activity for hydrogen production of ~8,670 mmol 

H2·g
-1 h-1  with a turnover frequency of ~17 h-1, as given in the Supporting Information.  

More than 78 mmol of hydrogen evolved with a total turnover number of ~118 after an 8 h 

reaction time.  During the initial dissolution of the clusters, the color of the solid powder 

changed from green to brown, indicating a possible change in structure or in oxidation 

states.  This product was investigated by a number of techniques, as provided in the 

Supporting Information.  The UV-Vis diffuse reflectance of the brown amorphous powder 

shows a new broad absorption edge that grows in beginning at ~1.7 eV with increasing 
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time.  Mass spectrometry data was used to confirm the presence of the [Cu(o-phen)2]2[Ŭ-

Mo8O26] clusters in III .  However, after irradiation of III  by ultraviolet light in methanol 

solution, the mass spectrometry data shows primarily protonated [Ŭ-Mo8O26]
4- species in 

solution. Further, the electron paramagnetic resonance data exhibits a decreased amount of 

Cu(II) in the precipitant.  These results suggest the reduction of Cu(II) to Cu(I) at the 

surfaces of III  while under ultraviolet irradiation in an aqueous methanol solution, and 

resulting in a decreased bandgap size similar in origin to that for I  (i.e., d10-to-d0 electronic 

transitions).  Subsequently, during the dissolution of III  a significant fraction of the 

Cu(I)/Cu(II) cations become detached from the octamolybdate clusters, especially as a 

result of the solution becoming increasingly acidified owing to the products of methanol 

oxidation. 

A comparison of the photocatalytic activities of I  (heterogeneous) and III  

(homogeneous) yields several interesting insights.  While I  is active under visible-light 

irradiation owing to a Cu(I) to Mo(VI) charge transfer, III  is active under only ultraviolet 

irradiation that instead stems from the higher-energy excitation from the oxide ligands to 

Mo(VI).  The molecular structure of III  renders it more soluble in aqueous solutions, 

subsequently leading to the detachment of the Cu cations from the octamolybdate clusters.  

When tested under similar conditions, the dissolved octamolybdate clusters from III  exhibit 

the higher photocatalytic rates per gram for hydrogen production of ~4,700 ɛmol H2 g
-1 h-1, 

compared to ~316 ɛmol H2 g
-1 h-1 for I .  However, III  shows lower turnover frequencies per 

[Ŭ-Mo8O26]
4- cluster at ~9 h-1, compared to I  of ~142 h-1.  In homogeneous photocatalysis, all 



91 

 

 

 

 

[Ŭ-Mo8O26]
4- clusters are dissolved in solution and can function as catalyst sites for water 

reduction.  So, although each dissolved cluster from III  exhibits a relatively lower turnover 

frequency, the net sum of all of their individual contributions leads to a higher overall 

photocatalytic rate.  In heterogeneous photocatalysis, by contrast, only the exposed surface 

[ɓ-Mo8O26]
4- clusters can function as catalyst sites for water reduction.  Thus, while the 

turnover frequencies of surface [ɓ-Mo8O26]
4- clusters are significantly higher, the net sum of 

the significantly smaller fraction of surface sites yields a smaller overall photocatalytic rate 

for hydrogen production.  However, the difference in photocatalytic turnover frequencies is 

not necessarily a result of the [ɓ-Mo8O26]
4- cluster in I  versus the [Ŭ-Mo8O26]

4- cluser in III .  

The smaller bandgap size and broader absorption range of I  can partly explain these higher 

turnover frequencies.  In addition, the absorption of light and the generation of excited 

electrons occurs throughout the structure of I , and resulting in a greater rate of electrons that 

funnel towards a smaller number of photocatalytically-active surface sites.   

 

Conclusion 

The relationships between the structures, optical bandgap sizes, and photocatalytic 

activities of three copper-octamolybdate hybrid solids have been investigated, including 

[Cu(pda)]4[ɓ-Mo8O26] (I ), [Cu(en)2]2[ɔ-Mo8O26] (II ), and [Cu(o-phen)2]2[Ŭ-Mo8O26] (III ).  

The two-dimensional connectivity of I  is achieved by bridging of the [Cu(pda)]4
4+ tetramers 

to four neighboring [ɓ-Mo8O26]
4- octamolybdate clusters.  The chelating organic ligands in II  
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and III  result in simpler molecular structures.  The optical bandgap size of I  was shown to 

occur within the visible-light energy range at ~1.8 eV owing to the incorporation of Cu(I) 

cations within its structure, whereas II  and III  are comprised of Cu(II) cations and exhibit 

bandgap sizes of ~3.1 and ~3.0 eV, respectively.  The smaller bandgap size of I  originates 

primarily from an electronic transition between the filled Cu(I) 3d10 orbitals and the empty 

Mo(VI) 4d0 orbitals at the respective valence and conduction band edges.  Compound I  

exhibits visible-light photocatalytic activity for the production of hydrogen from an aqueous 

20% methanol solution, as well as for total water splitting, at rates of ~217 ɛmol H2 g
-1 h-1 

and ~60.0 ɛmol H2/½O2 g-1 h-1 (5 mg sample; radiant power density of ~1 W/cm2), 

respectively.  Corresponding turnover frequencies per calculated [Mo8O26]
4- surface cluster 

were ~77 h-1 and ~24 h-1.  Higher photoctalytic activities are observed under both ultraviolet 

and visible-light irradiation.  By contrast, II  decomposed during the photocatalysis 

measurements.  The molecular clusters of III  dissolved into aqueous methanol solutions 

under ultraviolet irradiation, and exhibited homogeneous photocatalytic rates for hydrogen 

production of up to ~4,700 mmol H2·g
-1 h-1 and a turnover frequency of 17 h-1.  During the 

photocatalysis measurements, the dissolution of the clusters in III  is found to occur with the 

reduction of Cu(II) to Cu(I), followed by subsequent detachment from the octamolybdate 

cluster.   
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Figure 4. 1. A polyhedral view of I  (a); blue polyhedra are Mo-centered and pink are Cu-

centered.  The local structure of [Cu4O6(pda)4] (b) and [ɓ-Mo8O26]
4- (c), with gray atoms = C, 

blue = N, red = O, cyan= Mo, pink = Cu, white = H. 
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Figure 4. 2. A polyhedral overview of II  (a); blue polyhedra are Mo-centered and pink are 

Cu-centered.  The local [CuO(en)2] and [ɔ-Mo8O26]
4- clusters (b), with gray atoms = C, blue 

= N, red = O, cyan= Mo, pink = Cu, white = H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3. A polyhedral overview of III  (a); blue polyhedra are Mo-centered and pink are 

Cu-centered.  The local [CuO(o-phen)2] and [Ŭ-Mo8O26]
4- clusters (b), with gray atoms = C, 

blue = N, red = O, cyan= Mo, pink = Cu, white = H. 
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Figure 4. 4.  Tauc plots of [F(R)hɜ]n vs [hɜ] for the direct and indirect band gap sizes, n = 2 

(left) and n = 1/2 (right), respectively, of I  (black), II  (red) and III (blue).  The jump in the 

data at ~1.8 eV arises from a change in detector at that wavelength. 
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Figure 4. 5. For I , electron-density plots of the lowest unoccupied crystal orbitals in the 

conduction band (a) and the highest-occupied crystal/molecular orbitals in the valence band 

(b).  These are projected together in the overall structure in (c). 
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Figure 4. 6. Photocatalytic activity of I  for total water splitting into H2 and O2 under 

simulated solar irradiation (AM 1.5 filter) at a radiant power density of 0.1 W/cm2.  
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Figure 4. 7.  Photocatalytic hydrogen production for I  per [Mo8O26]
4- surface cluster (~40 

mg) in deionized water (c; visible-light only) and in a 20% methanol aqueous solution (a, full 

spectrum; b, visible-light only, d, full spectrum with a 1 wt% Pt surface cocatalyst). 
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Figure 4. 8.  Homogeneous photocatalytic hydrogen production for III  (~3.2 mg) dissolved 

in a 20% aqueous methanol solution (~45 mL) under ultraviolet and visible-light irradiation 

(at ~1.0 W/cm2).   
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Supporting Informa tion 

Copper-Organic/Octamolybdates: Structures, Bandgap Sizes, and 

Photocatalytic Activities for Hydrogen Production 

 

Lan Luo, Haisheng Lin and Paul A. Maggard.*  

Department of Chemistry, North Carolina State University, Raleigh NC 27695-8204. Email: 

Paul_Maggard@ncsu.edu 

EPR analysis.  Both a solid sample of III  and a solution of its dissolved clusters were 

investigated by electron paramagnetic resonance methods.  For the well ground powder 

sample, only one broad peak in the EPR spectrum was observed, corresponding to Cu(II)  

with a giso value of 2.1147.  After photocatalytic measurements, a brown precipitate was 

recovered and which exhibited a much smaller signal, as shown in Figure 4. S12.  After 

dissolving III  into aqueous ammonia, the single broad peak was resolved into four narrow 

peaks in the range of 3070-3550 G, corresponding to Cu(II) , as shown in Figure 4. S13.  No 

peaks from partially reduced Mo atoms was observed, e.g., Mo5+, in either the initially 

prepared compound or after the photocatalytic measurements. 

TGA analysis.  A thermogravimetric analysis of the brown precipitant (recovered from 

solution after the photocatalytic testing of III ) from 30 °C to 600 °C is provided in Figure 4. 

mailto:Paul_Maggard@ncsu.edu
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S14.  The weight loss up to 500 °C corresponded to the removal of structural water (15%) 

and the organic ligand (30.5%), and there was no significant boundary between them.  The 

final residue was a mixture of MoO3, CuMoO4 and a small amount of MoO3·H2O, as shown 

in the PXRD of Figure 4. S24.  The final residues were the same as when the TGA analysis 

was taken on a freshly-prepared sample of III . 

MALDI -MS analysis.  Both a MALDI-MS analysis in positive mode, and an ESI-MS 

analysis in negative mode, were taken on the solution of dissolved clusters from III  prior to 

and after the photocatlytic measurements in aqueous methanol solution under ultraviolet 

irradiation, as shown in Figure 4. S16 to S18.  A summary of the assignments of the spectra 

is given in Tables S3 and S4.  A series of peaks was observed in both samples, associated 

with the species [Cu(o-phen)]2[Mo8O26]
4-·xH2O, HmMo8O26

m+4, Cu2Mo4O13·HMoO4
- etc.  

Among these peaks, the three most intense peaks at m/z values of 422.7, 431.8 and 441.7 Da 

consist of the major clusters in the initial solution, corresponding to [Cu(o-phen)]2[Mo8O26]
4-

·xH2O.  Af ter phototesting reactions, these three peaks of [Cu(o-phen)]2[Mo8O26]
4-·xH2O 

decreased significantly while a series of peaks corresponding to HmMo8O26
m+4-·xH2O grew 

stronger and became the major species presenting in the solution.  These clusters are 

coordinated with different number of water molecules and appear in a periodical pattern with 

a m/z difference of 14 Da, corresponding to three water molecules per H8Mo8O26
4+ cluster.  

The peak broadening is due to the isotopic effect.  In the spectra of the solution, the mass 

range of 800-1000 Da showed two peaks corresponding to [Cu(o-phen)]2[H2Mo8O26]
2+ and 



105 

 

 

 

 

[Cu(o-phen)2][H4Mo8O26]
2+.  However, these two peaks are absent after phototesting, with 

the spectra becoming a very complex series of broad peaks with a periodical peak pattern. 

IR spectra.  The IR spectra of the brown amorphous precipitant from the solution of III  

showed large amounts of water, shown in Figure 4. S19.  TGA analysis carried out under N2 

gas was showed a weight loss of ~13%, but which regained 5% of its weight after re-

exposure to air at the room temperature, shown in Figure 4. S20.     

X-ray photoelectron spectroscopy.  X-ray photoelectron spectra were taken for 

compound III  before and after phototesting measurements, as shown in Figure 4. S21.   
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Table 4. S1. Crystal Data and Structure Refinement Details for I . 

Compound I  

Formula C8H8Cu2Mo4N4O13 

Crystal System Triclinic 

Space Group, Z P-1, 2 

Temperature, K 296(2) 

a, Å 9.7687(5) 

b, Å  9.8146(5) 

c, Å  10.5982(5) 

Ŭ,° 89.256(3) 

ɓ,° 73.098(3) 

ɔ,° 73.041(3) 

V, Å
3 927.07(8) 

ɟ, g/cm 3.149 

ɛ, mm
-1
 4.953 

Total reflections, Rint 42369, 0.0619 

Data/restraints/parameters 5158/0/280 

Final R1, wR2a [I>2ů(I)] 0.0385, 0.0861 

ȹɟmax/ȹɟmin, e/Å3 1.112/-1.603 

a R1 = S ( |Fo - Fc| ) / S Fo; wR2 = [S( w( Fo
2 - Fc

 2)
2
 )/( S( Fo

2
 )2) ]½; w = ůF

-2. 
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Table 4. S2. Selected bond Distances (Å), Angles (o) and Bond Valence Sums for I .a 

Atom1 Atom2 Distance Intra -Polyhedral Angles 

Cu1 O1 2.110(3) N1 ï Cu1 ï N3 131.0(2) 

 O11 2.144(3) N1 ï Cu1 ï O1 116.8(2) 

 N1 1.971(4) N3 ï Cu1 ï O1 105.3(2) 

 N3 1.981(4) N1 ï Cu1 ï O11 96.3(2) 

 Cu2 3.000(1) N3 ï Cu1 ï O11 106.5(1) 

 Cu2ô 3.153(1) Cu1ï Cu2 ï Cu1ôï Cu2ô 0 

 äSij 1.16   

Cu2 O1 2.215(3) N4 ï Cu2 ï N2 130.3(2) 

 O5 2.044(3) N4 ï Cu2 ï O5 113.4(2) 

 N2 1.981(4) N2 ï Cu2ï O5 105.9(1) 

 N4 1.963(4) N4 ï Cu2ï O1 107.0(1) 

 äSij 1.17   

Mo1 O1 1.755(3) O2 ï Mo1 ï O1 105.4(2) 

 O2 1.693(3) O2 ï Mo1 ïO3 103.2(1) 

 O3 1.909(3) O1 ï Mo1 ï O3 95.8(1) 

 O4 1.914(3) O2 ï Mo1 ï O4 143.7(1) 

 O8 2.208(3) O2 ï Mo1 ï O8 90.8(1) 

 O13 2.511(3) O1 ï Mo1 ï O8 163.7(1) 

 äSij 5.91   

Mo2 O3 1.899(3) O6 ï Mo2 ï O5 104.9(2) 

 O5 1.720(3) O6 ï Mo2 ïO3 101.3(1) 

 O6 1.689(3) O5 ï Mo2 ï O3 99.1(1) 

   O7 1.981(3) O6 ï Mo2 ï O7 101.5(1) 

 O10 2.304(3) O5 ï Mo2 ï O7 98.2(1) 

 O13 2.346(3) O3 ï Mo2 ï O7 146.7(2) 

 



108 

 

 

 

 

Table 4. S3. Continued  

 äSij 5.95   

Mo3 O7 1.941(3) O9 ï Mo3 ï O8 104.1(2) 

 O8 1.761(3) O9 ï Mo3 ïO7 102.3(1) 

 O9 1.690(3) O8ï Mo3 ï O7  95.6(1) 

 O10 1.952(3) O9 ï Mo3 ï O10 101.0(1) 

 O13 2.121(3) O8 ï Mo3 ï O10 97.0(1) 

 O13ô 2.384(3) O7 ï Mo3 ï O10 149.8(2) 

 äSij 5.92   

Mo4 O4 1.891(3) O12 ï Mo2 ï O11 104.8(2) 

 O7 2.388(3) O12 ï Mo2 ïO4 102.9(1) 

 O10 2.004(3) O11 ï Mo2 ï O4 101.3(1) 

 O11 1.720(3) O12 ï Mo2 ï O10 97.5(1) 

 O12 1.700(3) O11 ï Mo2 ï O10 98.0(1) 

 O13 2.258(3) O4 ï Mo2 ï O10 147.1(2) 

 äSij 5.88 

Hydrogen Bonding 

H3 ...  O8                   2.427 (3)          C3 ī H3 ...  O8                   138.9(2) 

a Sij = exp[(R0-Rij)/B], B = 0.37, R0 = 1.574 Å for CuI ï N, R0 = 1.600 Å for CuI ï O, R0 = 

1.907 Å for MoVI ï O. 
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Table 4. S4. MALDI -MS spectra assignments for III .  A: initial, B: after phototesting. 

Peak assignment for A  Observed 

m/z 

Calculated 

m/z 

Relative 

Abundance 

H8Mo8O26
4+·H2O 304.18 302.44  3.150643 

H8Mo8O26
4+·5H2O 322.18 320.46  23.47382 

H8Mo8O26
4+·8H2O 331.17 333.96  17.57832 

[Cu(o-phen)]2H4Mo8O26
4+·H2O 422.73  423.31  104.5754 

[Cu(o-phen)]2H4Mo8O26
4+·3H2O 431.83  432.32  100 

[Cu(o-phen)]2H4Mo8O26
4+·5H2O 441.74  441.32  28.89502 

[Cu(o-phen)(H5Mo8O26)]
3+ 476.40  477.49  22.06712 

[Cu(o-phen)(H5Mo8O26)]
3+·H2O 482.58  483.50  32.39012 

[Cu(o-phen)2][H4Mo8O26]
2+·3H2O 807.56  807.87  1.86658 

[Cu(o-phen)]2[H2Mo8O26]
2+·H2O 838.68 838.55 9.42668 

[Cu(o-phen)2][H4Mo8O26]
2+·4H2O 841.84  841.65  2.075781 

    

Peak assignment for B Observed 

m/z 

Calculated 

m/z 

Relative 

Abundance 

H8Mo8O26
4+·H2O 303.26 302.44  100 

H8Mo8O26
4+·5H2O 320.34 320.46  157.6695 

H8Mo8O26
4+·8H2O 333.92 333.96  64.663 

H8Mo8O26
4+·11H2O 347.78 347.48  35.54143 

H8Mo8O26
4+·14H2O 361.73 360.98  21.01393 

[Cu(o-phen)] 2H4Mo8O26
4+·H2O 423.45 423.31  14.41816 

[Cu(o-phen)]2H4Mo8O26
4+·3H2O 432.59 432.32  34.92496 

[Cu(o-phen)]2H4Mo8O26
4+·5H2O 441.66 441.32  28.89019 
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Table 4. S5. ESI-MS spectra assignments for compound III .  A: initial, B: after phototesting. 

Peak assignment for A Observed 

m/z 

Calculated 

m/z 

Relative 

Abundance 

[Cu(o-phen)2H2Mo8O26]·4HCOO- 447.17 447.43  100.0  

[Cu(o-phen)]2HMo8O27CH3COO-

·2H2O 

891.74 892.60  79.4  

[Cu2Mo4O13·HMoO5
-]3·4H2O 919.81 919.92  60.2  

Back ground signal 681.46 -- 68.6 

Back ground signal 653.53 -- 60.1 

Back ground signal 671.24  30.5 

    

Peak assignment for B Observed 

m/z 

Calculated 

m/z 

Relative 

Abundance 

[Cu(o-phen)2H2Mo8O26]·4HCOO- 447.17 447.43  59.1 

[Cu(o-phen)]2HMo8O27CH3COO-

·2H2O 

891.81 891.54  28.2 

[Cu2Mo4O13·HMoO5
-]3·4H2O 919.81 919.92  17.8 

Back ground signal 681.32 -- 100 

Back ground signal 653.32 -- 39.4 

Back ground signal 671.38  42.2 
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Figure 4. S1. Powder X-ray diffraction patterns of I (a), II  (b) and III (c): as synthesized 

(blue) and theoretical (red in a and c, blue in b). 
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Figure 4. S2. A [010] polyhedral view of the structure of I .  Yellow polyhedra are Mo-

centered and blue are Cu-centered. 
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Figure 4. S3. IR spectrum of I . 
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Figure 4. S4. Thermogravimetric analysis of compound I (black), II (red) and III (blue) 

plotted as weight (%) versus temperature (°C). 
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Figure 4. S5.  PXRD pattern of the thermogravimetric analysis residue from 30 °C to 600 °C 

for III  and its matched results: a: the residue from TGA analysis, b: calculated CuMoO4 

pattern, c: calculated MoO3 pattern. 

 

  

a 

b 
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Figure 4. S6. Powder X-ray diffraction patterns of I : as synthesized (blue), and after 

photocatalytic reaction under solar light irradiation for 12 hours (red). 
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Figure 4. S7.  UV-Visible diffuse reflectance spectra of III : as synthesized (black), and after 

photocatalytic reaction under solar irradiation for 12 hours (blue), 25 hours (red) and the 

brown precipitant precipitated from solution (pink).  The jump in the data at ~1.8 eV 

corresponds to a change in the instrument detectors at that energy. 
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Figure 4. S8. UV-vis absorption spectra of I  in 20% methanol aqueous solution (a) and in DI 

water (b): as synthesized (black), after photocatalytic reaction under UV and visible light 

irradiation (red) and irradiated under visible light (red).   

  



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. S9. UV-vis absorption spectra of III  in a 20% methanol aqueous solution after  

different phototesting times: as synthesized (black), after photocatalytic reaction under UV 

and visible light irradiation for 4 h (red), 8 h (blue), 13 h (dark blue), 15.5 h (pink), and 19 h 

(light blue).   
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Figure 4. S10. Heterogeneous photocatalytic rate of hydrogen production from III in ~45 

mL of 20% methanol aqueous solution under full spectrum irradiation (200ī800 nm).  
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Figure 4. S11. Homogeneous photocatalytic activities of I  dissolved in deionized water (c, 

ultraviolet and visible light; d, visible light only) and in a 40% aqueous methanol solution (a, 

ultraviolet and visible light; b, visible light only). 

  




























