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3.4 adQM/MM simulations 
After determining the spatial distribution of H2O molecules and Ce4+ ions in the MOF pores, we 
will investigate the energetics of the actual catalytic events using our implementation of the 
adQM/MM method.97 It is well known that conventional QM/MM approaches cannot be applied 
to reactive systems where the number and/or nature of molecules in the QM region vary in time. 
This is exactly the case of water oxidation in MOFs, where, due to molecular diffusion and 
charge redistribution, molecules initially located within the reactive (QM) region can diffuse into 
the nonreactive (MM) region at a later time, and vice versa (Figure 8). This implies that, to 
model water oxidation in MOF1 and MOF4 within the QM/MM formalism, a simulation approach 
is needed which allows the identity of the molecules in the QM region to change over time. This 
can be obtained using our adQM/MM method.97 In this scheme an additional transition region (T 

region) is defined between the QM and MM 
regions where molecules acquire a partial MM 
character.97, 150 The partial MM character of 
each molecule, λ, depends on its 
instantaneous position relative to the center of 
the QM region (in our case, the Ir atom of the 
catalytic unit). Within the adQM/MM approach, 
multiple QM/MM calculations are required 
which correspond to all possible partitions of 
the QM and MM characters of the molecules 
located in the T region. Both forces and 
energies of the entire system are then 
obtained as weighted combinations of the 
corresponding quantities calculated for each 
partition.97 By construction, the adQM/MM 
method guarantees that the force acting on 
each atom is always continuous. In the 
proposed application of adQM/MM to H2O 
oxidation in MOFs 1 and 4, the MM region will 
be described in terms of the polarizable force 
fields described above, while the QM region 
will be described using the ωB97M-V density 
functional.151 The latter has recently been 
shown to provide a good compromise between 
accuracy and computational efficiency.151  

We have implemented the adQM/MM method in the AMBER software for molecular dynamics 
simulations,152 of which the PI of this proposal has been a principal developer since version 9. 
Briefly, our specific implementation takes advantage of the multi-sander parallel environment 
present in AMBER, in which the processors are divided into groups and each group efficiently 
calculates both energies and forces of a specific QM/MM partition of the system. The calculation 
of each partition is then further parallelized among the processors within each group. At the end 
of the force calculations carried out for all possible QM/MM partitions, the master node performs 
a weighted average of the forces of each partition and propagates the dynamics. We have 
shown that our adQM/MM implementation recovers the fully QM results for the active region in 
large condensed phase systems in periodic boundary conditions at a fraction of CPU time.97 In a 
more recent development, the adQM/MM method in AMBER has been coupled to GPU 
computing for the QM region, which enables an additional speed-up of the calculations. 

 
Figure 8. Schematic representation of the 
adQM/MM approach applied to water adsorption 
in a prototypical MOF. The yellow circle around 
the two metal atoms describes the QM region, 
while the white circle describes the transition 
region T where the molecules have varying MM 
characters. The outer circle defines the MM 
region. See Refs. 97, 150 for details. 
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ABSTRACT: As a new class of porous, crystalline, molecular materials, metal−organic frameworks (MOFs) have shown great
promise as recyclable and reusable single-site solid catalysts. Periodic order and site isolation of the catalytic struts in MOFs
facilitate the studies of their activities and reaction mechanisms. Herein we report the construction of two highly stable MOFs (1
and 2) using elongated dicarboxylate bridging ligands derived from Cp*Ir(L)Cl complexes (L = dibenzoate-substituted 2,2′-
bipyridine, bpy-dc, or dibenzoate-substituted 2-phenylpyridine, ppy-dc) and Zr6O4(OH)4(carboxylate)12 cuboctahedral
secondary building units (SBUs) and the elucidation of water oxidation pathways of the Cp*Ir(L)Cl catalysts using these
MOFs. We carried out detailed kinetic studies of Ce4+-driven water oxidation reactions (WORs) catalyzed by the MOFs using
UV−vis spectroscopy, phosphorescent oxygen detection, and gas chromatographic analysis. These results confirmed not only
water oxidation activity of the MOFs but also indicated oxidative degradation of the Cp* rings during the WOR. The (bpy-
dc)Ir(H2O)2XCl (X is likely a formate or acetate group) complex resulted from the oxidative degradation process was identified
as a competent catalyst responsible for the water oxidation activity of 1. Further characterization of the MOFs recovered from
WORs using X-ray photoelectron, diffuse-reflectance UV−vis absorption, luminescence, and infrared spectroscopies supported
the identity of (bpy-dc)Ir(H2O)2XCl as an active water oxidation catalyst. Kinetics of MOF-catalyzed WORs were monitored by
Ce4+ consumptions and fitted with a reaction−diffusion model, revealing an intricate relationship between reaction and diffusion
rates. Our work underscores the opportunity in using MOFs as well-defined single-site solid catalytic systems to reveal
mechanistic details that are difficult to obtain for their homogeneous counterparts.

1. INTRODUCTION

The oxidation of water to oxygen is the key half-reaction in
both natural photosynthesis and the proposed water splitting
scheme for solar energy harvesting/storage.1 Considerable
progress has been made on developing water oxidation catalysts
(WOCs) over the past few decades. For example, a number of
metal oxides, metal nitrides, and other metal salts have been
shown by Domen, Nocera, Mallouk, Frei, and others as efficient
catalysts to perform water oxidation both electrochemically and
photochemically.2 Compared to inorganic solid catalysts,
molecular catalysts are more amenable to mechanistic studies
and fine-tuning using synthetic chemistry to optimize their
performances. Following the pioneering work of Meyer and co-
workers on water oxidation reaction (WOR) with the Ru-based
blue dimer,3 molecules containing a variety of transition metals

(Ru, Ir, Mn, Fe, Co, Cu) have been identified as WOCs in
recent years.4,5

Crabtree, Brudvig, and co-workers have extensively studied
half-sandwich Cp*Ir complexes (Cp* is the pentamethylcyclo-
pentadienyl ligand) as potential molecular WOCs.6 However,
due to the high-oxidation power of catalytic intermediates
generated in the water oxidation process, at least some of these
catalysts can undergo oxidative degradation during WORs.6b,7

The ultimate decomposition products in Ce4+-driven and
electrochemically driven reactions were suggested to be iridium
oxides/iridium hydroxides, which have been proven to be
efficient WOCs.2e,f,8 These observations raised concerns about
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3.4 adQM/MM simulations 
After determining the spatial distribution of H2O molecules and Ce4+ ions in the MOF pores, we 
will investigate the energetics of the actual catalytic events using our implementation of the 
adQM/MM method.97 It is well known that conventional QM/MM approaches cannot be applied 
to reactive systems where the number and/or nature of molecules in the QM region vary in time. 
This is exactly the case of water oxidation in MOFs, where, due to molecular diffusion and 
charge redistribution, molecules initially located within the reactive (QM) region can diffuse into 
the nonreactive (MM) region at a later time, and vice versa (Figure 8). This implies that, to 
model water oxidation in MOF1 and MOF4 within the QM/MM formalism, a simulation approach 
is needed which allows the identity of the molecules in the QM region to change over time. This 
can be obtained using our adQM/MM method.97 In this scheme an additional transition region (T 

region) is defined between the QM and MM 
regions where molecules acquire a partial MM 
character.97, 150 The partial MM character of 
each molecule, λ, depends on its 
instantaneous position relative to the center of 
the QM region (in our case, the Ir atom of the 
catalytic unit). Within the adQM/MM approach, 
multiple QM/MM calculations are required 
which correspond to all possible partitions of 
the QM and MM characters of the molecules 
located in the T region. Both forces and 
energies of the entire system are then 
obtained as weighted combinations of the 
corresponding quantities calculated for each 
partition.97 By construction, the adQM/MM 
method guarantees that the force acting on 
each atom is always continuous. In the 
proposed application of adQM/MM to H2O 
oxidation in MOFs 1 and 4, the MM region will 
be described in terms of the polarizable force 
fields described above, while the QM region 
will be described using the ωB97M-V density 
functional.151 The latter has recently been 
shown to provide a good compromise between 
accuracy and computational efficiency.151  

We have implemented the adQM/MM method in the AMBER software for molecular dynamics 
simulations,152 of which the PI of this proposal has been a principal developer since version 9. 
Briefly, our specific implementation takes advantage of the multi-sander parallel environment 
present in AMBER, in which the processors are divided into groups and each group efficiently 
calculates both energies and forces of a specific QM/MM partition of the system. The calculation 
of each partition is then further parallelized among the processors within each group. At the end 
of the force calculations carried out for all possible QM/MM partitions, the master node performs 
a weighted average of the forces of each partition and propagates the dynamics. We have 
shown that our adQM/MM implementation recovers the fully QM results for the active region in 
large condensed phase systems in periodic boundary conditions at a fraction of CPU time.97 In a 
more recent development, the adQM/MM method in AMBER has been coupled to GPU 
computing for the QM region, which enables an additional speed-up of the calculations. 

 
Figure 8. Schematic representation of the 
adQM/MM approach applied to water adsorption 
in a prototypical MOF. The yellow circle around 
the two metal atoms describes the QM region, 
while the white circle describes the transition 
region T where the molecules have varying MM 
characters. The outer circle defines the MM 
region. See Refs. 97, 150 for details. 
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1. INTRODUCTION

The oxidation of water to oxygen is the key half-reaction in
both natural photosynthesis and the proposed water splitting
scheme for solar energy harvesting/storage.1 Considerable
progress has been made on developing water oxidation catalysts
(WOCs) over the past few decades. For example, a number of
metal oxides, metal nitrides, and other metal salts have been
shown by Domen, Nocera, Mallouk, Frei, and others as efficient
catalysts to perform water oxidation both electrochemically and
photochemically.2 Compared to inorganic solid catalysts,
molecular catalysts are more amenable to mechanistic studies
and fine-tuning using synthetic chemistry to optimize their
performances. Following the pioneering work of Meyer and co-
workers on water oxidation reaction (WOR) with the Ru-based
blue dimer,3 molecules containing a variety of transition metals

(Ru, Ir, Mn, Fe, Co, Cu) have been identified as WOCs in
recent years.4,5

Crabtree, Brudvig, and co-workers have extensively studied
half-sandwich Cp*Ir complexes (Cp* is the pentamethylcyclo-
pentadienyl ligand) as potential molecular WOCs.6 However,
due to the high-oxidation power of catalytic intermediates
generated in the water oxidation process, at least some of these
catalysts can undergo oxidative degradation during WORs.6b,7

The ultimate decomposition products in Ce4+-driven and
electrochemically driven reactions were suggested to be iridium
oxides/iridium hydroxides, which have been proven to be
efficient WOCs.2e,f,8 These observations raised concerns about

Received: October 11, 2012
Published: November 8, 2012

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 19895 dx.doi.org/10.1021/ja310074j | J. Am. Chem. Soc. 2012, 134, 19895−19908

• molecular properties 
• machine learning 
• in silico screening

de novo materials

From Molecular Properties to Materials Discovery

• J. Am. Chem. Soc. 134, 4207 (2012) 
• J. Phys. Chem. C  117, 19508 (2013) 
• J. Phys. Chem. Lett. 5, 2897 (2014) 
• J. Am. Chem. Soc. 138, 6123 (2016)

• J. Phys. Chem. Lett.7, 4022 (2017)  
• J. Am. Chem. Soc. 139, 13973 (2017) 
• Sci. Adv. 3, 1701508 (2017) 
• J. Am. Chem. Soc. 140, 1348 (2018)

Need for Accurate Molecular Models

From Fundamental Chemistry to Climate Models

• J. Phys. Chem. Lett. 4, 779 (2013) 
• J. Phys. Chem. A  117, 7131 (2013) 
• J. Phys. Chem. B 118, 8081 (2014) 
• J. Phys. Chem. A 119, 1859 (2015)

• Langmuir 31, 2147 (2015)  
• J. Phys. Chem. A 120, 1822 (2016) 
• Phys. Chem. Chem. Phys. 19, 10481 (2017) 
• J. Am. Chem. Soc. 140, 4905 (2018)

	

 5 

neither in terms of memory nor CPU resources, the required aggregate compute time renders it 
impractical to develop MB-nrg PEFs on desktop computers or small compute clusters. However, 
because these calculations are independent of each other, i.e., are trivially parallel, and because 
of their modest CPU and memory footprint, they are well suited for distributed computing 
platforms like BOINC (Berkeley Open Infrastructure for Network Computing).62 Use of a 
BOINC platform (see Task 2) will facilitate scientists with limited access to computational 
resources in the generation of new MB-nrg PEFs to be used in actual MB-MD simulations. We 
thus propose the following three distinct software development tasks that will make the 
transformative MB-MD methodology available to the general scientific community. 

Task 1: Infrastructure for automated generation of MB-nrg PEFs 
The development of new MB-nrg PEFs involves three major steps: 

1. Generation of representative configurations for 1B, 2B and 3B interactions. 
2. Calculation of reference electronic structure data for each configuration. 

3. Optimization of 1B, 2B and 3B MB-nrg terms to represent reference data.  
We will implement a general workflow for the development of new MB-nrg PEFs as shown in 
Figure 3. 
 

 
Figure 3. Automated workflow for machine learning of MB-nrg PEFs. 
 
An initial database containing representative molecular configurations will be generated using an 
existing potential energy function, for which we have chosen UFF.46 Initial monomer 
configurations necessary to fit the geometry-dependent charges and dipole polarizabilities as 
well as V!" can be efficiently generated from scans along combinations of normal modes. The 
most effective way to sample dimer and trimer configurations from regions of the configuration 
space that are of relevance for fitting V!" and V!" is to use biased molecular dynamics 
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3.4 adQM/MM simulations 
After determining the spatial distribution of H2O molecules and Ce4+ ions in the MOF pores, we 
will investigate the energetics of the actual catalytic events using our implementation of the 
adQM/MM method.97 It is well known that conventional QM/MM approaches cannot be applied 
to reactive systems where the number and/or nature of molecules in the QM region vary in time. 
This is exactly the case of water oxidation in MOFs, where, due to molecular diffusion and 
charge redistribution, molecules initially located within the reactive (QM) region can diffuse into 
the nonreactive (MM) region at a later time, and vice versa (Figure 8). This implies that, to 
model water oxidation in MOF1 and MOF4 within the QM/MM formalism, a simulation approach 
is needed which allows the identity of the molecules in the QM region to change over time. This 
can be obtained using our adQM/MM method.97 In this scheme an additional transition region (T 

region) is defined between the QM and MM 
regions where molecules acquire a partial MM 
character.97, 150 The partial MM character of 
each molecule, λ, depends on its 
instantaneous position relative to the center of 
the QM region (in our case, the Ir atom of the 
catalytic unit). Within the adQM/MM approach, 
multiple QM/MM calculations are required 
which correspond to all possible partitions of 
the QM and MM characters of the molecules 
located in the T region. Both forces and 
energies of the entire system are then 
obtained as weighted combinations of the 
corresponding quantities calculated for each 
partition.97 By construction, the adQM/MM 
method guarantees that the force acting on 
each atom is always continuous. In the 
proposed application of adQM/MM to H2O 
oxidation in MOFs 1 and 4, the MM region will 
be described in terms of the polarizable force 
fields described above, while the QM region 
will be described using the ωB97M-V density 
functional.151 The latter has recently been 
shown to provide a good compromise between 
accuracy and computational efficiency.151  

We have implemented the adQM/MM method in the AMBER software for molecular dynamics 
simulations,152 of which the PI of this proposal has been a principal developer since version 9. 
Briefly, our specific implementation takes advantage of the multi-sander parallel environment 
present in AMBER, in which the processors are divided into groups and each group efficiently 
calculates both energies and forces of a specific QM/MM partition of the system. The calculation 
of each partition is then further parallelized among the processors within each group. At the end 
of the force calculations carried out for all possible QM/MM partitions, the master node performs 
a weighted average of the forces of each partition and propagates the dynamics. We have 
shown that our adQM/MM implementation recovers the fully QM results for the active region in 
large condensed phase systems in periodic boundary conditions at a fraction of CPU time.97 In a 
more recent development, the adQM/MM method in AMBER has been coupled to GPU 
computing for the QM region, which enables an additional speed-up of the calculations. 

 
Figure 8. Schematic representation of the 
adQM/MM approach applied to water adsorption 
in a prototypical MOF. The yellow circle around 
the two metal atoms describes the QM region, 
while the white circle describes the transition 
region T where the molecules have varying MM 
characters. The outer circle defines the MM 
region. See Refs. 97, 150 for details. 
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ABSTRACT: As a new class of porous, crystalline, molecular materials, metal−organic frameworks (MOFs) have shown great
promise as recyclable and reusable single-site solid catalysts. Periodic order and site isolation of the catalytic struts in MOFs
facilitate the studies of their activities and reaction mechanisms. Herein we report the construction of two highly stable MOFs (1
and 2) using elongated dicarboxylate bridging ligands derived from Cp*Ir(L)Cl complexes (L = dibenzoate-substituted 2,2′-
bipyridine, bpy-dc, or dibenzoate-substituted 2-phenylpyridine, ppy-dc) and Zr6O4(OH)4(carboxylate)12 cuboctahedral
secondary building units (SBUs) and the elucidation of water oxidation pathways of the Cp*Ir(L)Cl catalysts using these
MOFs. We carried out detailed kinetic studies of Ce4+-driven water oxidation reactions (WORs) catalyzed by the MOFs using
UV−vis spectroscopy, phosphorescent oxygen detection, and gas chromatographic analysis. These results confirmed not only
water oxidation activity of the MOFs but also indicated oxidative degradation of the Cp* rings during the WOR. The (bpy-
dc)Ir(H2O)2XCl (X is likely a formate or acetate group) complex resulted from the oxidative degradation process was identified
as a competent catalyst responsible for the water oxidation activity of 1. Further characterization of the MOFs recovered from
WORs using X-ray photoelectron, diffuse-reflectance UV−vis absorption, luminescence, and infrared spectroscopies supported
the identity of (bpy-dc)Ir(H2O)2XCl as an active water oxidation catalyst. Kinetics of MOF-catalyzed WORs were monitored by
Ce4+ consumptions and fitted with a reaction−diffusion model, revealing an intricate relationship between reaction and diffusion
rates. Our work underscores the opportunity in using MOFs as well-defined single-site solid catalytic systems to reveal
mechanistic details that are difficult to obtain for their homogeneous counterparts.

1. INTRODUCTION

The oxidation of water to oxygen is the key half-reaction in
both natural photosynthesis and the proposed water splitting
scheme for solar energy harvesting/storage.1 Considerable
progress has been made on developing water oxidation catalysts
(WOCs) over the past few decades. For example, a number of
metal oxides, metal nitrides, and other metal salts have been
shown by Domen, Nocera, Mallouk, Frei, and others as efficient
catalysts to perform water oxidation both electrochemically and
photochemically.2 Compared to inorganic solid catalysts,
molecular catalysts are more amenable to mechanistic studies
and fine-tuning using synthetic chemistry to optimize their
performances. Following the pioneering work of Meyer and co-
workers on water oxidation reaction (WOR) with the Ru-based
blue dimer,3 molecules containing a variety of transition metals

(Ru, Ir, Mn, Fe, Co, Cu) have been identified as WOCs in
recent years.4,5

Crabtree, Brudvig, and co-workers have extensively studied
half-sandwich Cp*Ir complexes (Cp* is the pentamethylcyclo-
pentadienyl ligand) as potential molecular WOCs.6 However,
due to the high-oxidation power of catalytic intermediates
generated in the water oxidation process, at least some of these
catalysts can undergo oxidative degradation during WORs.6b,7

The ultimate decomposition products in Ce4+-driven and
electrochemically driven reactions were suggested to be iridium
oxides/iridium hydroxides, which have been proven to be
efficient WOCs.2e,f,8 These observations raised concerns about
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