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ABSTRACT 

Daniel Micheroni: Metal-Organic Frameworks for Solar Energy Applications 

Under the Direction of Professor Wenbin Lin 

 

 This dissertation presents the photochemical (Chapter 2), electrochemical (Chapters 3, 5), 

and photophysical (Chapter 4) properties of light harvesting and catalytic molecules incorporated 

into metal-organic frameworks (MOFs). Chapter 1 presents an overview of the goals, purposes, 

and background materials for the subsequent chapters. Chapter 2 reports cobalt-porphyrin moieties 

incorporated into two MOF architectures and their catalytic activities for photochemical hydrogen 

production in an aqueous media. By inserting zinc and cobalt ions into the porphyrin centers to 

serve as the photosensitizer and catalyst respectively, MOFs capable of hydrogen generation were 

developed within a single material without the need of a separate co-catalyst. The resulting 

assemblies give TONs as high as 75 after five hours irradiation in an acidic medium through a 

putative Co(III)-H intermediate, outperforming their homogenous counterparts by up to 15 times.   

 Chapter 3 presents electrocatalytic proton reduction with Hf12-porphyrin MOFs covalently 

tethered to carbon nanotubes (CNTs). Covalent attachment of the MOF nanoplates to conductive 

CNTs improves electron transfer from the electrode to the Co-porphyrin active sites, leading to 

effective proton reduction. The Hf12-CoDBP/CNT assembly afforded a turnover number of 32,000 

in 30 minutes with an average turnover frequency of 17.7 s-1, placing it among the most active Co-

based molecular catalysts.  

 Chapter 4 describes the photophysical and photochemical properties of a [Ru(bpy)2(py)2]2+ 

complex confined within a zinc-oxalate MOF (Ru@MOF). The MOF perfectly encapsulates 

[Ru(bpy)2(py)2]2+ complexes, thereby altering their vibrational and electronic states through sterics 

and by removing the effects of solvents. As a result, the photoluminescence lifetime and quantum 



yield of the material significantly increase, likely through the destabilization the dd-state. The 

photochemical stability of [Ru(bpy)2(py)2]2+ in Ru@MOF also significantly increases due to the 

shutdown of photosubstitution processes. This stability can be leveraged into further studies 

including transient absorption and photocrystallography among other spectroscopic techniques.  

 Chapter 5 describes the incorporation of a precious metal free cobalt-terpyridine catalyst 

into two-dimensional metal organic layers (MOLs) for hydrogen production in acidic media. The 

Co-TPY MOL effectively stabilizes ultrasmall cobalt nanoparticles for hydrogen production with 

TOFs as high as 4300 hr-1 in pH=1 at a low overpotential of 715 mV.   
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CHAPTER 1 

Introduction 

Energy is the bedrock of civilization. The transformation and storage of energy drive 

innovation and maintain our quality of life. Presently, fossil fuels dominate the energy supplies 

due to their high energy density and availability. However, oil, gas, and coal are finite and come 

with the cost of releasing greenhouse and toxic gases into the atmosphere upon their combustion, 

which can have major impacts on climate and environment as well as detrimental effects to our 

health.1, 2 As a result, scientists and engineers are working to create materials which can use readily 

available and innocuous energy sources in closed loops to store and transform energy. Primarily, 

these renewable energy sources are sunlight, wind, and water. The development and understanding 

of functional materials to drive or assist in water splitting to form hydrogen, whether actuated by 

sunlight or electrical bias is the primary focus of my graduate work.  

1.1. Current Energy Landscape 

In 2017 the United States consumed 103.08 x 1015 kJ of energy. Of this, nearly 80% of energy 

consumption came from fossil fuels with 37%, 29%, and 14% from petroleum, natural gas, and 

coal, respectively.3 This roughly 80 quadrillion kJ of energy results in the release of 6.5 x 109 

metric tons of carbon dioxide.4 As a direct result of burning fossil fuels, the concentration of carbon 

dioxide in the atmosphere has reached 405 parts per million (ppm) in 2017, up from 330 ppm in 

1975. This inauspicious trend has been estimated to cause 6.5 million premature deaths globally 

(11.5 % of all premature deaths)5 and is as predicted to cause billions of dollars of economic 

damage in the near future.1  



 

Figure 1-1. The projected total economic impact of climate change in 2099 relative to predictions 
with no additional climate impact trajectories. Factors include projected agricultural yields, 
mortality rates, coastal damage, and energy expenditures among others. Used with permission 
from the Science 2017, 356, 1362. Copyright 2017 American Association for the Advancement of 
Science. 

These large numbers beg the question, why is US energy policy committed to fossil fuels? The 

quickest answer is that technological breakthroughs to make alternative energy economically 

competitive with fossil fuels do not yet exist. To overtake fossil fuels, a clean energy technology 

must be energy dense, safe, widely available, scalable, and be compatible with present 

infrastructures. Solar and wind technologies at present work outside the current energy grid, rely 

on intermittent weather patterns, and require scalable energy storage solutions to be developed. 

Both presently provide no solution to supplanting half of fossil fuel production in heavy industries 

and transportation such as concrete, shipping, and aviation. The input energy source is just too 

diffuse. A hydrogen economy can solve many of these problems, but still needs breakthroughs in 



its production, its associate technologies including fuel cells, and its transport as liquid fuels. No 

one technology can overcome all of these problems, however, a hydrogen economy is still worth 

pursuing because it is clean, energy dense, and scalable in theory. It is for this reason that I 

developed chemical systems with the goal to improve and study hydrogen production in this thesis.  

1.2 The Water Splitting Reaction 

The water splitting reaction has garnered interest because of its ability to produce hydrogen. 

Hydrogen is a clean burning and energy dense material which can be burned directly to form water, 

reacted with carbon dioxide to produce liquid organic fuels, or used directly in fuel cells. 6 The 

water splitting reaction is a simple but difficult to achieve reaction consisting of two halves as 

defined below.  

 

 

 

 

Being an uphill reaction with a , the reaction must be energetically driven 

by sustainable methods for it to be commercially viable. This can be achieved either by electrolysis 

via a renewable sources like hydroelectric power and solar cells or it must be converted directly 

by sunlight via a photocatalytic system.7 Electrolysis of water is an old method with its origins 

dating back to 1800 as discovered by Nicholson and Carlisle. 8 Since then, the field has been 

expanded upon by developing and improving catalysts to increase efficiency, to lower cost, and to 

increase the lifetime of the material. The most important parameters for determining the quality of 

electrocatlysts are overpotential, Faradaic efficiency, and current density. Overpotential is defined 

as the increase in potential that must be applied for the reaction to take place above the 



thermodynamic limit. It is a result of increased resistance and the production of heat during 

electrolysis. Faradaic efficiency (F.E.) is a measure of the percent of electrons that carry out the 

desired reactions as described in Equation 1.1 where  is the number of electrons transferred in 

the reaction,   is the moles of product produced, and  is the charge 

transferred during electrolysis. A decrease in Faradaic efficiency is a result of competing reactions 

and a lack of selectivity by the catalytic species. Current density is defined as the current 

transferred per cm2 of the electrode at a given potential.9 It is limited by diffusion, either by the 

catalyst and or the reactant, to the electrode surface and the reactivity of the catalyst for the desired 

reaction.  Unfortunately, the materials that achieve the best results within these metrics are usually 

comprised of precious metals including platinum,10-13 ruthenium,14-17 and iridium18-21 making their 

implementation prohibitively expensive and unrealistic. As a result, there has been a strong 

incentive to create materials which are metal-free or comprised of Earth-abundant metals such as 

cobalt,22-27 iron,28-31 and nickel.32-34 However, most materials developed can only perform a single 

half of the water splitting reaction and nearly all materials have inefficiencies as a result of charge 

recombination. Because of back electron transfer and charge recombination, sacrificial agents, in 

the case of half reactions, and electron/hole relays, in the case of total water splitting, are often 

employed to mitigate this phenomenon 
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Photocatalytic hydrogen production was first reported by Fujishima in 1972. 35 Good 

photocatalysts should all have the same energetic profile; the energy level of the LUMO or 

conduction band must be higher in energy than the cathodic reaction while the energy level of the 

HOMO or valence band must be lower in energy than the anodic reaction so electron transfer can 

occur downhill in an energetically favorable manner (Figure 1-2). In terms of efficacy, a good 



photocatalyst is measured by its turnover number (TON) and its turnover frequency (TOF). TON 

is defined as the moles of product produced per mole of active catalyst and TOF is defined as TON 

per unit time.  

 

Figure 1-2. A simple schematic for photocatalytic processes.  
 
 

1.3 Photocatalytic Systems 

The absorption of sunlight by a molecule to achieve an excited state capable of work is of the 

utmost importance for photocatalysis, artificial photosynthesis, and dye sensitized solar cells. 

Photocatalytic systems require at least three major steps to achieve functionality: absorption of 

light by a photosensitizer (PS) to create an electron-hole pair, charge migration to the catalyst, and 

catalysis to form the desired product (Figure 1-3).36  Molecular photosensitizers are either based 

on highly conjugated organic dyes or transition metal complexes. For transition metal 

photosensitizers, the metal is usually bound to an imine or diimine such as pyridine or bipyridine 

(bpy), as shown by numerous works in the field, specifically those containing ruthenium or iridium 

as a transition metal.17, 18, 37-40 In addition to diimines, porphyrins are a common molecular based 

photosensitizer which can accommodate numerous transition metals, including first row transition 

metals, to alter its redox chemistry. The best photosensitizers of these metal-ligand complexes 



have strong absorbances in visible or ultra-violet spectra due to symmetry-allowed singlet metal-

to-ligand charge transfer (1MLCT) or a mixing of MLCT and ligand-to-ligand charge transfer 

(Figure 1-4). The resulting excited states then probabilistically undergo inter-system crossing 

(ISC) to a long lived triplet metal-to-ligand charge transfers (3MLCT) excited state due to the 

heavy atom effect enhanced by the transition metal center.41 The triplet state improves the 

effectiveness of redox reactions by increasing the distance travelled and probability for both inter- 

and intramolecular charge transfer due to the long lived excited state lifetime. 

 

Figure 1-3. A simplified Jablonski diagram showing the energetic pathway for photocatalytic 
systems from absorption of light to the catalytic reaction. (Top). A generalized mechanistic 
pathway for the production of hydrogen using a photocatalytic system (bottom). 



 

Figure 1-4. The UV-Vis spectra and structure of the two major classes of photosensitizer in this 
work: Zn-porphyrins (left) and ruthenium tris-bipyridine (right).  

 

 The use of light as driving force in photocatalytic systems allows for the production of 

thermodynamically uphill products inaccessible to most catalytic systems. The reduction 

potentials of excited states are governed by equations 1.2 and 1.3 making them significantly easier 

to reduce or oxidize than their ground state counterparts. This allows for highly reducing states to 

be accessed within the photosensitizer to drive the overall reaction.  

 

                  1.2 

                  1.3 

 

However, the photocatalytic 

phosphorescence from the excited state as well as back electron transfer between the active catalyst 

and photosensitizer. As a result, a sacrificial electron donor is generally incorporated into the 



system to drive the reaction forward, as electron injection into the hole of the photosensitizer 

prevents radiative recombination as well as prevents the photosensitizer from entering its highly 

oxidative PS+ state.   

1.4 Electrocatalytic systems 

Electrocatalytic systems complement photocatalytic systems very well for driving uphill 

chemical reactions, including those for energy purposes. By using electrical bias as its driving 

force, electrocatalytic systems do not inherently require light. In terms of truly green chemical 

prospects, this has a few distinct advantages compared to their photochemical counterparts: there 

is no need to concentrate diffuse solar radiation, photochemical degradation is removed, and the 

overall efficiency of the system is generally improved. The improvement in efficiency is the most 

attractive aspect of electrocatalytic systems as many materials can achieve high Faradaic 

efficiencies of close to 100% while the ratio of photons absorbed to electrons transferred in 

photosensitizers is usually at least one order of magnitude less.  

Despite these advantages, molecular based electrocatalysts for alternate energy applications 

are often hindered by a small available surface area of the electrode, poor aqueous stability, high 

overpotential, and slow diffusion.  Strictly inorganic materials are often examined to solve these 

problems as their overpotentials are lower and their stability is better than molecular species, 

however, they are often developed from precious metals like platinum, iridium, and ruthenium. 

Therefore, the need for electrocatalytic systems based on Earth-abundant metals is strong. 

Molecular materials provide a unique platform to fill this gap due to their ability to incorporate a 

bevy of cheaper metal centers and tune their reduction potentials by the attachment of simple 

electron donating or withdrawing groups.    



 In molecular species, the mechanism for the HER is less clear than that of heterogeneous 

species which often proceed via absorption of protons onto the electrode, reduction of hydrogen 

atoms to form H2, and desorption of hydrogen. Instead, homogenous systems can achieve 

hydrogen production with the combination of two proton transfers, two electron transfers, or one 

of each with proton coupled electron transfer (PCET) in any order. Furthermore, the difficulty of 

ascertaining the exact mechanism is exacerbated by the ability for homogenous materials to form 

bimolecular assemblies. The ability to site-isolate the metal centers by restricting their degrees of 

freedom or through the use of bulky protecting groups coupled with rigorous electrochemical 

studies is often employed to determine the mechanism. 

 

Scheme 1-1. The possible pathways a homogenous complex (M) can undertake to reach a metal-
hydride intermediate in an electrochemical process (left). From this intermediate, hydrogen can be 
evolved from a single metal center in the hemolytic pathway or from two metal-hydride 
intermediates in the bimolecular pathway (right). 

 

1.5 Metal-Organic Frameworks 

The first examples of metal-organic frameworks (MOFs) or coordination polymers date back 

specifically x-ray crystallography, their unique properties remained unexamined. 42-44 It was not 



polymers constructed from copper and cyano ligands that MOFs began to be studied and its 

applications explored. 45, 46 

 

Figure 1-5. SBUs (left), lattice structures (middle), and linkers (right) of various classes of MOFs 
highlight the diversity of the field and its numerous permutations. Atom color designations are: 
carbon  grey, nitrogen- purple, oxygen  red, metal  blue, and chlorine  green. Used with 
permission from the Chem. Soc. Rev. 2014, 43, 5896. Copyright 2014 the Royal Society of 
Chemistry.  

 

MOFs refer to porous inorganic/organic hybrid materials comprised of metal or metal cluster 

nodes also referred to as secondary building units (SBUs) bound to organic linkers to form 1-, 2-, 



or 3-dimensional crystalline networks. The fixed geometry of the SBUs coupled with the 

symmetrical binding motifs of the organic linkers gives rise to MOFs most prominent properties: 

their porosity and their crystallinity. The high porosity and surface-area of MOFs make them ideal 

candidates for numerous chemical applications while their crystallinity allows for facile 

determination of structure function relationships through X-ray characterization methods. 

However, what truly makes MOFs interesting is their versatility and predictability. The bevy of 

available metals, organic linkers, and reaction conditions leads to countless permutations and 

geometries which can be optimized for specific applications. The geometries can be reasonably 

predicted based upon SBU geometrical precedent independent of the choice of linker assuming the 

linkers are of the same symmetry. This is referred to as reticular synthesis.  Reticular synthesis is 

a wonderful tool because it allows for specific engineering of the material. The linker is usually 

chosen with specific functionalities in mind and can be directly installed or can be chemically 

modified through post-synthetic modification (PSM) of the MOF species to achieve the desired 

functionality. 47 Because of these features, MOFs have been studied and designed for potential 

applications in chemical sensing,48, 49 non-linear optics, gas-storage,50-52 solar-energy 

conversion,53-55 catalysis,56-59 chemical separation,60, 61 and drug delivery.62-64  

The SBU organic linker bond is only of moderate strength as it results from modest Lewis acid 

Lewis base interactions. As a result, long term stability, particularly in aqueous environments, are 

usually lacking for MOF materials and limits their applications. The first MOF to show very good 

stability in aqueous environments was the UiO family of MOFs pioneered by Lillerud and 

coworkers.65 The UiO MOF is comprised of Zr6O4(OH)4(RCO2)12 SBUs where the R-group is 

linear dicarboxylate bridging ligands. The UiO family of MOFs owes its stability to the strong 

Lewis-acid Lewis-base interaction between the electronic deficient Zr4+
 metals and the carboxylic 



acid. Since this discovery, numerous other SBUs with strong Lewis-Acid base interactions based 

on Group 4 metals with the coordination environment M6, M8, or M12 (where M = Zr, Hf, and Ti) 

have been developed. All show good water stability with slightly different geometries and pore 

sizes making each suitable for varying applications.  

 

Figure 1-6. The structure model of Group 4 metal containing SBUs, shown here with zirconium 
as its metal; red- oxygen, grey- carbon, cyan  zirconium 

 

The unique properties of MOFs have made them ideal platforms to study photophysical 

phenomena. When photophores are used as the bridging ligands in MOFs, the dense packing of 

chromophores in an organized arrangements resembles that of the chloroplast assemblies in green 

plants needed to achieve photosynthesis.66 Because the distance and orientation of chromophores 

to each other is known in MOFs, MOFs have been utilized as a platform to study short and long 

range energy transfer phenomenon.67-69 From these studies it can be seen that both Forster type 



and Dexter type energy transfer are significant pathways in porphyrin as well as metal bipyridyl 

based MOFs through photoluminescent lifetime measurements in the presence of known densities 

of quenchers installed in the lattice and from theoretical models.   

Additionally, the versatility of MOFs allows them to serve as platforms to carry out the 

hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and carbon dioxide 

reduction. Despite the fact that the ligands within the MOF framework are close enough together 

to interact and often exhibit strong and broad absorption spectra over traditional bandgap values, 

typical MOFs are not semiconductors. The metal SBU bond is inherently insulating and the 

ligands, though close enough to interact, do not exhibit strong orbital-orbital overlap and can be 

viewed as isolated systems. Instead, the ability of a MOF to perform photocatalytic reactions 

depends on the reduction potential of the ligand in the excited state as well as the necessary 

geometry to facilitate electron and energy transfer. When these properties are met, MOFs can be 

very successful photocatalysts. Their high porosity and open channels within MOFs allow the 

diffusion of substrates to reactive centers within the lattice. Furthermore, catalytic centers can be 

integrated into either the SBUs or the metal centers in MOFs, which allows MOFs to serve as 

single platform capable of both light harvesting and catalysis for both the HER 70-72, OER 55, 73, 74, 

and CO2 reduction.53, 75, 76  

1.6 Scope of my Thesis 

My graduate studies have focused primarily on the design of MOF materials for solar energy 

applications. I have developed MOFs to serve as photo and electro-catalysts for the hydrogen 

evolution reaction in acidic media using relatively simple inorganic ligands as my active catalysts 

such as porphyrin, bipyridine, and terpyridine. Furthermore, the unique ability of MOFs to 



physically anchor substrates in repeatable and static physical environments, has allowed me to 

study their fundamental photophysical and catalytic properties.   

 Chapter 2 encompasses the use of three highly stable porphyrin-based zirconium MOFs for 

photocatalytic proton reduction. This system is free of precious metals and shows hydrogen 

production activity greater than that of the homogenous samples. This is a result of the proximal 

nature of the photosensitizer and ligand in the MOF material.  

 Chapter 3 will use a Hf-derived porphyrin MOF as an electrocatalyst for proton reduction 

nanotubes (CNTs), forming a unique heterostructure which improves conductivity and available 

surface area of the MOF/electrode assembly.   

 Chapter 4 will explore the photophysical properties of a photolabile ruthenium complex 

trapped within the confines of a metal-organic framework. The tightfitting network perfectly 

encompasses the ruthenium complex, providing a solvent free environment with imposed physical 

rigidity. This confinement improves the luminescent properties the ruthenium complex and 

prevents photosubstitution issues that are observed in the homogenous complex.  

 Chapter 5 will use a single-layer terpyridine and bipyridne MOLs as an electrocatalyst for 

proton reduction in water. The metal center was found to be labile in acid media, leading to 

reduction of the metal centers to form ultrasmall nanoparticles. The agglomeration of the 

nanoparticles is inhibited by the MOL as a physical barrier and likely due to  the sigma-donating 

properties of the imine functionality. The resultant ultrasmall metal nanoparticles are in close 

proximity to the electrode surface and highly active for proton reduction. 
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CHAPTER 2 

Photocatalytic Hydrogen Evolution with Earth-Abundant Metal-Porphyrin Based Metal-

Organic Frameworks 

2.1 Introduction 

With an average irradiance of 1000 W m-2, solar energy is the most abundant source of clean 

and renewable energy available.1 Solar energy can be harvested and converted to electricity by 

photovoltaic devices, yet the application is limited due to the difficulty of storing electrical energy. 

Using sunlight to drive energetically uphill chemical reactions and producing storable fuels has 

thus become an important alternative strategy for solar energy utilization.2 Photo-driven splitting 

of water into hydrogen and oxygen is one of the most promising candidates for such photochemical 

processes. Hydrogen is a clean and efficient energy source upon combustion and is an important 

reagent in industrial processes such as the Haber-Bosch reaction.3 Unfortunately, platinum and 

other precious metals are often used as photochemical hydrogen evolution catalysts, and their high 

costs and scarcity impede further implementation in large scale industrial applications.4-6 

Metal-organic frameworks (MOFs) provide an alternative material platform for photocatalytic 

applications. MOFs are highly crystalline and porous materials constructed from metal ions or 

clusters bonded to organic linkers forming one-, two-, or three-dimensional structures. Because of 

their ultra-high surface area and customizable diversity, MOFs have served as functional materials 

for a bevy of applications including but not limited to gas storage,7 chemical separation,8  

luminescence,9 catalysis,10 and drug delivery.11 

Photoactive MOF materials can be used to integrate different functional components that are 

needed for solar energy conversion in one system. The photochemical reduction of protons 



requires at least two components, a photosensitizer to harvest sunlight and create an electron-hole 

pair and a catalyst to use the electron to actively reduce protons in solution to afford hydrogen.12 

MOFs have been previously shown to promote effective electron and energy transfer within their 

frameworks comprised of light harvesting organic linkers and have been combined with co-

catalysts such as platinum nanoparticles and polyoxometalates to carry out proton reduction.13-15 

Herein, we study photocatalytic hydrogen evolution reactions (HERs) with water-stable Earth-

abundant metal (EAM)-porphyrin based MOFs built from Zr6 and Zr12 secondary building units 

(SBUs). These MOFs contain Zn-porphyrin photosensitizers and Co-porphyrin catalysts within 

the same framework for effective HER.  

2.2 Results and Discussion 

2.2.1 Material Synthesis and Characterization 

Three porphyrin-based MOFs were constructed from Zr6(µ3-O4)(µ3-OH)4(RCO2)12 (Zr6) and 

Zr12(µ3-O)8( µ3-OH)8( µ2-OH)6(RCO2)18] (Zr12) SBUs in good yields and used for photochemical 

reduction of protons. Zr6-DBP and Zr6-DPDBP were prepared through solvothermal reactions of 

either 5, 15-di(p-benzoato)porphyrin (H2DBP)16 or 5,15-di(p-benzoato)-10,20-diphenyl-porphyrin 

(H2DPDBP)17 with ZrCl4 in a dimethylformamide (DMF) solution containing a small amount of 

trifluoroacetic acid. Zr12-DBP was synthesized by heating a mixture of H2DBP, ZrCl4, water, and 

acetic acid in DMF at 85 °C. For each MOF, post-synthetic metalation of the porphyrin ligands 

was achieved through the one-pot reaction of the MOFs with ZnCl2 and CoCl2·6H2O in DMF at 

100 °C overnight. By varying the ratios of the zinc and cobalt salts, precise doping ratios of the 

metals were achieved.  



 

Scheme 2-1. The active materials Zr6-M-DBP, Zr6-M-DPDBP, and Zr12-M-DBP and their reaction 
conditions.  

 

Zr6-DBP and Zr6-DPDBP as well as their metalated derivatives crystalize in the cubic space 

group and retain crystallinity as judged by the similarity of their PXRD patterns in Figure 

2.1. The Zr6 MOFs have triangular channels of 1.6 nm and octahedral and tetrahedral cavities of 

2.8 and 2.0 nm in dimensions, respectively.  The shortest distance between metal centers within 

porphyrin sites was measured to be 13.7 Å, which should allow for effective electron transfer 

between adjacent M-porphyrin species. Zr12-DBP and its metalated derivative crystallize in the 

hexagonal space group P63/mmc with a shortest distance between metal centers of 6.77 Å 

measured along the equatorial plane of the Zr12 cluster. The ligand to ligand distance within the 



triangular pores is slightly longer at 14.2 Å which is still short enough for efficient electron 

transfer.18    

 

Figure 2-1. a) PXRD patterns of Zr6 MOFs with free-base and metalated porphyrins along with 
the simulated pattern based on the UiO structure. b) PXRD patterns of Zr12 MOFs with free-base 
and metalated porphyrins along with the simulated pattern based on the Zr12 structure.  

 

The coordination environment of the catalytically active Co-porphyrin species in Zr6-M-DBP 

was determined through X-ray Absorption Fine Structure (XAFS) spectroscopy (Figure 2-2). 

XAFS data was processed and analyzed using the Athena and Artemis programs of the IFEFFIT 

package based on FERR 6.19  The X-ray absorption near edge structure (XANES) region indicated 

a mixed valent cobalt(III)/cobalt(II) oxidation state with a peak centered at 7.712 keV as compared 

to 7.711keV for a Co(II) oxidation state as well as a slight shoulder observed at 7716 keV (Figure 

2-2). The XAFS region reveals a five coordinate cobalt species with degenerate basal Co-N bonds 

from the porphyrin ring and one apical Co-Cl bond of 2.06 Å. The five coordinate geometry and 

Co(III) oxidation state led to the Soret band absorbance at 418 nm, which is in contrast to the Soret 

band at 408 nm for typical four-coordinate Co(II)-porphyrin species (Figure 2-3).20 



 

 

Figure 2-2. a) The fitting of Zr6-Co-DBP EXAFS at the Cobalt K-edge to the PCN-222 model.2 
b) The XANES region of Zr6-Co-DBP compared to other Co-porphyrin species at the cobalt             
k-edge. c) The EXAFS fits of Zr6-Co-DBP and its composite scattering intensities.  

 

 

 

 

 

 

 



Table 2-1. The parameters used for fitting the EXAFS of Zr6-M-DBP to a the PCN-222 model.2  

Parameter Value Error 

Amp 1.0773 0.0838 

E0 -1.7685 1.5084 

delR_N -0.0257 0.0085 

ss_N 0.0043 0.0016 

delR_Cl -0.0098 0.0146 

ss_Cl 0.0016 fixed 

delR_C1 -0.0195 0.0129 

ss_C1 0.0087 0.0014 
delR_C2 -0.0487 0.0228 

ss_C2 0.0068 0.0027 

delR_C3 0.1226 0.0218 

ss_C3 0.0051 0.0018 

delR_C4 -0.013 0.0382 

ss_C4 0.0028 0.0039 

Reduced       91.76               n/a 

R-Factor    0.0158               n/a 
 

The MOFs were rationally designed for the photochemical reduction of protons in the aqueous 

environment. MOFs comprised of a zirconium-carboxylate SBUs are among the most stable MOF 

classes reported, particularly in aqueous media, owing to the strong Lewis-acidity of the Zr(IV) 

ions.21 Zn- and Co-porphyrins were chosen as the organic linkers for all three MOFs because of 

their intense absorption in the visible spectrum from their Soret bands (Figure 2-3). Furthermore, 

Zn-porphyrin has a comparatively long-lived singlet excited state compared to the Co-porphyrin 

species.22 The relatively long lived excited state allows the Zn-porphyrin struts to be preferentially 

reduced by a sacrificial electron donor from its excited state, thereby preventing electron hole-

recombination and facilitating electron transfer throughout the MOF to the catalytically active 

cobalt species.  



 

 

Figure 2-3. a) The normalized UV-VIS spectra of free-base and metalated DBP and DPDBP 
ligands in DMF. b) Zoomed-in views of the UV-VIS spectra for free-base and metalated DBP and 
DPDBP ligands. c) Steady-state photoluminescence spectra of 3µM ZnDBP and CoDBP ligands 
in DMF excited at 420 nm. 

 

2.2.2 Photochemical Properties 

Previous studies have shown that Co-porphyrins can be effective proton reduction catalysts 

when coupled with a photosensitizer such as tris(bipyridine)ruthenium(II) ([Ru(bpy)3]2+).23 We 

proposed that the incorporation of Zn-porphyrin as the photosensitizer and Co-porphyrin as the 



HER catalyst in the same framework would lead to enhanced electron transfer between the two to 

facilitate proton reduction.  

To achieve active proton reduction in the assembly, the photo-activated photosensitizers must 

be able to inject electrons into the catalysts. Stern-Völmer quenching experiments showed that the 

luminescence of homogenous Zn-porphyrin was quenched upon the addition of CoDBP; the 

emission intensity of 30 µM ZnDBP decreased to 68% of the initial intensity when 15 µM CoDBP 

was added. More than 5% equivalents of CoDBP relative to the amount of ZnDBP must be present 

to quench the luminescence of ZnDBP, likely due to inefficient diffusional encounter at these low 

concentrations (Figure 2-4). MOFs should be able to alleviate this issue due to the high local 

concentrations of the Co photocatalyst and Zn photosensitizer that are separated by short distances.  

 

Figure 2-4. a) The luminescence intensity of 30µM ZnDBP with increasing percentages of CoDBP 
present in DMF. All percentages are relative to the ZnDBP concentration. b) The Stern-Völmer 
plot of ZnDBP with addition of Co-DBP in different concentrations. 

 



 

Figure 2-5. Photocatlytic hydrogen production by Zr6-M-DBP in pH 4 ascorbic acid along with a 
series of MOF controls in which the metal centers, sacrificial agent, and light source were varied.  

 

The MOFs were examined for their photocatalytic activities towards HER using a 530 mW 

visible light source at >400 nm. The reaction was carried out at pH = 4 with 0.037M ascorbic acid 

as a sacrificial electron donor. Hydrogen production was quantified by gas chromatography (GC) 

of headspace gases after irradiation. Under optimized conditions, the Zn:Co ratio in the MOF was 

19:1 with all porphyrin coordination sites occupied as determined by inductively coupled plasma 

mass spectrometry (ICP-MS). The highest hydrogen evolution turnover number (TON) for each 

MOF based on Co-Porphyrin (Co-TON) was found to be 75 for Zr6-M-DPDBP, 52 for Zr6-M-

DBP, and 31 for Zr12-M-DBP after irradiation for five hours. The average TONs for all three MOFs 

after two hours irradiation can be found in Table 2-2 and Figure 2-6. Compared to their respective 



homogenous analogs, the MOF based catalysts showed as high as 15 times enhancement in TON, 

with Zr6-M-DPDBP (average TON = 34.8) catalyzing hydrogen slightly more effectively than that 

of the Zr6-M-DBP (average TON = 24.0) and Zr12-M-DBP (average TON = 18.7). The higher 

hydrogen production observed for Zr6-M-DPDBP compared to Zr6-M-DBP is likely due to that 

fact that the additional phenyl groups decrease donor-acceptor distance between struts and enhance 

the rate of electron transfer.  Surprisingly, Zr12-M-DBP which has the shortest linker-linker 

distance of 6.7 Å was the least active material for proton reduction, likely a result of the high rate 

of defect sites and ligand vacancies within the MOF as reported previously for Hf12-DBP.24 These 

vacancies increase the overall nearest neighbor distances of Zr12-M-DBP and limit electron 

transfer. 

 

Figure 2-6. Average TONs of Zr6-M-DBP, Zr6-M-DPDBP, and Zr12-M-DBP (5 mol% Co loading 
in the MOF) verses homogeneous M-DBP and M-DPDBP for photocatalytic hydrogen production 
in pH 4 ascorbic acid.  

 



Table 2-2. Average TONs for Zr6-M-DBP, Zr6-M-DPDBP, and Zr12-M-DBP and homogenous M-
DBP and M-DPDBP after two hours irradiation in pH 4 ascorbic acid with CoDBP loading ranging 
from 3.45-7.42% as determined by ICP-MS.  

Material 
Average 
TON 

Standard 
Deviation 

 

Zr6-M-DBP 24.02 14.3 

Zr6-M-DPDBP 34.84 14.78 

Zr12-M-DBP 14.67 5.26 

DBP-Ligand 2.39 1.74 

DPDBP-Ligand 2.28 1.71 

 

The proton reduction reaction is proposed to proceed in accordance with the mechanism in 

Scheme 2-2. In said mechanism, a Zn-porphyrin strut is excited upon the absorption of light where 

it is actively reduced by the electron donor ascorbic acid. Two reduced zinc-porphyrin species then 

sequentially transfer electrons to a cobalt porphyrin center where proton reduction into hydrogen 

occurs. A series of control experiments confirmed that all four components, zinc porphyrin, cobalt 

porphyrin, ascorbate, and a light source, are necessary for appreciable hydrogen generation to 

occur (Figure 2-5). 



 

Scheme 2-2. Zr6-M-DBP, Zr6-M-DPDBP, and Zr12-M-DBP are active photocatalysts for proton 
reduction when metalated with Zn and Co to serve as photosensitizer and catalysts, respectively. 
The mechanism of proton reduction likely proceeds through a Co(III)-H intermediate.  

 

The improved HER perfromance of the MOF materials over that of their homogenous 

counterpart results from a synergistic and cooperative interaction between the linkers uniformly 

distributed in the MOF. The close proximity of the linkers to their neighbors results in a 

significantly increased rate of electron transfer between M-porphyrin centers in MOFs as 

compared to the homogenous counterparts which rely on diffusion. Photoluminescence lifetime 

studies of the MOF materials provide supporting evidence for this enhanced interaction between 



the photosensitizing and catalytic linkers. The lifetime of Zr6-Zn-DBP decreases with increasing 

doping concentrations of cobalt in the MOF (Figure 2-6). This behavior results from efficient 

energy transfer between the porphyrin struts, likely involving both the Forster and Dexter type 

mechanisms. Energy transfer within the homogenous material is shown in fluorescent lifetime 

spectra in Figure 2-7. However, appreciable quenching is only seen as the Co-DBP concentration 

is greater than 10 mol% of the total M-DBP in solution, further highlighting the diffusion limited 

interaction between the Co and Zn species while in solution. 

 

 

Figure 2-7. a) Luminescence lifetime measurements for Zn-DBP in DMF with the addition of Co-
DBP (9:1 ratio). b) Luminescence lifetime measurements of Zr-Zn-DBP with varying doping 
concentrations of Co in DMF.  

 

 

 

 

 

 

ZnDBP Ligand

Zn:Co-DBP Ligand 9:1

Zr6-Zn-DBP

Zr6-M-DBP 0.54% Co

Zr6-M-DPDBP 3.64% Co



Table 2-3. Excited state lifetimes of DBP ligands and MOFs in DMF, fitted by software. Averages 
from bi-exponential fits were calculated according to the f-weighted technique.  

 

Sample 1 (ns) 2 (ns) avg(ns) 

Zn-DBP 2.8 N/A 2.8 

Zn:Co-DBP (9:1) 2.8 N/A 2.8 

Zr6-M-DBP (100% Zn) 9.17 2.37 2.53 

Zr6-M-DBP (0.54% Co) 2.27 5.79 2.38 

Zr6-M-DPDBP (3.64% Co) 1.42 3.77 1.81 
 

Electrochemical studies were performed to further analyze the roles of each linker in the HER 

reaction. The reversible first reduction potential of Zn-DBP occurs at -1.13V vs NHE (Figure 2-8) 

and is sufficiently negative to reduce Co(II) to Co(I) that has a reduction potential of -0.474V. 

These results are in agreement with literature reports for analogous systems.25-27 The small 

reversible peak seen in both samples at 0.770V vs NHE can be assigned to the reduction of trace 

amounts of oxygen. Because Zn-DBP can only carry out reduction of the cobalt center to the Co(I) 

state in the ground state, the mechanism likely goes through a Co(III)-hydride intermediate rather 

than through a Co(0) species. This mechanism was validated upon the addition of trifluoroacetic 

acid (TFA) proton source to a solution of Co-DBP in acetonitrile. A non-reversible increase in 

current is observed immediately following the Co(II)/Co(I) reduction potential of the cobalt 

species indicative of HER (Figure 2-8). The onset of this peak concurrent with the reduction to a 

Co(I) state supports the possibility of a Co(III)-H reactive intermediate as found in analogous 

systems such as cobaloximes.28 Likely, the bound proton possesses enough electron density to 

interact with free protons as a Co(III)-H intermediate to facilitate proton reduction upon a 

secondary reduction of the porphyrin molecule.29 However, unlike homogenous cobalt HER 

catalysts, the MOF systems cannot undergo proton reduction through the homolytic pathway as 



the rigid spatial arrangements of the porphyrin species prevent any bimolecular interactions within 

the MOF lattice.  

 

Figure 2-8. CV traces of homogenous Co-Me2DBP (with and without trifluoroacetic acid) and 
Zn-Me2DBP ester in acetonitrile with 0.1 M TBAPF6.  

 

The mechanism for hydrogen evolution was further supported with density functional theory 

(DFT). DFT calculations were performed using a B3LYP-6331G* basis set for structure 

optimization of Co-DPDBP and B3LYP-6331G** for charge calculations (Table 2-4). As 

expected, the charge varied depending on whether Mulliken or NBO methods were used. However, 

both show the same trend of a significant decrease of charge on the cobalt center upon reduction 

of the ground state concurrent with ligand non-innocence, followed by a slight increase in cobalt 

charge after protonation of the cobalt center to a Co(III)-H product.  Though the calculated results 

do not explicitly support the formation of Co(III)-H- intermediate, instead a Co(I)-H is shown as 

most of the additional electron density resides within the porphyrin macrocycle, the charge values 

-



in analogous cobaloximes systems.27 Therefore, we can conclude that the PCET to the intermediate 

to form hydrogen is not simply metal-centered, but is facilitated by the entire porphyrin assembly 

within the MOF material due to ligand non-innocence.     

Table 2-4.  The DFT calculated atomic charges for the central Co atom and its surrounding first 
coordination shell at four separate states throughout the hydrogen production process for Co-
DBPDP.        * denotes the use of the B3LYP/6311+G* basis set in contrast to the B971/631+G* 
basis set. 

  NBO* NBO Mulliken 
 Co Charge 0.835 0.851 1.06 

Ground state Average N Charge -0.537 -0.786 -0.795 
 H Charge n/a n/a n/a 

 Co Charge 0.253 0.572 0.572 
First Reduction Average N Charge -0.498 -0.754 -0.754 
 H Charge n/a n/a n/a 

 Co Charge 0.274 0.834 0.834 
Co-H Average N Charge -0.466 -0.767 -0.767 

 H Charge 0.177 0.013 0.013 
 

Despite producing hydrogen at a comparably high TON for precious metal free MOF based 

photocatalysts, the MOF species do degrade after irradiation and become amorphous, thereby 

decreasing production of hydrogen as a function of time as seen in Figure 2-9. However, this 

destructive process is mitigated for that of the Zr12 species which retains proficient crystallinity 

after two hours and can maintain a high level of hydrogen production for at least 5 hours. The 

increased stability of the Zr12 species is likely the result of decreased solubility of the reduced Zn-

porphyrin linker in solution for the Zr12 due to electronic and dielectric effects imparted by the 

SBU.30 Improved inter-linker-electron-transfer rates within MOFs can likely mitigate this effect 

and highlights the need for fixing chromophores and catalysts in close proximity to each other for 

photocatalytic applications. 



 

Figure 2-9. a) Time-dependent photopcatalytic HER by Zr6-M-DBP, Zr6-M-DPDBP and Zr12-M-
DBP in pH 4 ascorbic acid. PXRD of b) Zr6-M-DBP, c) Zr6-M-DPDBP and d) Zr12-M-DBP before 
after two hours of photocatalysis.  

 

 

 

 

 



2.4 Conclusion 

We have successfully incorporated both photosensitizer and catalyst in porphyrin based metal-

organic frameworks through a post synthetic metalation procedure with zinc and cobalt ions 

respectively. Built from either DBP or DPDBP and Zr6 or Zr12 SBUs, all three porphyrin MOF 

species successfully catalyze hydrogen production from aqueous protons at a rate higher than their 

homogenous analog, owing to the close proximity and high density of linkers inherent within the 

MOF lattice. Furthermore, the geometric nature of the MOF materials ensures that proton 

reduction goes through a heterolytic pathway, providing an unambiguous system to study the 

hydrogen evolution reaction. The porphyrin MOFs have thus provided a versatile and tunable 

platform for the integration and optimization of various functional components for the application 

and study of solar energy conversion. 

2.5. Experimental Methodologies 

2.5.1 Photochemical Proton Reduction Parameters 

A 0.037 M pH 4 ascorbic acid buffer was used as the solution for all reported photochemical 

hydrogen production data to serve as both the proton source and sacrificial reductant. The solution 

and head space were degassed for thirty minutes with nitrogen prior to irradiation with a 530 mW 

Thor Labs visible light source. The sample vials were kept in a water bath to stabilize reaction 

temperature during the photochemical reaction. To quantify the amount of hydrogen produced, 

100 µL of the reaction atmosphere was removed from the headspace and injected into a gas 

chromotograph with a previously fabricated calibration curve. The amount of gas produced was 

then back-calculated from the GC data with the ideal gas law.    

 



2.5.2 EXAFs  

X-ray absorption data was collected at Beamline 9-BM-C at the Advanced Photon Source at 

Argonne National Laboratory. Spectra were collected at the cobalt K-edge in transmission mode. 

A pure cobalt foil standard was used as the reference energy for calibration and was measure 

simultaneously with the experimental sample. Data was collected over three energetic regimes 

relative to the cobalt K-edge: the pre-edge region from -150 to -20 eV, the XANES region from -

20 to 50 eV, and the EXAFs region from 3.62 to 13.93 Å. The sample was pulverized and prepared 

with in a polyethyleneglycol matrix and packed into a sample holder to achieve necessary 

absorption.  

2.5.3 Data Processing 

The XAFs data was processed using the Athena and Artemis programs of the IFEFFIT 

package. Prior to merging, spectra were calibrated against the cobalt reference spectra by 

determining the energy corresponding to the first peak in the first derivative of the absorption 

spectrum.  

Once the data was processed, the fits of the EXAFS region were determined using the Artemis 

program. For all fits, the number of parameters was limited to fewer than two thirds the total 

number of independent points as determined by the Nyquist equation. Fits were performed with a  

k-weight of three in R-space. The CoDBP was MOF was fitted with the reported crystal structure 

for PCN-222, a cobalt porphyrin MOF, obtained from the Cambridge Crystallographic Database. 

 

 



 

 

2.6 Synthetic Procedures 

2.6.1 Synthesis of Ligands 

 

Scheme 2-3. ne. 

Paraformaldehyde (1500mg) was suspended in freshly distilled pyrrole (500mL) and stirred 

under nitrogen for 2.5 hours at 55°C. Trifluoroacetic acid (TFA, 530uL) was then added dropwise 

to the solution and stirred for another 1.5 hours. The solution was then cooled to room temperature 

followed by the addition of sodium hydroxide (817mg, 20.4mmol) and stirred for one hour. The 

Unreacted pyrrole was then removed via distillation, affording a brown viscous oil which was 

extracted with water and chloroform three times. The product was purified on silica column with 

dichloromethane as the eluent to afford a pale white powder as the product. Yield: 2.96g, 

22.8mmol (34.8%).  1H-NMR (500MHz, chloroform-

(d, 4H), 3.94 (s, 2H). 



 

Figure 2-10. The 1H- -dipyrromethane in chloroform.  

 

Scheme 2-4. Synthesis of 5-(4-Carbomethoxyphenyl)dipyrromethane.1 

Distilled pyrrole (34.8mL, 500mmol) was combined with methyl-4-formylbenzoate (6.0g, 36. 

8mmol) and degassed for 30 minutes.  TFA (220uL, 2.8mmol) was then added dropwise to the 

solution and stirred in the dark at room temperature for four hours. The solution was then diluted 

with chloroform and washed with 0.1M NaOH (aq) and water twice. The chloroform was removed 

with a rotary evaporator while the unreacted pyrrole was removed via vacuum distillation. The 

brown viscous oil was then purified on a silica column with chloroform as the eluent to afford a 



light brown solid. The resulting solid was then rinsed with cold ethyl acetate to obtain a pale gray 

solid as the product. Yield: 2.1g, 7.1mmol (19.2%). 1H-NR (500MHz, chloroform-

7.97 (d,4H), 7.27 (m, 2H). 6.71 (d, 2H), 6.16 (d, 2H), 5.89 (s, 2H), 5.53 (s, 1H), 3.9 (s, 3H). 

 

Figure 2-11. The 1H-NMR of 5-(4-Carbomethoxyphenyl)dipyrromethane in chloroform.  

 

   



 

Scheme 2-5. Synthesis of 5,15-di(p-methyl-benzoato)porphyrin (Me2DBP). 

Methyl-4-formylbenzoate (520 mg, 3.16 mmol) and dipyrromethane (463mg, 3.16mmol) were 

added to a round bottom flask. 500mL of anhydrous dichloromethane was added to the flask and 

degassed for 30 minutes. Trifluoroacetifc acid (0.5mL, 6.47mmmol) was added dropwise via 

syringe. The mixture was stirred at room temperature in the dark for four hours.  After, 2,3-

dichloro-5,6-dicyano-1,4benzoquinone (DDQ, 1085mg, 4.74mmol) was added and allowed to stir 

for another one hour. The reaction was subsequently quenched with triethylammine (TEA, 8ml, 

57.3mmol). The solvent was removed with a rotary evaporator and the resulting solid was purified 

on a silica column using a chloroform ethyl acetate mixture (9:1) as the eluent to give a deep purple 

solid as the product. Yield: 290mg, 0.50mmmol (31.6%).  1H-NMR (500MHz, chloroform-D, 

-3.12 

(s, 2H).  



 

Scheme 2-6. Synthesis of 5, 15-di(p-benzoato)porphyrin (H2DBP). 

Me2DBP (290mg, 0.50mmol) was dissolved in a mixture of 1:1 ethanol and 6M NaOH. The 

solution was heated to reflux under nitrogen overnight. The solution was then cooled to room 

temperature upon which it was acidified to pH 2 with 2M HCl. The solid was collected and washed 

via centrifugation three times with water and dried overnight under vacuum to afford the maroon 

product. Yield: 257mg, 46.5mmol (93% yield). 1H-NMR (500MHz, dimethyl sulfoxide-D6, ppm): 

-3.35 (s, 2H).   



 

Figure 2-12. The 1H-NMR of H2DBP in (CD3)2SO.  

 

Scheme 2-7. Synthesis of 5,15-di(p-methyl-benzoato)-10, 20-diphenyl-porphyrin (Me2DPDBP). 



 

5-(4-Carbomethhoxyphenyl)dipyrromethane (500mg, 1.8mmol) was combined with 

benzaldehyde (192uL, 1.8mmol) in 250mL of chloroform. The solution was degassed for one hour 

followed by the addition of boron trifluoride diethyl etherate (BF3-Et2O, 230uL, 1.8mmol). The 

resulting mixture was stirred at room temperature in the dark for two hours under nitrogen. 

Subsequently, DDQ (720mg, 3.14mmol) was added to mixture and stirred overnight. The final 

reaction mixture was quenched with TEA (2mL, 14.32mmol). The solvent was removed with a 

rotary evaporator and the resulting product was purified using column chromatography on a silica 

gel with chloroform as the eluent. Yield: (95mg, 0.13mmol (14.4%). 1H-NMR (500MHz, 

chloroform-D

(s, 6H), -2.71 (s, 2H).   

 

Scheme 2-8. Synthesis of 5,15-di(p-benzoato)-10,20-diphenyl-porphyrin (H2DPDBP). 



 

Me2DPBP (95mg, 0.50mmol) was dissolved in a mixture of 1:1 ethanol and 6M NaOH. The 

solution was heated to reflux under nitrogen overnight. The solution was then cooled to room 

temperature upon which it was acidified to pH 2 with 2M HCl. The solid was collected and washed 

via centrifugation three times with water and dried overnight under vacuum to afford the dark 

purple product. Yield: 88mg, 12.3mmol (95% yield). 1H-NMR (500MHz, dimethyl sulfoxide-D6, 

(d, 4H), 7.83 (d, 6H), -2.95 (s, 2H).   

 

Figure 2-13. The 1H-NMR of H2DPDBP in (CD3)2SO. 

2.6.2 Synthesis of Metal-Organic Frameworks 

Synthesis of the Zr6-M-DBP: H2DBP (1.5mg, 2.7 µmol), zirconium(IV) chloride solution 

(30uL, 20mg/ml in N,N-dimethylformamide (DMF)), and TFA (2uL, 26umol) were combined in 

a half dram vial and heated at  90°C oven for three days. A dark red powder was collected by 

centrifugation and washed with DMF three times. After, the resulting material was combined with 

a mixture of ZnCl2 and CoCl2-6H2O (10 equivalents of metal based on porphyrin) in DMF and 



(~40% yield). 

Synthesis of Zr6-M-DPDBP: H2DPDBP (1.5mg, 2.1 µmol), ZrCl4 solution (27uL, 20mg/ml 

in DMF), and TFA (1uL, 13umol) were combined in a half dram vial and heated at 90°C for three 

days. A dark purple powder was collected by centrifugation and washed with DMF three times. 

After, the resulting material was combined with a mixture of ZnCl2 and CoCl2-6H2O (10 

subsequent washing with ethanol to yield the final product (~30 % yield). 

Synthesis of the Zr12-M-DBP:  H2DBP (1.75mg, 3.2 µmol), zirconium(IV) chloride (0.727 

mg, 3.2 µmol), acetic acid (55 µL, 961 µmol), 5 µL H2O, and 1 mL DMF were combined in a half 

dram vial and heated at  85°C oven for two days. A dark red powder was collected by 

centrifugation and washed with DMF three times. After, the resulting material was combined with 

a mixture of ZnCl2 and CoCl2-6H2O (10 equivalents of metal based on porphyrin) in DMF and 

product 

(~50% yield).  
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CHAPTER 3  

Efficient Electrocatalytic Proton Reduction by a Carbon Nanotube-Supported Metal-

Organic Framework 

Reprinted (adapted) with permission from J. Am. Chem Soc., 2018, 140, 15591-15595. Copyright 
2018, American Chemical Society.  
 
3.1 Introduction 

The ever-changing energy landscape dictates the need for renewable and clean energy sources. 

Of the numerous proposed solutions, the hydrogen economy stands out for the ubiquity of 

as electricity production. Paramount to this objective is the hydrogen evolution reaction (HER). 

However, the large scale production of hydrogen remains a technically difficult and expensive 

endeavor, with the bulk of hydrogen production coming from the steam reforming of natural gas 

in the form of syngas.1 

Typically, the HER is dominated by inorganic materials which fall near the top of the kinetic 

volcano plot based on the strength of the metal-hydrogen bond. 2, 3 However these materials are 

comprised of precious metals including platinum, rhenium, ruthenium, and iridium, making their 

large-scale implementation prohibitively expensive.  

To overcome the scarcity and high costs of precious metal electrocatalysts, numerous 

molecular systems and semiconductors have been developed based on earth-abundant metals 

including cobalt,4-8 nickel,9-11 iron, 12, 13 and molybdenum.14-16 Tuning of organic ligands has 

afforded molecular HER catalysts with low overpotentials and catalytic activity. However, the 

materials are often water insoluble and limited by diffusion to the electrode in electrochemical 

setups.   



Metal-organic frameworks (MOFs) provide a unique platform to solve the issues that plague 

molecular electrocatalysts for the hydrogen evolution reaction. They are highly porous allowing 

for rapid mass transport, they are catalytically active due to the large number of coordinatively 

unsaturated metal-sites present, and their crystalline nature allows for easy identification of 

catalytic centers. 17 Although MOFs have been explored as photocatalysts for HER,18-21 they have 

not found use as electrocatalysts because sluggish inter-ligand electron transfer kinetics. The only 

metal sites that can be reduced in the presence of a cathodic potential are those within contact of 

the electrode surface. The rest of the material generally remains in its neutral state as a result of 

poor atomic overlap and large distances between ligands slowing down electron transfer. To 

improve the conductive nature of MOFs, most electrocatalytic MOF systems require the MOF to 

be pyrolyzed to yield a highly conductive material with metal nanoparticles confined within the 

native pores. 22-24 Alternatively, efficient electrolysis was reported for MOF species which are very 

thin being comprised of only a few layers, have open catalytic sties, and/or are covalently tethered 

to the electrode surface. 25-34 

 



 

Scheme 3-1. a) Covalent attachment of Hf12-CoDBP to CNTs enhances electrocatalytic HER at 
CoDBP centers. b) The HER is proposed to proceed through a CoIII-H intermediate. Orange = Hf, 
purple = Co, black = C, red= O, blue = N, and white = H. 
 

We recently reported a series of MOFs comprised of M12 (M = Zr and Hf) secondary building 

units (SBUs) and linear dicarboxylate ligands that fulfill many requirements of efficient 

electrocatalytsts.35-37 These MOFs are a few nanometers thick with short inter-ligand distances (<1 

nm), leading to efficient electron transfer through the MOF nanoplates. They are stable in aqueous 

environments owing to the strong bond between Zr4+ ions and carboxylate groups. Herein we 

report the design of a Hf12 MOF, Hf12-CoDBP, comprised of Co-metalated 5,15-di(p-benzoato)-

porphyrin (CoDBP) bridging ligands as an active HER electrocatalyst in acidic media (Figure 3-

1). Molecular Co-porphyrin systems have previously been shown to effectively catalyze the 

HER.24, 38, 39 Furthermore, we show that covalent tethering of Hf12-CoDBP to multi-walled carbon 



nanotubes (CNTs) significantly improves electrical conductivity, leading to drastically enhanced 

HER turnover number (TON) and turnover frequency (TOF) for the Hf12-CoDBP/CNT hybrid.  

3.2 Results and Discussion 

3.2.1 Material Synthesis and Characterization 

 

 



 

Figure 3-1. PXRD of Hf12-CoDBP/CNT (blue) showed identical peaks to Hf12-CoDBP (red and 
teal), and Hf12-H2DBP (black), indicating the Hf12-CoDBP grown on CNT had the same crystalline 
structure as the parent Hf12-CoDBP.  



 

Figure 3-2. a) AFM analysis of Hf12-CoDBP shows 20 and 25 nm thick nanoplates. TEM images 
of b) Hf12-CoDBP and c, d) Hf12-CoDBP/CNT show the retention of crystalline MOF nanoplate 
morphology when covalently bound to CNTs. The Fast Fourier Transform in inset of (d) shows 
expected 6-fold symmetry along the c-axis.  
 



 
Figure 3-3. AFM images of two different Hf12-DBP samples show consistent shape and thickness 
ranging from 15 to 40 nm.  

 

 

Figure 3-4. Histogram of the Hf12-CoDBP particle sizes from distinct samples, both a) with and 
b) without CNT functionalization as determined by TEM above and in the primary manuscript.  

 

 



 

 

Figure 3-5. a) The XPS spectrum of Hf12-CoDBP/CNT was used to determine the Hf to Co ratio, 
with the inset graph showing the Hf4d3/2 peak. b) The cobalt region of the XPS spectrum shows 
CoIII oxidation state for Hf12-CoDBP/CNT. For XPS integration, relative sensitive factors (RSFs) 
of 33.12 and 66.88 were used for Co2p3/2 and Hf4d3/2 peaks, respectively.  
 



 

Figure 3-6. Comparison of TGA curves of Hf12-CoDBP/CNT, CNT, and Hf12-CoDBP shows that 
Hf12-CoDBP/CNT contains ~20 wt% Hf12-CoDBP with a Hf to H2DBP ligand ratio of 1.66:1 and 
a Hf to CoDBP ratio of 1.46:1. The first weight at 385 to 470 °C (13.4 %) was assigned to the 
degradation of the porphyrin moiety into CO2 and metal oxides. The second weight loss at 485 to 
670 °C corresponds to the decomposition of the CNTs. The weight remaining (8.25%) at > 670 °C 
is attributed to HfO2. The Hf to ligand ratio was determined from the percent weight loss of 
porphyrin compared to the percent HfO2 remaining. 

 

Figure 3-7. UV-Vis spectra of CNTs, Hf12-H2DBP/CNT and Hf12-CoDBP/CNT in DMF. 
 



 
Figure 3-8. UV-Vis spectrum of 40 µM CoDBP taken from the Hf12-CoDBP growth solution (a) 
shows no loss of the Co center nor emergence of the Q4 band at 630 nm of H2DBP with H2DBP 
detection limits up to 10% of that of the concentration of DBP when in the same medium.  
 

 

 

Figure 3-9. The Raman spectra of CNTs and the MOF@CNT sample shows the emergence of a 
peak at 1100 cm-1 in addition to the retention of the native CNT bands.  
 



 

 

Figure 3-10. Nitrogen sorption isotherms for CNTs, Hf12-CoDBP, and Hf12-CoDBP/CNT 
afforded BET surface areas of 78.12 m2/g, 509.3 m2/g, and 115.14 m2/g, respectively.   
 

The structural and chemical properties of Hf12-CoDBP lend itself toward electrochemical 

applications when covalently attached to CNTs. Direct tethering of Hf12-CoDBP to a conductive 

surface increases the rate of electron transfer to CoDBP catalytic sites. The nanoplate morphology 

of Hf12-CoDBP places active sites in close proximity to the conductive support, the electrolyte, 

and the substrate simultaneously. These features not only overcome the diffusion constraint of the 

active catalyst, but also prevent detrimental bimolecular deactivation pathways as a result of active 



site isolation. The deposition of highly porous Hf12-CoDBP on CNTs also increases the number of 

active sites on the electrode surface.  

3.2.2 Electrochemical Results 

For all electrochemical methods involving CoMOF@CNT, CoMOF@CNT was dropcasted 

onto the surface of the electrode and held in place via the intermolecular forces between the 

electrode and MOF material. Cyclic voltammetry measurements of Hf12-CoDBP, Hf12-

CoDBP/CNT, and homogenous H2CoDBP showed a reversible one electron peak at -0.485 V vs 

NHE in acetonitrile (ACN), corresponding to the CoII/I reduction peak of CoDBP (Figure 3-11, 

12).41 Upon the addition of 0.026 M trifluoroacetic acid (TFA) as a proton source, the CoI/II anodic 

peak disappeared with a concurrent increase in current density attributable to catalytic proton 

reduction. The similar behavior seen in Hf12-CoDBP, Hf12-CoDBP/CNT, and CoDBP indicates an 

identical catalytic process, likely through the Heyrovsky pathway via a CoIII-H intermediate, as 

the physical constraints of the MOF and the thermodynamics of the system ensure the process 

proceeds via the unimolecular, homolytic pathway after reduction to a CoI species.  

 

 



 

Figure 3-11. a) The CV curves of the homogenous species (black), Hf12-CoDBP (Red), and Hf12-
CoDBP/CNT (Blue) in 0.1 M [TBA]PF6 dissolved in acetonitrile. b,c) The CV curves of 
H2(CoDBP) (b) and Hf12-CoDBP (c) with (blue) and without (red) TFA (0.026 M) show similar 
hydrogen production behavior. d) Differential pulse voltammetry curves of Hf12-CoDBP in 
acetonitrile with (blue) and without (red) TFA suggest the HER process occurs via protonation of 
a CoIII-H intermediate.  



 

Figure 3-12. Cyclic voltammetry curves of Hf12-CoDBP/CNT in the presence of 0.026 M TFA 
in acetonitrile show proton reduction consistent with a CoIII-H intermediate, vastly 
outperforming a bare glassy carbon electrode.     

 

Integration of the CoII/CoI anodic peak for the Hf12-CoDBP/CNT species in acetonitrile 

revealed that 31.9% of total Co species (0.947 nmol by ICP-MS) on the electrode surface were 

electrochemically active. This value represents a 114 times increase over that of Hf12-CoDBP 

(Figure 3-13), highlighting the important role of MOF/CNT hybrid in increasing the overall 

surface area of the electrode to enhance electron injection into the catalytic sites; dropcasting 0.1 

mg of Hf12-CoDBP/CNT on a 0.0625 cm2 glassy carbon electrode yields a catalytically active 

surface area of 49.6 cm2. A linear relationship for the log of the current vs the log of the scan rate 

with a slope of 0.54 was found for Hf12-CoDBP/CNT in ACN, indicating the redox process occurs 

via a charge hopping mechanism (Figure 3-14). In comparison, Hf12-CpDBP synthesized with non-

carboxylated CNTs showed only 0.29% electrochemically active Co sites (Figure 3-15). These 

results demonstrate the importance of covalent tethering of the MOF to the CNT in achieving good 



electrocatalytic activity by increasing the overall surface area of the electron injection into catalytic 

sites.  

 

Figure 3-13. a) Comparison of the integrations of the first reductive peaks for Hf12-CoDBP and 
b) Hf12-CoDBP/CNT shows a 114-fold increase in the percent active sites for the Hf12-
CoDBP/CNT material. For a), 0.28% of the 26.1 nmol of Co centers were reduced, while for b), 
31.9% of the available 1.58 nmol Co centers were reduced. 

 

Figure 3-14. a) CV curves of Hf12-CoDBP/CNT in ACN at varying scan rates. b) A linear 
relationship between log10(current in mA) and log10(scan rate in mV/s) with a slope of 0.54 
suggests electron transfer occurs via charge hopping to the cobalt center.  



   

Figure 3-15. a) Hf12-CoDBP/non-carboxylated CNT (left) showed the color of unbound Hf12-
CoDBP in the supernatant but not Hf12-CoDBP/CNT (right). b) TEM image of Hf12-CoDBP/non-
carboxylated CNT. c) CV curve of Hf12-CoDBP/CNT and Hf12-CoDBP/non-carboxylated CNT at 
pH = 1 (HClO4). d) CV curve of Hf12-CoDBP/non-carboxylated CNT in 0.1 M TBAPF6 dissolved 
in ACN shows that 0.29% of 1.81 nmol total Co on the electrode is electrochemically active.  

 

 

 

 

 

 

 



Table 3-1. The results of 30 minutes 
samples of Hf12-CoDBP/CNT/Nafion with variable CNT loading in pH 1 perchloric acid.  

Sample  2 
Produced 

TON 
%Faradaic 

Efficiency 

Hf12-CoDBP/1mg-CNT 715 3.81 8.20 x102 64.8 

Hf12-CoDBP/2mg-CNT 715 4.44 1.51 x103 65.7 

Hf12-CoDBP/3mg-CNT 715 4.66 2.82 x103 70.3 

Hf12-CoDBP/4mg-CNT 715 6.29 1.06 x104 85.3 

Hf12-CoDBP/5mg-CNT 715 5.94 3.80 x103 80.0 

 

 

Figure 3-16. a) The CV curves of Hf12-CoDBP/CNT and Hf12-CoDBP/CNT/Nafion compared to 
their controls in 0.1 M aqueous perchloric acid and b) their corresponding Tafel curves. c) TON 
(black) and Faradaic Efficiency (red) measurements of Hf12-CoDBP/CNT/Nafion after 30 minutes 
of controlled potential electrolysis at varying overpotenials at pH = 1.  d) Time-dependent current 
densities of bulk electrolysis by Hf12-   = 515 and 715 mV, showing 
sustained hydrogen production for >7 hours. 

315 415 515 615 715



 

Hf12-CoDBP/CNT greatly outperformed Hf12-CoDBP and Hf12-CoDBP/non-carboxylated 

CNT in electrocatalytic HER in aqueous media (Table 3-1). Dropcasted Hf12-CoDBP/CNT 

exhibited a remarkable electrocatalytic HER activity in a pH = 1 perchloric acid solution, with a 

current density of 10mA/cm2 ) of 650 mV. This corresponds to a Tafel slope 

of 178 mV/dec, which is consistent with a rate limiting step involving the adsorption of a proton 

to the catalytic site within the Volmer portion of the HER (Figure 3-16 a,b) and competitive with 

other precious-metal-free HER catalysts (Table 3-2). The importance of the CNT tethering was 

further supported by the increased current densities for Hf12-CoDBP/CNT samples with higher 

CNT loadings relative to Hf12-CoDBP (Figure 3-17). However, long term stability of the Hf12-

CoDBP/CNT system remained an issue as stirring and hydrogen bubble formation tended to shear 

the catalyst off the electrode surface. 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3-2. The efficiency of porphyrin and cobalt-containing electrocatalysts for HER.   

 

Sample Solvent Ref. 
Electrode 

H+ Source Potential 
(V) 

TON % F.E 

FeTPP42 
 

DMF SCE TEA-H+ -1.60  22 > 95  

CoPc43 H3PO4, pH 
1 

AgCl H+ -0.9  20000 N/A 

CoTMAP44 H2O SCE 0.1 M 
TFA 

-0.95 N/A > 90 

CoTPPS38 2M Kpi 
(aq) 

SHE H2O, pH 
7 

-1.29 725 > 95  

CoP45 PO4
3-, pH 7 SCE Benzoic 

acid 
-1.30 n/a n/a 

Co(dmgBF2)2
46

 ACN SCE HCl -0.37 V 11 90 

Cobalt 
Tetraazamacrocycle47 

NaClO4 
(aq) 

SCE H+, pH 
2.2 

-0.93 22 81 

CoPY5Me2
8 PO4

3-, pH 7 SHE H2O -1.30 55000 100 

CoPY448 H2O/ACN SCE TFA N/A 40 N/A 

Co(mnt)-
2

49
 H2O/ACN SCE Ascorbic 

acid, pH 
4 

-1.37 3450 N/A 

CoMP11-AC50 
 

H2O Ag/AgCl H2O -1.5  25000 > 95  



 

 

Figure 3-17.  CV traces of 0.05 mg of Hf12-CoDBP/CNT/Nafion synthesized with 1 to 5 mg of 
CNTs and 1.7 mg of CoDBP in pH 1 perchloric acid solutions. Increasing currents due to 
increasing amounts of CNT indicate the important role of carboxylated CNT in electrocatalytic 
activity. 
 

Nafion was therefore added to the Hf12-CoDBP/CNT suspension to improve thin film stability 

while serving as a proton conducting layer. The Hf12-CoDBP/CNT/Nafion sample maintained 

stable currents for varying t

a TON of 3.2×104 after thirty minutes of electrolysis and a TOF= 17.7 s-1 based on active Co sites 

(Figure 3- 1 and 

Hf12-CoDBP/CNT/Nafion showed moderate activity in aqueous solutions up to pH = 5 (Figure 3-

18). In comparison, the bare glassy carbon electrode, bare CNTs, and Hf12-H2DBP/CNT need an 

y from nanoparticle formation 



51, 52 at a rate that is at least one order of magnitude lower than that of Hf12-CoDBP/CNT/Nafion 

(Table 3-3, Figure 3-19).  

 

Figure 3-18. a) CV traces of Hf12-
715 mV divided by proton concentration shows enhanced activity at higher pH values, indicating 
non-first order kinetics.  

 

Figure 3-19. Controlled potential electrolysis of Hf12-CoDBP/CNT and Hf12-CoDBP/CNT/Nafion 
  of 515 mV vs the RHE at pH = 1 (perchloric acid).   

 

 

 



Table 3-3. The results of controlled potential electrolysis at varying potentials show the 
functionalized Hf12-CoDBP materials outperform the controls in both activity and Faradaic 
efficiency.  

Sample  
2 

Produced 
%Faradaic 

Efficiency 
        

GCE 515 0.084 38.7 

CNT 515 0.0593 14.1 

CoDBP/Nafion 515 0.421 81.7 

Hf12-CoDBP/CNT 515 0.878 71.1 

Hf12-CoDBP/CNT/Nafion 515 1.41 82.9 

Hf12-H2DBP/CNT 515 0.154 3.0 

GCE 715 1.13 45.8 

CNT 715 1.88 12.9 

CoDBP/Nafion 715 1.59 43.1 

Hf12-CoDBP/CNT 715 10.33 93.2 

Hf12-CoDBP/CNT/Nafion 715 16.39 83.5 

Hf12-H2DBP/CNT 715 3.39 36.8 

 

Hf12-CoDBP/CNT/Nafion showed good efficacy of electrocatalytic HER at varying potentials 

(Figure 3-

d other side reactions 

overpotential; a slight tailing off was observed at higher potentials indicative of saturation of active 

sites with protons. Hf12-CoDBP/CNT/Nafion also showed very good stability with consistent 

hydrogen production across varying potentials for at least seven hours (Figure 3-16d).  



In addition to enhancing stability, Nafion can also slow down the transport of larger ions (such 

as Co2+) to the electrode surface to mitigate the formation of nanoparticles, which can also catalyze 

proton reduction, thus ensuring that HER by Hf12-CoDBP/CNT is entirely molecular in nature. In 

agreement with this conjecture, the Hf12-CoDBP/CNT/Nafion showed good stability upon 10 000 

CV cycles and no significant change in the CV curve before and after electrocatalytic HER (Figure 

3-20). In addition, ICP-MS analyses showed negligible leaching of Co (<0.2%) and Hf (<0.1 %) 

from Hf12-CoDBP/CNT/Nafion after electrolysis at 

loadings on the electrode surface. PXRD and UV-Vis spectra of Hf12-CoDBP/CNT/Nafion 

-20c). Additionally, 

TEM imaging showed no Co or Pt nanoparticle formation during electrolysis (Figure 3-20d). The 

system was still active with a GCE counter electrode in place of the Pt electrode for all other studies 

(Figure 3-21).  



 

Figure 3-20. a) Hf12-CoDBP/CNT/Nafion shows consistent CV curves after 10,000 CV scans and 
b) after 30 minutes of controlled potential electrolysis at 715 mV vs the RHE in pH = 1 HClO4. c) 
Hf12-CoDBP/CNT/Nafion shows no change in its UV-
615 mV for various time lengths, d) Hf12-CoDBP/CNT/Nafion shows no Co nanoparticle 
formation in the TEM after electrolysis at an overpotential of 715 mV for one hour.  



 

Figure 3-21. CV traces of Hf12-CoDBP/CNT/Nafion taken with a GCE counter electrode before 
(red) and after bulk electrolysis (black) in pH 1 perchloric acid.  

 

3.3 Conclusion 

We have synthesized Co-porphyrin MOFs supported on CNT for efficient electrocatalytic 

proton reduction. Covalent attachment of Co-porphyrin MOFs to CNTs significantly increases the 

number of catalytically active sites by increasing both the surface areas of conductive supports and 

the percentage of active sites in contact to a conductive surface. The MOF/CNT hybrid is highly 

active for the reduction of protons to hydrogen in acidic media with an onset potential of 315 mV 

and TOFs of over 17.7 s-1. This straightforward synthetic strategy should be amenable to the design 

of other MOF/CNT heterostructures for electrochemical applications as conductive CNTs 

compensate for the insulating nature of MOFs.  

3.4 Experimental Methodologies 

3.4.1 Electrochemical Methods: All electrochemical experiments were performed using a 

Pine Instruments WaveDriver potentiostat (Model AFP2). Non-catalytic experimental techniques 

were performed in acetonitrile degassed with nitrogen for at least thirty minutes with a 0.1 M 



TBAPF6 serving as the electrolyte. Aqueous based experiments were performed in pH 1 perchloric 

acid solution degassed with nitrogen for at least thirty minutes. If the pH was increased, the 

electrolyte concentration was maintained at 0.1 [ClO4]- using potassium perchlorate. Cyclic 

voltammetry (CV) measurements were performed in a standard three-electrode cell with a glassy 

carbon electrode (0.4 cm diameter) serving as the working electrode, silver chloride electrode 

serving as the reference electrode (Calculated at 0.223 V vs NHE from the Fe(CN)6 redox couple), 

and a platinum counter electrode. Scan rates were collected at 100 mV s-1 unless stated otherwise 

and all experiments were collected underneath a nitrogen atmosphere. Controlled potential 

electrolysis was performed in the same setup as the CV except that the electrode was spun at 400 

RPM using the RDE assembly coupled with a stir bar at 400 RPM to prevent bubbles from 

obscuring the working electrode surface. 

3.4.2 GC Quantification: All gas chromatography (GC) measurements were obtained using 

an Agilent 7890B GC system. 300 µL of headspace (measured to be 177 mL) of the reaction vessel 

was injected post controlled potential electrolysis.   

3.4.3 XPS Characterization: X-ray photoelectron spectroscopy (XPS) data was collected 

For this instrument, the Al anode was powered at 10 mA and 15kV. Instrument base pressure was 

ca. 1×10-9 Torr, and the analysis area size was 0.3 × 0.7 mm2. For calibration purposes, the binding 

energies were referenced to the C 1s peak at 284.8 eV. Survey spectra were collected with a step 

size of 1 eV and a pass energy of 160 eV, while the cobalt region was collected with a step size of 

0.1 eV.  

3.4.4 ICP-MS Characterization: ICP-MS data was obtained with an Agilent 7700x ICP-MS 

and analyzed using ICP-MS MassHunter version B01.03. Samples were diluted in a 2% HNO3 



matrix and analyzed with a 159Tb internal standard against a 12-point standard curve over the range 

from 0.1 ppb to 500 ppb. The correlation was >0.9997 for all analyses of interest. Data collection 

was performed in spectrum Mode with five replicates per sample and 100 sweeps per replicate. 

3.5 Synthesis of Materials  

3.5.1 Synthesis of Ligands 

The synthesis of the porphyrin H2DBP ligand can be found in chapter 2.  

3.5.2 Synthesis of MOFs 

Synthesis Hf12-CoDBP: H2DBP (1.5 mg, 2.7 µmol), hafnium(IV) chloride (1.00 mg, 3.15 

µmol), and acetic acid (70 µL, 1224 umol) were combined in 1.0 mL of dimethylformamide and 

heated at  85 °C oven for three days. A dark red powder was collected by centrifugation and washed 

with DMF three times. The MOF was then metalated with 4.05 µmol of CoCl2 6H2O in 1 mL of 

DMF at 80 °C for 24 hours. The product was washed with DMF then ethanol twice and collected 

via centrifugation and stored in 0.5 mL of ethanol. Yield: 1.5 mg (71.5%). 

Alternatively, Hf12-CoDBP was prepared by heating a mixture of H2CoDBP (1.66 mg, 2.7 

µmol), hafnium(IV) chloride (1.00 mg, 3.15 µmol), water (10 µL µmol), and acetic acid (70 µL, 

1224 umol) in DMF at 85 °C for three days.  Yield: 1.0 mg (47.7%). 

Synthesis of Hf12-CoDBP/CNT: H2CoDBP (1.66 mg, 2.7 µmol), hafnium(IV) chloride 

(1.00 mg, 3.15 µmol), 5 mg of carboxylated multi-walled carbon nanotubes, 10 µL H2O, and acetic 

acid (70 µL, 1224 umol) were combined in 1.0 mL of dimethylformamide and heated at  85 °C for 

three days. A black powder was collected by centrifugation and washed with DMF three times, 

ethanol twice, then stored in 0.5 mL of ethanol.   
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CHAPTER 4 

Luminescence Enhancement of cis-[Ru(bpy)2(py)2]2+ via Confinement within a Metal-

Organic Framework 

4.1 Introduction 

The need for good photosensitizers is paramount. Metal-polypyridyl compounds, in particular 

those of Ru and Ir, are among the most studied molecular photosensitizers because they absorb 

strongly in the visible spectrum and undergo both oxidative and reductive chemistry from their 

long-lived triplet metal-to-ligand charge transfer (3MLCT) excited states.1 As a result of their 

unique photophysical and photochemical properties, metal-polypyridyl compounds have been 

studied in numerous photochemical applications ranging from catalysis,2, 3 photo-

electrochemistry,4 dye-sensitized solar cells, 5, 6 artificial photosynthesis,7 and other applications.8, 

9 The tremendous utility of the metal-polypyridyl compounds, derived from their physical 

properties, has sparked numerous studies into the fundamental properties of their respective 

photoexcited states. However, specific photosensitizers can be difficult to study, often as a result 

of photosubstitution chemistry and the photolabile nature of the metal-ligand bond upon excitation. 

Finding platforms to study these vexing photophores as well as increasing the lifetimes of 

photophysical events for observation is very important to further our understanding of these 

chemically important molecules.   

One of the main properties limiting Ru-polypyridyl compounds is the thermally accessible 

transition to the dd-state from the metal-to-ligand charge transfer (MLCT1) state. The dd-state or 

metal centered excited state is non-emissive and provides thermal decomposition pathways in the 

excited state, thereby limiting the overall quantum yield and photostability of the ruthenium 

species. In particular, the [Ru(bpy)2(py)2]2+ -bipyridine and py = 



pyridine ) undergoes a rapid transition of up to 8.7 x 106 s-1 to the dd-state when irradiated, 10 

leading to the cleavage of a metal-pyridine bond and photosubstitution by coordinating solvents 

and other ligands. As a result, the [Ru(bpy)2(py)2]2+ compound is inherently difficult to study as 

most solution based photophysical techniques result in photosubstitution processes resulting in the 

partial data collection of a species of non-interest.  

Metal-organic frameworks (MOFs) have been recently shown to provide a highly tunable 

platform to study photophysical phenomena11-17 and reactive photocatalytic intermediates.18  

Additionally, MOFs can drive the uptake of charged species by using a lattice of the opposite 

charge, resulting in a densely packed system of a species of interest.19-21 Herein we report the use 

of an anionic Zn-oxalate MOF to entrap the photo-labile [Ru(bpy)2(py)2]2+ species. By shutting 

down the ligand exchange process while simultaneously providing an environment that restricts 

motion, encapsulation of [Ru(bpy)2(py)2]2+ in MOF cavities significantly increases the lifetime of 

emissive states to drastically enhance its luminesence quantum yield. 

4.2 Results and Discussion  

4.2.1 Material Synthesis and Characterization 

We chose to study the [Ru(bpy)2(py)2]2+ complex confined in a zinc oxalate framework due to 

the close-fitting matrix the zinc oxalate forms around octahedral metal complexes as well as the 

negatively charged framework, which drives the uptake of the cationic metal complex within the 

MOF. As a result of our efforts, we were able to effectively stabilize the [Ru(bpy)2(py)2]2+ ligand 

under irradiation as well as increase both the quantum yield and excited state lifetime as compared 

to the homogenous control. 

The [Ru(bpy)2(py)2]2 encapsulated MOF material (Ru@MOF) was synthesized in a 

solvothermal preparation. A mixture of [Ru(bpy)2(py)2][PF6], oxalic acid, Zn(NO)3-6H2O, and 



hydrochloric acid in nitrogen saturated 

nitrogen for 24 hours to yield a highly crystalline product of the formula 

[Ru(bpy)2(py)2][Zn2(C2O4)3]2 (Ru@MOF). Ru@MOF crystallizes in the cubic P4132 space group 

and contained a significant proportion of large single crystals. Zn2+ ions are coordinated with six 

O atoms from three oxalates with each oxalate bridging two Zinc-oxo clusters to form an infinite 

3-D anionic framework (Figure 4.1a). The [Ru(bpy)2(py)2]2+ cations are encapsulated in the 

cavities of the anionic Zn-oxalate framework to afford a neutral host-guest system. Experimental 

powder X-ray diffraction (PXRD) patterns of Ru@MOF matched the simulated spectrum of the 

single crystal very well (Figure 4-1c), indicating phase purity of Ru@MOF samples. Space-filling 

models indicate a tight fit between the steric bulk of the [Ru(bpy)2(py)2]2+ and the cavities in the 

zinc-oxalate framework, leading to a high calculated density of 1.79g/cm3 and leaving no room for 

trapped solvent molecules. The nearest atom distance between [Ru(bpy)2(py)2]2+ and the zinc-

oxalate framework was calculated be between 1.37 and 1.28 Å (Figure 4-9). The tight fit between 

host framework and guest [Ru(bpy)2(py)2]2+ cations is supported by the thermogravimetric 

analysis (TGA) result which showed negligible weight loss between room temperature and the 

-2a). TGA showed a weight loss of 68.9% 

between 360- ght loss of 67.4% for the complete 

conversion of Ru@MOF into RuO2 and ZnO. Nitrogen sorption studies indicate that Ru@MOF is 

nonporous with a negligible Brunauer-Emmitt-Teller (BET) surface area of 5.76 m2·g-1 (Figure 4-

2b), further supporting the tight fit between the host framework and guest [Ru(bpy)2(py)2]2+ cations 

in Ru@MOF. 



 

Figure 4-1. a) The structure of Ru@MOF showing encapsulation of [Ru(bpy)2(py)2]2+ in anionic 
3D [Zn2(ox)3]2- framework. b) Space filling model showing tight fit between [Ru(bpy)2(py)2]2+ 
and the anionic cage of 3D [Zn2(ox)3]2- framework. Red = oxygen, blue = nitrogen, gray = carbon, 
orange = ruthenium, green = zinc, and white = hydrogen. c) The PXRD pattern of Ru@MOF 
matches that simulated from the single crystal structure. 

 

 



 

Figure 4-2. a) The thermogravimetric analysis of Ru@MOF and b) BET analysis of Ru@MOF. 

 

4.2.2 Spectroscopic Analysis 

Ru@MOF was further characterized with steady state absorption and emission spectroscopies. 

The absorption properties of entrapped [Ru(bpy)2(py)2]2+ in Ru@MOF closely resemble those of 

the homogenous species, however, with a slight red-shift for the absorption maximum (Figure 4-

3). A broad absorbance peak with a maximum at 491 nm is attributed to the partially allowed 

1MLCT state to the bipyridine, while another strong absorption observed at 369 nm corresponds 

to the 1MLCT to the pyridine ligands.  



 

Figure 4-3. The UV-visible absorption spectra of [Ru(bpy)2(py)2](PF6)2 (black) and Ru@MOF 
(red) in ethanol:methanol (4:1 V/V). 

 

The emission spectra of Ru@MOF show three distinct emission maxima at 585 nm, 639 nm, 

and 682 nm, which are not visible in the homogenous species (Figures 4-4). These three peaks 

have been attributed to the vibrational progressions of the [Ru(bpy)2(py)2]2+ molecule within the 

confines of the MOF. 11 The solvent free matrix within the MOF prevents coupling of vibrational 

modes to the solvent resulting in a sharpening of J ±1 transitions. Deviations in the emission 

maxima intensities of the three vibrational progressions were observed with various sample trials 

from the same batch of starting material, with spectra associated with Ru@MOF1 (Figure 4-4a) 

being most prevalent. This variability likely occurred as a result of variable oxygen content within 

the MOF at different time points after synthesis leading to the quenching of the 3MLCT state.   



 

Figure 4-4. a) The steady state emission spectra of a) Ru@MOF and b) [Ru(bpy)2(py)2]2+ at 
room temperature in an alcoholic solution (ethanol : methanol 4:1 V:V).  

 

To further elucidate the excited state properties, the emission spectra was taken at decreasing 

temperatures down to 140 K. (Figure 4-5) It is known that at around 200 K the transition to the 

dd-state from the MLCT3 state becomes thermally inaccessible, thereby greatly improving the 

quantum yield of the material. 22 As expected in the low temperature spectra, the emission intensity 

of the [Ru(bpy)2(py)2]2+ compound within the MOF increases as temperature decreases. However, 

the relative change in intensity of the three emission maxima was noteworthy. As temperature 

drops, the overall and relative intensity of the second vibrational progression (650 nm) greatly 

increases relative to the peaks at 585 and 690 nm. It is hypothesized that the dd-state is entered 

from this state and is responsible for the majority of non-emissive deactivation pathways in said 

molecule.  

The observed vibrational modes correlate well with past theoretical analysis derived from 

Frank-Condon fit factors (Figure 4-6). 10 The Frank-Condon fit was performed according to 

Equation (1) where  is the emission intensity in cm-1,  and  are Huang-Rhys factors 



corresponding to the excited state distortion, is the vibrational spacing, is the energy gap 

between the zeroth vibrational levels of the ground and excited states,   and are the 

quantum spacings for two averaged acceptor vibrational modes  of medium and low frequency 

respectively, and  is the full width half-maximum for individual vibrionic lines. The resulting 

calculated emission spectra show three major peak intensities at wavelengths of 581 nm, 633 nm, 

and 695 nm.  

 

Figure 4-5. The temperature dependent PL spectra of Ru@MOF upon excitation at 455 nm in a 
4:1 ethanol:methanol solvent. 
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Table 4-1. The parameter values used in Equation 4-1 to generate the theoretical emission pattern 
of [Ru(bpy)2(py)2]2+ at 77 K. 

Parameter Value Units 

 1.29 n/a 

 2.00 n/a 

 17370 cm-1 

 1380 cm-1 

 300 cm-1 

 530 cm-1 

 

 

Figure 4-6. The Frank-Condon fit of the [Ru(bpy)2(py)2]2+ complex shows four distinct 
vibrational modes at 77 K which match the observed photoluminescent spectra of Ru@MOF 
well.  



The emissive state of [Ru(bpy)2(py)2]2+ within the confines of the MOF was further analyzed 

by photoluminescent (PL) lifetime spectroscopy. The excitation wavelength used was 450 nm, 

while filters were used to probe the emissive lifetime of the three PL maxima: 593 ± 50 nm, 641 

± 75 nm, and 690 ± 100 nm (Figure 4-7). It was observed that longer lifetime phenomena were 

associated with lower energy emissions. This is a result of the occupation of lower energy 

vibrational modes as energy transfer propagates throughout the lattice in agreement with the 

relative intensities of the emission peaks found in the steady state PL spectra. Furthermore, it was 

found that the lifetime of the excited state for the [Ru(bpy)2(py)2]2+ species encapsulated by the 

MOF was over 100 times longer than the PL lifetime for the homogenous sample. The longest 

observed lifetime was 1.3 µs which corresponds to about 10% f-weight of the overall lifetime for 

the emission wavelengths 695 ± 100 nm. The tremendous increase in lifetime observed for the 

MOF-encapsulated species can be attributed to the confinement effect of the molecular species in 

the MOF. In solvent free matrices with limited rotational, translational, and vibrational freedom, 

the rate of transition to the dd-state is decreased due to a large increase in the pre-exponential 

factor of its rate-law, 22 minimizing the available non-emissive pathways for the excited state.  The 

destabilization of the dd-state due to steric effects results in a lower population of electrons in dark 

states within Ru@MOF, resulting in an eight-fold increased quantum yield as determined from the 

integration of the photoluminescent spectrum of the MOF relative to homogenous species with 

equal absorption maxima (Figure 4-8). 



 

Figure 4-7. a) Time-resolved fluorescence of a DMF dispersion of Ru@MOF and b) a DMF 
solution of [Ru(bpy)2(py)2]2+ (PF6)2 when excited at 455 nm 

 

Table 4-2. The results of the photoluminescence lifetime measurements for both Ru@MOF and 
[Ru(bpy)2(py)2]2 in DMF at varying emission wavelengths. 

Ru@MOF 

Excitation 
 (nm) 

1 (ns) 2 (ns) F-Weighted 
Lifetime (ns) 

     

450 593 ± 40 10.6 2.06 6.02 

450 641 ± 75 111 5.17 71 

450 695 ± 100 149 5.65 123 

[Ru(bpy)2(py)2]2+ homogenous 

Excitation 
 (nm) 

1      

(ns) 
2           

(ns) 
F-Weighted 
Lifetime (ns) 

     

450 593 ± 40 4.99 0.036 2.53 

450 641 ± 75 3.29 0.87 1.8 

450 695 ± 100 3.01 1.31 1.63 
 



 

Figure 4-8. a) The emission spectra of the Ru(bpy)2(py)2]2+ complex and Ru@MOF upon 
excitation at 476 nm and b) 455 nm light in DMF.  c) The UV-VIS spectra of Ru@MOF and 
[Ru(bpy)2(py)2]2+ used in the emission studies in a,b.  

 



 

 

 

Figure 4-9: Top) Stick model showing the anionic Zn-oxlate framework in Ru@MOF. Middle) 
Structural model showing the encapsulation of cis-[Ru(bpy)2(py)2]2+ cations inside the anionic 
Zn2(ox)3

2- framework. Bottom) Space-filling model showing tight fit between cis-
[Ru(bpy)2(py)2]2+ cations and the cages of the anionic Zn2(ox)3

2- framework in Ru@MOF. Red = 
oxygen, grey = carbon, green = zinc, blue = nitrogen, orange = ruthenium, and white = hydrogen.  



Table 4-3. The crystal data and structure refinement of Ru@MOF at 100K and without visible 
light radiation.  

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 964.46 

 0.41328 

T/K 100 

Crystal System Cubic 

Space Group P4132 

a/Å 15.2903(5) 

V/Å3 3574.8(4) 

Z 4 

Dc/g cm-3 1.792 

µ/mm-1 0.920 

F(000) 1928.0 

  1.095 to 15.295 

R1(I > I) )a 0.0630 

wR2 0.1471 

Goodness of fit 1.265 

Empirical formula C36H24N6RuO12Zn2 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4-4. The single crystal parameters and structure refinement of Ru@MOF at 200K and 
without visible light radiation.  

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 964.46 

 0.41328 

T/K 200 

Crystal System Cubic 

Space Group P4132 

a/Å 15.3625(4) 

 90 

V/Å 3625.7(3) 

Z 4 

Dc/g cm-3 1.767 

µ/mm-1 0.907 

F(000) 1928 

  1.090 to 17.158 

R1(I > I) )a 0.0801 

wR2 0.1700 

Goodness 1.312 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4-5. The single crystal parameters and structure refinement of Ru@MOF at 100K and with 
2.7mw visible light radiation.  

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 964.46 

 0.41328 

T/K 100 

Crystal System Cubic 

Space Group P4132 

a/Å 15.3464(4) 

 90 

V/Å 3614.3(3) 

Z 4 

Dc/g cm-3 1.773 

µ/mm-1 0.910 

F(000) 1928.0 

  1.091 to 21.760 

R1(I > I) )a 0.1059 

wR2 0.2187 

Goodness 1.228 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4-6. The single crystal parameters and structure refinement of Ru@MOF at 200K and with 
2.7 mW visible light radiation 

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 964.46 

 0.41328 

T/K 200 

Crystal System Cubic 

Space Group P4132 

a/Å 15.3704(6) 

 90 

V/Å 3631.3(4) 

Z 4 

Dc/g cm-3 1.764 

µ/mm-1 0.906 

F(000) 1928.0 

  1.089 to 20.523 

R1(I > I) )a 0.1038 

wR2 0.2282 

Goodness 1.130 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4-7. The single crystal parameters and structure refinement of Ru@MOF at 100K and with 
4.5mW visible light radiation. 

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 964.46 

 0.41328 

T/K 100 

Crystal System Cubic 

Space Group P4132 

a/Å 15.3428(4) 

 90 

V/Å 3611.7(3) 

Z 4 

Dc/g cm-3 1.774 

µ/mm-1 0.911 

F(000) 1928.0 

  1.091 to 20.781 

R1(I > I) )a 0.1035 

wR2 0.2130 

Goodness 1.234 
 

 

 

 

 

 

 

 

 

 

 

 



Table 4-8. The single crystal parameters and structure refinement of Ru@MOF at 200K and with 
4.5mW visible light radiation. 

Ru@MOF 

Empirical formula C36H24N6RuO12Zn2 

M 
 

964.46 

 0.41328 
T/K 200 

Crystal System Cubic 

Space Group P4132 

a/Å 15.3735(7) 

 90 

V/Å 3633.4(5) 

Z 4 

Dc/g cm-3 1.763 

µ/mm-1 0.906 

F(000) 1928 

  1.089 to 21.310 

R1(I > I) )a 0.0992 

wR2 0.2496 

Goodness 1.045 
 

Table 4-9. The calculated Ru-N bond length from SXRD of Ru@MOF under varying intensities 
of 450 nm light. 

 

Laser Power (mW/cm2) Ru-N Bond length at 100 K (Å) Ru-N Bond length at 200K (Å) 

0 2.0995 2.1287 
84 2.0473 2.08605 

140 2.0806 2.04497 
                     

The long-lived lifetime of the excited state allows for the ability to test the effectiveness of the 

Ru@MOF matrix on photophore stability through Photo-Xray Crystallography (Photo-XTAL), 

since the excited state was measured to be longer than the time between photon packets at the 

Argonne National Laboratory synchrotron. Photo-XTAL experiments were conducted using a 450 



nm laser at varying powers and the thinnest single crystal of Ru@MOF available. Prior to all 

experiments, the crystal was kept for one hour in the dark to decrease the population density of 

photoexcited electrons to a minimum.  Under irradiation, the Ru-N (pyridine) bond has been 

calculated to be 2.18 Å and 2.80 Å while the bond length of the Ru-N (bipyridine) bond was 

calculated to be 2.03 Å and 2.37 Å in the MLCT3 and dd-state, respectively for the homogenous 

[Ru(bpy)2(py)2]2+ complex. 23 The Photo-XTAL results of the irradiated sample compared to that 

of the dark scans show no significant change in global or local structure for Ru@MOF (Figure 4-

9). The only appreciable structural changes correspond to an increase in disorder among the 

bipyridine motifs with increasing temperature and laser intensity due to increased ambient energy 

and more transitions to the ligand centered 3MLCT state. The list of all Ru-N bond lengths can be 

found in Table 2 and show a consistent Ru-N bond length at all temperatures and light intensities. 

The bond lengths reported do not match those of the calculated complex because the Ru-bpy and 

Ru-py bonds were averaged across the cubic space-group. The slight decrease in Ru-N bond 

lengths observed upon irradiation shows that the dd-state was not entered and the Ru-py bond was 

not elongated.24  From these results it can be seen that the ruthenium complex is completely 

confined by the MOF matrix. Not only is the labile pyridine bond kept in place, but elongation of 

the bond is encumbered by the steric forces of the surrounding zinc oxalate species, destabilizing 

the dd state and leading to its inaccessibility. Furthermore, the same crystal was able to undergo 

over five hours of irradiation with direct laser light while retaining crystallinity and ruthenium 

pyridine bonds attesting to the stability that the MOF matrix provides.  

The inhibition of photosubstitution of the [Ru(bpy)2(py)2]2+ photophore within the confines of 

the MOF matrix was confirmed from the absorbance spectra of the ligand in the presence of a 

white light emitter. For the experiment, a white light source was used to irradiate Ru@MOF in the 



presence of tetrabutyl ammonium chloride, serving as source of chlorine atoms for substitution 

chemistry. The homogenous analogue is shown to undergo substantial photosubstitution in less 

than one minute with complete photosubstution observed after five minutes as determined by UV-

VIS spectroscopy. For the MOF encapsulated species, the absorbance band at 480 nm was stable 

for at least thirty minutes of direct irradiation as minimal red shifting of the 3MLCT band was 

observed (Figure 4-10). This stability also extends to the emission spectra, as the MOF retains 

96.1% of its emission intensity after five minutes of irradiation while the homogenous only retains 

39.9 % of its native emission intensity.  Furthermore, after irradiation up to 6 hours, 0.04% 

leaching of Ru is observed as determined by ICP-MS. 

 

 



 

Figure 4-10. a) Photostability studies of Ru@MOF irradiated in the presence of TBACl compared 
to the b) homogenous analogue in DMF. c) Fluorescent stability studies of Ru@MOF upon 
irradiation with white light compared to the d) homogenous species in ethanol: methanol 4:1 
without a chloride source. Excitation wavelength is 455 nm. 

 

The stability of the [Ru(bpy)2(py)2]2+ complex in the zinc oxalate MOF matrix allows for 

further studies of the photoexcited state with transient absorption studies. Transient absorptions 

have been performed on the [Ru(bpy)2(py)2]2+ complex prior,23 however, due to the photolability 

of the material, it is difficult to ensure that spectra collected correlates with the complex of interest. 

To mitigate this factor, the study could not look for long lived excited state properties and focused 

on picosecond phenomena. By confining the [Ru(bpy)2(py)2]2+ complex in the zinc oxalate MOF, 



transient absorption spectroscopy on the nanosecond regime could be performed on the 

[Ru(bpy)2(py)2]2+ complex, as the MOF framework prevents photosubsitution chemistry and 

results in excited state lifetimes in the nanosecond regime. For these transient absorption studies, 

a 450 nm pulse was used as the pump while a while light source served as a probe. The scattering 

of the MOF species necessitated at least 55 scans averaged together to improve signal to noise. 

The transient results expectedly show bleaching at 450 nm for the first 10 nanoseconds of the MOF 

species compared to that of just 3 ns for the homogenous sample. Furthermore, the homogenous 

species shows bleaching for up to 0.5 ns at 475 nm. This is a result of photosubsitution of the 

pyridine ligand, as a similar transition can be observed when the Ru(bpy)2(py)2]2+ complex is 

subjected to white light for one minute in ethanol/methanol solution. There is no sign of 

photosubstitution in the MOF sample.  For the MOF, there is no other transient absorption signal 

detected at any wavelength other than 450 nm until 100 ns after excitation where a broad excited 

state absorption centered at 575 nm was observed. Based on PL lifetimes, the excited state 

absorption correlates to a transition from the long lived 695 nm emission band. Energetically, the 

650 nm absorption matches the energy gap needed for the excited state to migrate from the lowest 

energy bipyridine ligand mode to that of the pyridine ligand (absorbance at 369 nm).  

 

 



 

Figure 4-11. a) The transient absorption studies in the nanosecond regime of Ru@MOF and b) 
the homogenous species with a pumping wavelength of 450 nm in DMF.   

 

4.3 Conclusion 

Through the successful incorporation of the photolabile [Ru(bpy)2(py)2]2+ complex into 

solvent-free tight-fitting MOF pores, the photophyiscal properties of [Ru(bpy)2(py)2]2+drastically 

improved. The increase in PL lifetime, quantum yield, and stability of the [Ru(bpy)2(py)2]2+ 

complex allows for novel characterization including but not limited to nanosecond transient 

absorption. The encapsulation of photophores into MOF cavities for stability purposes can be 

applied to other photosensitizers or labile compounds, allowing for improved and novel 

characterization, furthering our u  

4.4 Experimental Methodologies 

4.4.1 X-Ray Structure Determination: The diffraction data was collected with a Bruker 

APEX II CCD-based detector at the Advanced Photon Source located at Argonne National 

Laboratory. The raw data was integrated with the APEX II software package. The structure was 

solved by direct methods using least squares methods and the SHELXTL software suite. The 



resulting HKL file was then imported into OLEX2 and edited and refined until fully solved. For 

the PhotoXTAL experiments, a  ThorLabs  CPS450 laser diode module was used with a center 

wavelength of 450 nm and an output power of 4.5 mW.   

4.4.2 X-Ray Powder Diffraction: Powder diffraction data was collected with a Bruker D8 

Venture diffractometer with a diffraction wavelength (CuK) of 1.5418 Å. The PXRD patterns were 

processed with the APEX2 package using PILOT plug-in. 

4.4.3 Single Crystal X-Ray Diffraction: The diffraction data was collected with a Bruker 

APEX II CCD-based detector at the Advanced Photon Source located at Argonne National 

Laboratory. The raw data was integrated with the APEX II software package. The structure was 

solved by direct methods using least squares methods and the SHELXTL software suite. The 

resulting HKL file was then imported into OLEX2 and edited and refined until fully solved. For 

the PhotoXTAL experiments, a  ThorLabs  CPS450 laser diode module was used with a center 

wavelength of 450 nm and an output power of 4.5 mW.   

X-ray crystallography data gave a long C1- 25 as a result of the free 

rotation of the pyridine ligands as opposed to a distance of 1.48 Å between the same bridging 

carbons of a bipyridine. 

4.4.4 Photoluminescence Spectra: The PL spectra were measured by a Flurolog-3 Yobin 

Yvon-Horiba fluorimeter. Add more details on the instrument settings etc. 

4.4.5 Photoluminescent Lifetime Measurements: Lifetime measurements were measured by 

a ChronosBH lifetime fluorimeter (ISS, INC) using time-correlated single photon counting 

methods. Excitation was provided with a picosecond pulsed laser source (Hamamatsu PLP-10). 

Emission wavelengths were selected using interference filters.  



4.5 Synthetic Procedures 

4.5.1 Synthesis of Ligands  

Synthesis of Ru(DMSO)4Cl2: 380 mg of RuCl3-3H2O was dissolved in 25 mL of ethanol 

and refluxed under nitrogen for one hour. While the solution was hot, 518 mL of dimethyl 

sulfoxide (DMSO) was added and the resulting solution was refluxed an additional hour, turning 

yellow. The solvent was then removed via rotary evaporation and washed and filtered with cold 

acetone followed by diethyl ether. 582 mg of orange yellow product were collected. (82.6 % yield)  

Synthesis of cis-Ru(bpy)2Cl2: 130 mg of Ru(DMSO)4Cl2  was combined with 89.5 mg 

-bipyrdine (bpy) and 595 mg lithium chloride in 25 mL DMF. The solution as refluxed under 

nitrogen gas overnight to yield a deep purple solution. As much DMF as possible was removed 

via rotary evaporation resulting in a purple oil. The oil was subsequently diluted with acetone 

cooled by dry ice and kept on ice. The resulting crystals were collected via vacuum filtration and 

washed with cold acetone then ether to give a dark purple product. 1H-NMR (500MHz, DMSO-

 



 

Figure 4-12. The 1H-NMR of cis-Ru(bpy)2Cl2 in (CD3)2SO. 

Synthesis of cis-Ru(bpy)2(py)2[PF6]2: 105 mg of cis-Ru(bpy)2Cl2 was combined with 450 

Methanol: H2O). The resulting solution was refluxed for four hours under nitrogen flow in the dark 

The solvent was subsequently removed by rotary evaporation. The orange solid was 

dissolved in a minimal amount of methanol and crashed out with the addition of ammonium 

hexafluorophosphate (NH4PF6) 0.1 M in water. The solid was extracted five times with 

dichloromethane (DCM), collecting the organic phase. The DCM was removed via rotary 

evaporation and the resulting orange solid was dissolved in a minimal amount of methanol 



followed by the addition of diethyl ether to afford a bright orange solid. The solid was collected 

via vacuum filtration and washed with ether (102 mg, 55%).   

 

Figure 4-13. The 1H-NMR of cis-Ru(bpy)2(py)2[PF6]2 in (CD3)2SO. 

4.5.2 Synthesis of MOFs 

Synthesis of [Ru(bpy)2(py)2][Zn2(C2O4)3] (Ru@MOF): 4 mg of cis-Ru(bpy)2(py)2[PF6]2 

and 3 mg of Zn(NO3)2-6H2O were dissolved in 800 µL of dimethylformamide followed by 

2O, and 100 µL of 2 M 

hydrochloric acid. The entire solution was degassed with nitrogen for thirty minutes and kept under 

-

four hours yielding large red crystals in modest yields (~5%). The crystals were then washed with 

DMF and ethanol before their use for other studies.   
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CHAPTER 5 

Cobalt Terpyridine Metal-Organic Layers as a Source for Ultra-Small Cobalt 
Nanoparticles Active for Proton Reduction in Acidic Media 

 

5.1 Introduction  

 

 

 

Our group recently pioneered a new class of 2-D metal-organic frameworks referred to as 

metal-organic layers (MOLs). The metal-o -

(4-carboxyphenyl)- -terpyridin]- -yl)- -dicarboxylic acid (H3TPY) ligands and 



hafnium SBUs of the formula [Hf6(u3-O)(u3-OH)(carboxylate)6(formate)6].17 The capping of the 

SBU with formic acid along the triangular faces of the octahedral SBU allows for the terpyridine 

ligand to attach along the same equatorial plane necessary to impart a two-dimensional structure. 

Furthermore, the strong Lewis-acid Lewis-base interaction between the carboxylates of the 

terpyridine ligand and the Hf(IV) atoms results in an aqueous stable framework necessary for 

aqueous proton reduction. The MOL structure lends itself nicely to electrocatalysis unlike 

traditional MOFs. Their 2-D nature results in a high surface energy which can be passivated 

through the interaction to the electrode surface, placing all the catalytically relevant sites within 

close proximity to the electrode surface and improving atom efficiency.  

Cobalt terpyridine complexes have previously been shown to be active for proton 

reduction.18, 19 However, all of these examples require multiple chelating ligands or polymer films 

necessary to stabilize the labile cobalt atom and are limited by poor solubility in aqueous 

environments. We hoped to take advantage of the labile nature of the cobalt center within mono-

terpyridine compounds to form cobalt nanoparticles active for proton reduction. By constructing a 

cobalt terpyridine MOL support passively tethered to an electrode surface, we hoped to  promote 

reduction of the metal to form cobalt nanoparticles. It is our hope that the MOL matrix can limit 

nanoparticle diffusion away from the electrode surface, via sigma bonding interactions and sterics, 

therby forming ultra-small cobalt nanoparticles active for the HER at sufficiently reductive 

potentials.   

 

 

 

 

 



5.2 Results and Discussion 

5.2.1 Material Characterization  

 

Unmetalated TPY MOL was prepared by dissolving H3TPY and HfCl4 in DMF with trace 

The MOL was then cleaned and metalated with Co(NO)3  yield the 

MOL CoTPY. Both the TPY and CoTPY MOL samples show identical PXRD patterns in 

agreement with literature precedent,17 

representing the 10 and 11 diffraction peaks of the MOL (Figure 5-1). The morphology of CoTPY 

was further analyzed with TEM (Figure 5-2) and shows large thin crystalline sheets with sizes 

ranging from 100-500 nm with high degree of ribboning and agglomeration due to the high surface 

energy of the 2-D surface.  AFM images (Figure 5-3) of the species showed the MOL thickness to 

be 1.2 nm, corresponding well with the height of the theoretical model of the Hf6 SBU, confirming 

the two-dimensional structure of CoTPY. To confirm the uptake of cobalt into TPY, UV-VS 

spectroscopy was employed. A color change from grey to green is observed after metalation with 

cobalt nitrate due to the emergence of a metal-to-ligand charge transfer band that can be directly 

observed at 345 nm (Figure 5-4). 



 

Figure 5-1. The PXRD spectra of the TPY-MOL both with (red) and without (black) 
incorporation of cobalt.  

 

 

Figure 5-2. TEM images of CoTPY after synthesis. 



 

Figure 5-3. AFM images (left) reveal CoTPY to be made up of 1.2 nm tall sheets in agreement 
with the theoretical height of a single the Hf6 SBU (right). 

 

Figure 5-4. The UV-VIS spectra of TPY (Red) and CoTPY (black) in DMF. A picture of the 
two dispersions (left = CoTPY, right = TPY) clearly shows a color change indicative of 
metalation (inlay).  

 

 

 



5.2.2 Electrochemical Results  

 

Scheme 5-1. The representation of the TPY MOL trapping cobalt nanoparticles to carry out 
proton reduction. Colors: Teal - Hafnium, Pink - Oxygen, Blue - Nitrogen, Grey- Carbon, Purple 
- Cobalt.  

 To carry out electrochemical experiments, the MOL was dropcasted onto a 1.5 cm2
 glassy 

carbon electrode and spincoated at 3000 RPM. The average cobalt loading was quantified via 

ICP-MS and found to be 14.5 nmol. This correlates with 134.4 layers of MOL assuming 

complete surface coverage and 75% cobalt metalation for each terpyridine. 

Initially the MOL system shows limited activity for proton reduction, showing minimal 

improvement when placed over a pristine glassy carbon electrode. However, the material activates 

when subjected to a continuous negative potential in acidic media (Figure 5-5). For our 

experiments, all MOL samples were activated at -1.0 V vs. the Ag/AgCl electrode for fifteen 

minutes in pH 1 HClO4 (aq). This activation procedure results in a significant increase in current 



density as well as a decrease in the onset potential of over 200 mV for proton reduction in acidic 

media, corresponding to a Tafel slope as low as 195 mv/decade. The observed increase in current 

density and decrease in overpotential after activation are robust and persist even after washing the 

electrode surface (Figure 5-6). The activation is likely the formation of cobalt nanoparticles. Cobalt 

ions reduced in the presence of an acid have previously been demonstrated to be effective HER 

catalysts.14, 16 Furthermore, the inherent lability of first row transition metals bound to terpyridine 

moieties in acidic environments provides an abundant cobalt source for cobalt nanoparticle 

formation. Comparison of CV traces before and after activation also show a loss of a reductive 

peak at -0.57 V vs. NHE (Figure 5-6). This peak coincides with the Co(II/I) reduction potential of 

cobalt terpyridine species observed in our studies as well as reported in the literature,20 directly 

supporting the assertion that the cobalt atom is no longer coordinated to the terpyridine ligands. 

With neither the glassy carbon electrode nor the terpyridine ligand demonstrated to be effective 

proton reductive catalysts (the first reduction potential of terpyridine is -1.45 V vs. NHE), it can 

be inferred that nanoparticle formation from the reduction of ions is the only possible source of 

activity. Hf nanoparticle formation was ruled out from ICP-MS studies as only 0.7% of the Hf in 

the MOL sample was found to have leached from the MOL sample into solution. 



 

Figure 5-5. The CV traces of the CoTPY MOL both before (red) and after (blue) bulk 
 

 

 

Figure 5-6. The rinse test of activated CoTPY in pH 1 perchloric acid. 

 



 

Figure 5-7. a) The CV trace of the Co(tpy)Cl2 in ACN with 0.1 M TBAPF6 as an electrolyte. B) 
The Co(II/I) reduction peak disappears after the CoTPY material is subjected to 715 mV 
overpotential vs the RHE for 15 minutes.   

 

Bulk electrolysis reactions of CoTPY were performed in a U-shaped cell with a teflon 

membrane separating the anodic and oxidative half reactions. Cathodic proton reduction was 

carried out on a glassy carbon electron which was spincoated with CoTPY MOL at 3000 rpm and 

allowed to dry prior. Electrochemical analysis was performed with 0.1 M degassed HClO4 (aq) 

solution against an Ag/AgCl electrode with a glassy carbon counter electrode unless stated 

otherwise. Both half reactions were subjected to stirring at 400 rpm under a nitrogen atmosphere.  

The activated material showed an impressive efficiency for hydrogen production during bulk 

electrolysis in acidic conditions. Turnover frequencies (TOF) of up to 4300 hr-1 were recorded at 

an overpotential of 715 mV while TOFs of up to 450 hr-1 occur at the more modest overpotential 

of 515mV in pH 1 perchloric acid. Both of these values coincide with Faradaic efficiencies of over 

93%. The activated sample retains good efficacy over time with near 100% Faradaic efficiency 

observed for at least one half hour of electrolysis at 715 mV or 515 mV overpotential (Figure 5-8, 

Table 5-1). However, as electrolysis continues, there is an associated drop off in TOF and Faradaic 



efficiency. This is likely a result of a loss of cobalt nanoparticles from the surface of the electrode 

leading to the direct reduction of the terpyridine ligand, SBU, or other impurities. After one hour 

of electrolysis, it was found that up to 63 % of the available cobalt leaches into solution during 

electrocatalytic conditions via ICP-MS analysis.  

 

Figure 5-8. The TOF (based on Co atoms) and Faradaic Efficiency of CoTPY at different time 
points at a) 715 mV and b) 515 mV overpotential vs the RHE in pH 1 perchloric acid.  

 

Table 5-1. The average bulk electrolysis results of CoTPY in pH 1 perchloric acid.   

Potential vs NHE (V) Average TOF (hr-1) Average % F.E 

715 2567 93.62 

515 383 97.79 
 

The high activity for proton reduction makes the CoTPY system an attractive material to carry 

out total water splitting. When coupled with a Pt counter electrode, the system is capable of 

complete water splitting at an overpotential of 715 mV with near 100%  Faradaic Efficiency at the 

platinum anode and 84% F.E at the CoTPY/GCE cathode, (Figure 5.9) correlating to a TOF of 

2135 hr-1
. 

  



 

Figure 5-9.  Hydrogen and oxygen production from the CoTYP/GCE cathode and Pt anode in 
 

 

At an overpotential of 715 mV, the CoTPY MOL system vastly outperforms its homogenous 

analogs. The Co(trpy)Cl2 system obtains a TOF of 24.2 hr-1 (as determined by foot of the wave 

analysis)  with a Faradaic Efficiency of 76%. Like the homogenous analogue, the unmetalated 

TPY MOL shows hydrogen production, likely from the reduction of trace ions in solution, of about 

a third of that of the cobalt metalated species with a Faradaic efficiency of 73% at 715 mV of 

overpotential (Figure 5-10). When CoCl2 salts are placed under the same bulk electrolysis 

conditions as our MOL sample, a similar activation, onset potential, and current density are seen, 

indicating nanoparticle formation. However, the MOL samples outperform the cobalt 

nanoparticles consistently, even at significantly higher cobalt concentrations (Table 5-2). We 

hypothesize that ultra-small cobalt clusters are being formed on the surface of the electrode due to 

the low molarity of cobalt on the surface (about 10nmol) coupled with the strong donating effects 



of the imine groups in terpyridine and the steric effects of the MOL. This provides not only more 

surface area for catalysis but also leads to higher energy surfaces and faster kinetics as the trapped 

nanoparticles in CoTPY are not limited by diffusion. 

 

Figure 5-10. a) The CV traces of the activated CoTPY and its controls in pH 1 perchloric acid. b) 
 

 

Table 5-2. The HER results of CoTPY versus its controls in pH 1 perchloric acid after 30 minutes 
 

Sample Co Concentration (ppb)* µMOL H2 Charge (C) %F.E 

Co(NO3)2 200  6.51 1.59 79.05 

Co(NO3)2 5000 6.15 1.48 79.93 

Co(NO3)2 59000 8.57 1.89 87.43 

GCE 0 4.60 1.5 59.39 

Co(tpy) (NO3)2 59000 9.67 2.46 75.98 

Co(tpy) (NO3)2 59000 0.57 1.21 9.13 

CoTPY 142 14.43 2.91 95.57 
*Concentration of the CoTPY sample was based on the total amount of cobalt on the surface of 
the electrode.  

 

Evidence for nanoparticle formation is observed from a series of spectroscopic, electrochemical, 

and imaging techniques. The IR spectra of the MOL structure before and after electrolysis shows 



a discrepancy with a peak at 1110 cm-1 only not-observed in the inactive species. This peak is also 

present in the TPY MOL system prior to metalation and is representative of C-N stretching within 

the terpyridine molecule, which is slightly perturbed as a result of the effective mass of the bound 

cobalt center in the inactive sample (Figure 5-11a). The presence of nanoparticles is also indirectly 

supported by the loss of measured current density upon the addition of mercury to the CoTPY/GCE 

cathode in an attempt to poison the nanoparticles (Figure 5-11b).  Nanoparticle formation in the 

CoTPY system was directly observed under reaction conditions in which the loading of CoTPY 

was increased by one-thousand times and bulk electrolysis was run.  When TEM images of the 

CoTPY suspension were taken after electrolysis in comparison to those of Co(NO3)2, uniformly 

distributed 5 nm cobalt nanoparticles trapped in the MOL matrix were observed (Figure 5-12). The 

homogenous sample however, had fewer observed nanoparticles with non-uniform sizes and 

shapes ranging from 5 nm to 20 nm (Figure 5-12b).  

 

 

Figure 5-11. a) The FTIR spectra of unactivated CoTPY, unactivated TPY, and activated CoTPY  
b) The mercury poisoning experiment of the CoTPY electrode surface in pH 1 perchloric acid 
compared to the activated material prior to the addition of mercury.  



 

Figure 5-12. a) TEM images of highly concentrated CoTPY (0.1 mM w.r.t. Co) shows that the 
cobalt centers are reduced down into uniform nanoparticles within the MOL matrix at a reducing 

3)2 shows fewer 
nanoparticles of highly variable size and shape within the suspension upon reduction at the same 
conditions.  

 

Because of the facile growth of the nanoparticle assembly, we decided to test the efficacy of 

other metal centers within the MOL, specifically iron. Being slightly more electron deficient than 

cobalt, iron-terpyridine (FeTPY) is more stable in acidic environments than cobalt, however, both 

are nearly completely demetalated at pH 1 as determined from ICP-MS. The iron sample shows 

similar onset potential and activation behavior relative to CoTPY but shows worse activity. This 

behavior is seen in both the CV traces as well as in the bulk electrolysis results. The iron sample 

of 64%. The drop in Faradaic Efficiency was hypothesized to result from direct reduction of the 

perchlorate iron by chlorine, as iron nanoparticles have been previously shown to be active for this 

reduction.21  



Figure 5-13. a) The CV traces of CoTPY compared to that of FeTPY in pH 1 perchloric acid 
before and after activation. b) The HER results of bulk electrolysis for CoTPY and FeTPY at 
varying overpotentials in pH 1 perchloric acid.  

 

5.3 Conclusion  

The use of MOLs as electrocatalysts opens new avenues for the classes and subclasses of 

metal-organic frameworks. The CoTPY was shown to be an effective cobalt source for 

nanoparticle formation as well as an effective membrane to confine, both sterically and through 

weak chemical interactions, the nanoparticles in close proximity to the electrode surface while 

simultaneously preventing aggregation. As a result, we were able to obtain a water- and air-stable 

cobalt catalyst capable of fast proton reduction at moderate over potentials that outperforms its 

homogenous counterparts and unmetalated heterogeneous counterparts. 

5.4 Methodologies  

5.4.1 Electrochemical Methods: 

All electrochemical experiments were performed using a Pine Instruments WaveDriver 

potentiostat (Model AFP2). Non-catalytic experimental techniques were performed in acetonitrile 

degassed with nitrogen for at least thirty minutes with 0.1 M TBAPF6 serving as the electrolyte. 



Aqueous experiments were performed in pH 1 perchloric acid solution degassed with nitrogen for 

at least thirty minutes. If the pH was increased, the electrolyte concentration was maintained at 0.1 

[ClO4]- using potassium perchlorate. Cyclic voltammetry (CV) measurements were performed in 

a standard three-electrode cell with a glassy carbon electrode (0.4 cm diameter) serving as the 

working electrode, silver chloride serving as the reference electrode (Calculated at 0.223 V vs 

NHE from the Fe(CN)6 redox couple), and a GCE counter electrode. Scan rates were collected at 

100 mV s-1 unless stated otherwise and all experiments were collected underneath a nitrogen 

atmosphere. Controlled potential electrolysis was performed in the same setup as the CV except 

the solution was stirred at 400 RPM to prevent bubbles from obscuring the working electrode 

surface. 

5.4.2 GC Quantification: 

All gas chromatography (GC) measurements were obtained using an Agilent 7890B GC 

system. 300 µL of headspace (measured to be 177 mL) of the reaction vessel was injected post 

controlled potential electrolysis.   

5.4.3 ICP-MS Characterization: 

ICP-MS data was obtained with an Agilent 7700x ICP-MS and analyzed using ICP-MS 

MassHunter version B01.03. Samples were diluted in a 2% HNO3 matrix and analyzed with a 

159Tb internal standard against a 12-point standard curve over the range from 0.1 ppb to 500 ppb. 

The correlation was >0.9997 for all analyses of interest. Data collection was performed in 

Spectrum Mode with five replicates per sample and 100 sweeps per replicate. 

 

 

 



5.5 Synthetic Procedures  

5.5.1 Synthesis of Ligands 

 

Scheme 5-2. The synthesis of 1-(5-methylpyridin-2-yl)ethanone 

Synthesis of -(5-methylpyridin-2-yl)ethanone: 2-bromo-5-methylpyridine (8.60 g, 

50.0mmmol) was dissolved in 100 mL of dry diethyl ether and cooled to - -Butyl lithium 

(20 mL, 2.5 M in hexane) was added dropwise over 30 minutes and subsequently stirred for 90 

minutes. Dimethylacetamide (DMA, 5mL) was then added dropwise and the solution was stirred 

for another three hours until it was quenched with saturated NH4Cl (aq). Extraction of the aqueous 

layer with ether was then performed and all organic parts were combined, dried with anhydrous 

sodium sulfate, and filtered. After evaporation of the solvent, the crude product was subjected to 

column chorography on silica gel (10:90 EtOAC/CH2Cl2 as eluent) to afford the product (4.86 g, 

36.0 mmol, 72% yield) as a transparent oil. 1HNMR (500 MHz, CDCl3): 8.50 (s, 1H), 7.95 (d, 1H), 

6.21 (m, 1H), 2.70 (s, 3H), 2.42 (s, 3H).  



 

Figure 5-14. The 1H-NMR of 4- -dimethyl- -terpyridin]- -yl)benzoic acid in 
(CD3)2SO. 

 

Scheme 5-3. The synthesis of 4- -dimethyl- -terpyridin]- -yl)benzoic acid. 

Synthesis of 4- -dimethyl- -terpyridin]- -yl)benzoic acid: 1-(5-

methylpyridin-2-yl)ethanone (3.30 g, 24,4 mmol) and 4-carboxylbenzaldehyde (1.83g, 12.2 



mmol) were dissolved in MeOH (100mL) followed by the addition of 15% KOH (aq) (110 mL) 

and ammonium hydroxide (12.2 mL). The mixture was stirred at room temperature for three days. 

The white precipitate was separated via vacuum filtration and washed with chloroform multiple 

times and subsequently dissolved in MeOH:H2O (1:1). 1M HCl was added dropwise until the 

solution was at pH 3 to afford a white precipitate, which was collected by filtration and washed 

with water to yield the product (3.26 g, 17.1 mmol  70 % yield). 1HNMR (500 MHz, (CD3)2SO): 

8.71 (s, 2H), 8.60 (m, 4H), 8.15 (d, 2H), 8.05 (d, 2H), 7.87 (d, 2H) and 2.43 (s, 6H). Note, it is 

imperative to remove all traces of metals, particularly iron, from glassware, stirring bar, and 

solutions.  

 

Figure 5-15. The 1H-NMR of H3TPY in (CD3)2SO. 

 



 

Scheme 5-4. -(4-carboxyphenyl)- -terpyridin]- -yl)- -dicarboxylic 
acid (H3TPY). 

 Synthesis of H3TPY: 4- -dimethyl- -terpyridin]- -yl)benzoic acid (1.00 g, 

2.62 mmoll) was dissolved in pyridine:H2O (3:1, 80 mL) followed by the addition of KMnO4, 

4, 

(2.50g, 15.8 mmol) was added into the reaction mixture and the solution was refluxed for another 

day to ensure complete oxidation. The solution was then cooled to room temperature, diluted with 

ethanol, and filtered. The filtrate was dried under rotary evaporation and dissolved in 1 M HCl 

until the solution was pH 3. The white precipitate was collected via filtration, washed with 

deionized water, and dried under vacuum to yield the product (1.04 g, 2.36 mmol, 90% yield). 

1HNMR (500 MHz, (CD3)2SO): 13.42 (br, 3H), 9.28 (s, 2H), 8.83 (s, 2H), 8.74 (d, 2H), 8.43 (m, 

2H), 8.16 (d, 2H), and 8.10 (d, 2H). 

 



5.5.2 Synthesis of MOLs 

Synthesis of TPY-MOL: 12.5 mg of H3TPY (28.3 µMol, 1 equivalence) and 14 mg HfCl4 

(43.8 µMOL, 1.54 equivalent) were dissolved in 10 mL DMF via sonication. After the subsequent 

for two days. The MOL [Hf6(u3-O)4(u3-OH)4(HCO2)6(TPY)2] was obtained as a light grey solid 

dispersion in good yield. (~75%)   

Synthesis of CoTPY MOL: Co(NO3)2 2O (10.3 µMOL, 3 equivalents w.r.t. TPY) was 

dissolved in TPY/DMF suspension (4 mg/2mL, 1 equivalent based on TPY) under sonication and 

then heated at 60 2+ 

and dispersed in THF before use. The formula of CoTPY is Hf6O4(OH)4(HCO2)6]tpy2Co1.7 

determined by ICP-MS (~95%). 

Synthesis of FeTPY MOL: FeCl3 (10.3 µMOL, 3 equivalents w.r.t. TPY) was dissolved in 

TPY/DMF suspension (4 mg/2mL, 1 equivalent w.r.t. TPY) under sonication and then heated at 

3+ and dispersed 

in THF before use. The formula of FeTPY is Hf6O4(OH)4(HCO2)6]tpy2Fe1.7 determined by ICP-

MS (~95%). 
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