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Energy consumption is the highest in recorded history and will continue to increase as the 

population continues to grow and as nations continue developing. More than 80% of human 

energy consumption originates with the combustion of carbon-based fuels, resulting in the release 

of carbon dioxide, a greenhouse gas and contributor to anthropogenic climate change. Currently, 

renewable energy (including hydroelectric) accounts for no more than 20% of total energy 

consumption. Much of the scientific community is focused on developing cleaner and more 

efficient energy technologies to address this crisis. 

Metal-organic frameworks (MOFs) are a relatively new type of coordination polymer that 

have been the subject of intense investigation since their popularization around the turn of the 

millennium. These materials are characterized by metal atoms or clusters connected in infinite 

crystalline arrays by multi-dentate organic ligands and often possess permanent porosity. The 

main focus of this project was to investigate the potential of these materials to function as 

catalysts for artificial photosynthetic reactions modeling natural photosystems (water oxidation 

and/or CO2 reduction). As part of this project, it was necessary to set up a lab capable of such 

catalytic testing. The auxiliary focus of this work was to study and develop MOFs as functional 

materials for energy efficient luminescent applications. 

A manganese MOF bearing a Mn4O4 structural subunit was selected for evaluation as a 

water oxidation catalyst owing to its similarity to the active site in Photosystem II. When 
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illuminated in a photoassay containing [Ru(bpy)3]
2+

 and S2O8
2-

, Mn4(μ3-OMe)4(nic)4 (nic = 

nicotinate) undergoes transformation to a catalytically active mixed valence layered manganese 

(III/IV) oxide closely resembling the mineral birnessite. This work led to the hypothesis that the 

active sites were likely the Mninterlayer
3+  locations, which possess structural similarities to 

manganite (γ-MnOOH). Through collaborative work, manganite was prepared and tested for 

electrochemically driven water oxidation and was found to have one of the lowest overpotentials 

for of all reported manganese oxides, second only to bixbyite (Mn2O3), but suffers from chemical 

instability and subsequent deactivation. 

The zirconium-porphyrin MOF, PCN-222, was chosen for evaluation as a CO2 reduction 

catalyst. PCN-222 boasts aqueous stability over a wide range of pH values, enabling catalytic 

testing in aqueous solution. Additionally, the porphyrin subunit is a well-studied organic 

macrocycle capable of housing a metal atom in its core, and shows catalytic activity for CO2 

reduction when metallated with an appropriate metal (Fe, Co, Cu). After setting up a lab capable 

of CO2 reduction analysis, preliminary testing was ended when Jiang et al. published work 

mirroring our study. However, it was found that PCN-222 functions as a reversible colorimetric 

and fluorescent pH sensing material from a range of pH 0–3, making it one of the first solid-state 

pH sensors of its kind.  

Finally, two new bismuth MOFs were synthesized based on reports of Bi
3+ 

having 

catalytic activity. Bismuth MOFs are rare, with only about ten different varieties reported at the 

start of this work, and only three with permanent porosity. The rarity of these materials is 

ascribed to difficulties in obtaining single crystals, which was overcome in this work by 

employing modulating acids and metal-cluster precursors during synthesis. The first of these two 

new Bi MOFs features a large tetracarboxylate linker based on the tetraphenylethylene core, 

which is known as an aggregation-induced emission (AIE) fluorophore. The resulting structure is 

anionic and has charge balancing K
+
 ions, which form a 1-D chain with Bi. The as-made material 
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has strong green luminescence that undergoes significant emission wavelength shifting upon 

solvent removal. When fully activated, the solvochromic material adopts yellow emission with a 

maximum wavelength of ~553 nm and a quantum yield of ~74% under blue-light excitation (455 

nm). The high quantum yield and blue-excitable yellow emission makes this MOF a strong 

candidate for use in phosphor-converted white LEDs.  

Utilizing the synthetic strategy developed in the former case, another new Bi MOF was 

prepared. This material is also constructed from a tetracarboxylate linker, but is based on the 

well-known macrocyclic porphyrin subunit. The resulting anionic MOF framework is charge 

balanced by dimethyammonium cations formed in-situ during synthesis. Structural changes occur 

upon guest-cation exchange with lithium, reducing the three-fold intercalation state to two-fold. 

Additional structural changes are observed upon solvent exchange, demonstrating framework 

flexibility due to the flexible coordination geometry of Bi
3+

. This material can be prepared with 

2+ and 3+ transition metal cations (Cu
2+

, Ni
2+

, Fe
3+

, Mn
3+

) occupying the linker’s macrocyclic 

core, resulting in a trimetallic MOF. The Fe
3+

 containing phase was examined as a potential 

catalyst for electrocatalytic CO2 reduction under non-aqueous conditions. At an applied potential 

of -1.7 V vs. Ag/AgCl, CO and H2 are produced in roughly equal mole quantities. Further testing 

is underway to fully benchmark the MOF’s catalytic performance. 
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CHAPTER 1: Introduction 

1.1 The Grand Challenge 

The overall scientific consensus is that human activity is anomalously increasing average 

global temperatures through the release of greenhouse gases (GHGs), such as CO2, CH4, and 

NOx.
1
 While this concept has become a highly politicized ‘hot-button’ topic, it is a not a new one. 

The idea of heat-trapping gases in Earth’s atmosphere was first discussed by scientists in the early 

19
th
 century. By mid-century John Tyndall had identified water vapor and CO2 as GHGs.

2
 In the 

late 1800’s Svante Arrhenius hypothesized that via natural cycles (volcanoes, oceanic uptake, 

geochemical process, etc.), CO2 acts as a sort of long-term regulator on global temperatures and 

calculated that halving the concentration of CO2 in the atmosphere would result in a 4-5 °C 

reduction in average European temperatures.
3
 In 1894, Arrhenius’s colleague Arvid Hӧgbom 

calculated that CO2 emitted from industrial activity was comparable natural geochemical 

processes, suggesting that human activity can indeed affect global temperature.
4
 The atmospheric 

concentration of CO2 is currently around 400 ppm, the highest it has been for over 800,000 years. 

Prior to 1950, CO2 cycled naturally between about 170 and 300 ppm with closely tracking 

average global temperature changes, illustrating a significant cause for concern.
5-6

 

In 2016, the Population Reference Bureau estimated Earth’s population at 7.4 billion, 

which is predicted to grow to 10 billion by the year 2050.
7
 To put this in perspective, 200 years 

ago the global population was only an estimated 1 billion. Human energy consumption is at 

record highs and will continue increasing as the population continues to grow and as more nations 

to continue to develop industrially. This is problematic considering that more than 80% of 

societal energy consumption originates from the combustion of carbon-based fossil fuels,
8
 

resulting in the release of carbon dioxide (eqn. 1). While carbon-neutral renewable energy  

CxHy + nO2 → xCO2 + 0.5yH2O  (1) 
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sources are available and in use, they only account for about 18-20% of the total energy 

consumption, and only about 3% of that from variable renewables (solar, wind, tidal, 

geothermal). Since the theoretical calculations of Arrhenius and Hӧgbom, yearly CO2 emissions 

have risen from an estimated 534 million metric tons in 1900, to 9855 tons in 2014.
9-10

 

 Much of the scientific and engineering community is working towards addressing this 

critical issue, with the grand challenge of developing a carbon neutral energy infrastructure. This 

is possible via numerous methods, but it is clear that for the foreseeable future no single 

technology is sufficient to address the issue entirely. The current paradigm of thought is that 

adoption of a combination of carbon neutral energy sources, such as wind, solar, tidal, 

geothermal, nuclear, hydroelectric, etc. is required, and deployment of such technologies can be 

observed in many parts of the world. From a materials science standpoint, this crisis serves as an 

opportunity to develop energy efficient materials to help reduce carbon emissions, as well as 

develop alternative energy sources. A recent example of such a technology is LED (light emitting 

diode) lighting, which has recently proven to drastically reduce the overall energy cost of general 

lighting, thereby reducing carbon emissions.
11

  

One of the most promising technologies currently being developed is artificial 

photosynthesis in the form of water splitting and carbon dioxide reduction. Solar energy is one of 

the most abundant renewable energy resources available, and is therefore considered to be a key 

element for energy sustainability. Hydrogen produced from solar driven water splitting poses a 

particularly attractive alternative to fossil fuels owing to the availability of water and solar 

resources. Alternatively, utilizing solar energy to reduce CO2, either directly with a photocatalyst 

or indirectly as electrical energy with an appropriate electrocatalyst, has enormous potential. As 

the byproduct of all fossil fuel based combustion reactions, there is little shortage of CO2 as a 

chemical feedstock. If CO2 captured from combustion emissions can be reduced directly back 
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into a usable fuel, such as methane or methanol, it could ‘close the loop’ of carbon emissions and 

help reduce our overall contribution to climate change.  

1.2 Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) are a type of coordination polymer (CP) that were 

popularized in the late 1990’s when Li et al. from Omar Yaghi’s lab at Berkeley reported the 

structure of  a porous coordination polymer featuring zinc-carboxylate linkages, dubbed MOF-5, 

and coined the term ‘metal-organic framework’.
12

 This famous work opened up a research area 

that has since witnessed incredible growth – searching the term ‘metal-organic framework’ on 

SciFinder produces over 30,000 references which have been published since then. Despite MOFs 

recent popularization, the term coordination polymer was can be traced back to a 1960’s review 

article by J.C. Bailar, and the structures of these materials were being studied as early as the 

1950’s, when they were almost exclusively composed of cyanide bridges. In 1989, Robson et al. 

pushed the field forward by designing a CP comprised of copper and a tetrahedral shaped organic 

ligand, which established the use of tunable organic ligands in CP design. The field continued to 

develop from there, with ligands evolving to nitriles and polypyridyl species. Kitagawa and 

coworkers reported the first permanently microporous pyridyl based CP in 1997.
13

  

MOFs are self-assembled materials constructed from metal atoms (primary building 

units, PBUs) or polyatomic metal clusters (secondary building units, SBUs) connected in infinite 

one-, two-, or three-dimensional crystalline arrays by polytopic organic ligands via classical 

coordination bonds (Figure 1.1). They often possess high permanent porosity (remain porous 

upon solvent removal) and can boast immense internal surface areas (upwards of 10,000 m
2
/g), 

promoting accessibility to internal functional groups, such as open metal sites (OMS) and organic 

Lewis basic sites (LBS), where desirable interactions with guest molecules can occur.
14-15

 These 

combined features have promoted studies on MOFs for wide variety of potential applications, 

some of which include: gas storage and separation, luminescence sensing and  



4 
 

 

 

 

Figure 1.1. (a) Conceptual illustration of MOF self-assembly. (b) Examples of organic ligands 

used in MOF construction. 

general lighting, catalysis, water and nuclear waste remediation, drug delivery and bio-imaging, 

proton conductivity for fuel cells, water harvesting from air, etc.
16

 There is doubtlessly a 

multitude of potential applications as of yet studied for MOFs, which is intrinsic to their allure.  

1.2.1 Network Topology and Design 
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A building block approach, termed reticular chemistry, can be invoked in the design of 

MOF structures, where the metal and organic subunits are treated as nodes and spacers, 

respectively. Crystal structures have long been described in terms of connected nets, with atoms 

considered as vertices and bonds as the links between them (edges). Similarly, coordination 

polymers built on ditopic linkers extend this concept, where the metal atom functions as the 

vertex, but instead of the bonds acting as the edges, the organic linker serves as the edge 

connecting two vertices, resulting in a periodic net that describes the underlying crystal topology. 

MOF structures take this approach one step further. In the case of MOFs bearing polyatomic 

metal clusters (SBUs), the overall SBU connectivity is treated as the vertices (nodes) (Figure 1.2), 

and ditopic linkers as the edges (spacers). In contrast to early coordination polymers employing 

dipyridyl or cyanide spacers, the nodal coordination geometry of carboxylate based MOFs is 

dictated by carboxylate geometric positioning, as opposed to the coordination environment of the 

metal. When polytopic linkers with more than two points of connectivity are integrated, 

additional vertices exist at the geometric center of the linkers, while the edges remain as the 

 

Figure 1.2. Examples of the building block (reticular) approach applied to some commonly 

formed MOF SBUs. 
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organic moieties between these central points and the SBUs. One way to describe the resulting 

vertex-edge net is by using the (n,m)-connected net convention. In this case, n represents the 

overall connectivity to points of extension (edges) of the main building unit, typically a PBU or 

SBU. The term m represents the overall connectivity of the linker connecting the main vertices, 

where m ≥ 3. In the event that m = 2, the net is simply described as an n-connected net (Figure 

1.3). Reticular chemistry, a term coined by Michael O’Keefe and Omar Yaghi’s efforts, utilizes 

these features by assuming there are a limited number of nets (underlying topologies) that exist 

for a given combination of geometric building blocks, regardless of the constituents that give rise 

to vertices (n,m) or edges.
17

 In 2008 a naming scheme was created to define these specific 

topologies and the Reticular Chemistry Structure Database (RCSR) serves as the main archive of 

all reported topological nets. As an archetypical example, MOF-5 has a tetranuclear zinc SBU, 

with each Zn atom having tetrahedral geometry; the SBUs are connected by ditopic terephthate 

linkers.
12

 Using the reticular approach, these SBUs can be viewed as octahedrons with respect to 

linker connectivity, and the underlying 6-connected net adopts pcu topology (Figure 1.3). 

       

Figure 1.3. Structure plot of MOF-5 and its underlying 6-connected net (pcu topology). 
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It is possible to predict MOF topologies a priori using the reticular chemistry approach, 

assuming that building block geometries from specific metal/linker combinations are well 

established.
18

 This is especially true in the case of MOF syntheses using metals that have a 

tendency to form the same SBU under a given set of conditions and ditopic linkers. However, 

when using polytopic linkers that serve as a second vertex (more than two points of connectivity 

and deviate from 1-dimension), it becomes significantly more difficult to make accurate 

predictions about resulting topologies. Stated another way, as vertex connectivity, n and m, 

increases, so does the number of possible topologies for a given combination. Additional 

phenomena, such as linker flexibility, torsion angles, linker vacancies and terminal ligands, etc., 

can further complicate such predictions and can result in deviation from expected topologies. The 

PCN-22X (PCN = porous coordination network) family of MOFs prepared in Hong Cai Zhou’s 

lab serve as an example (Figure 1.4).
19-21

 The SBUs of these MOFs is the well-known 

hexanuclear zirconium node, Zr6 (u3-O)4( μ3-OH)4, the most common building node of Zr-based 

MOFs (Figure 1.2), which was originally reported in the Zr-terephthalate structure, UiO-66 (UiO 

= University of Oslo).
22

 This Zr cluster can be viewed as an octahedron with Zr atoms occupying 

the vertices with carboxylate linkages extending from the edges, accommodating up to 12 points 

of extension when 1-D linkers are employed; the resulting network topology is fcu. In contrast, 

the PCN-22X series utilizes a tetracarboxylate linker with square planar geometry, tetrakis(4-  

 

Figure 1.4. Structure plots of PCN-222, 225, and 224. 
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carboxyphenyl)porphyrin (tcpp), resulting reduced SBU connectivity. In fact, three different 

structures with three unique topologies are reported based on this combination. PCN-222 and -

225 (kag and sqc topologies, respectively) both have 8 points of extension from their SBUs, 

reducing the symmetry of the Zr SBU cluster from Oh to D4h and D2d, respectively. The PCN-224 

SBU (she topology) has only 6 points of linker extension and has D3d cluster symmetry as a 

result. In all cases, hydroxyl groups serve as terminal ligands where carboxylate vacancies exist. 

MOFs are well-known as being ‘tunable’ materials.
23

 Besides changing metal species or 

organic functional moieties, the pore sizes of MOFs can be specifically tailored by changing the 

ligand length of known structures, resulting in ‘isoreticular’ frameworks. Isoreticular structures 

have the same underlying topology but can differ by vertex surface areas and edge lengths. This 

was initially demonstrated by Yaghi’s lab with the IR-MOF series (IR = isoreticular), but can also 

be observed in a number of other structures, including UiO-66, -67, and -68.
22, 24

 By changing the 

linker from terephthalate (1,4-benzenedicarboxylate = bdc), to biphenyldicarboxylate (bpdc) or 

triphenyldicarboxylate (tpdc), a series of isoreticular networks is obtained with increasing pore 

sizes commensurate with increasing ligand length. 

1.2.2 Synthetic Conditions and Single Crystal Growth 

Metal-organic frameworks generally form via self-assembly, meaning no template or 

external structure directing agent is required. The coordination environment of the metal or metal 

cluster primarily acts as the structure directing impetus. Most often, traditional inorganic salts of 

nitrate, sulfate, chloride, acetate, etc. are paired with multi-dentate carboxylic acids, carboxylate 

salts, or polyamines. MOFs have also been constructed from organic phosphates and sulfonates, 

and functional groups such as hydroxides can partake in metal-ligand bonding.  

Syntheses traditionally proceed via single-step one-pot solvothermal reactions at 

autogenous pressure, superficially rendering synthesis a fairly simplistic process. Specific 
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conditions are largely dictated by the properties of the constituent metal and ligands, and solvents 

and reaction temperatures are chosen accordingly. Because reactions contain both metal and 

organic species, solvents are typically protic or aprotic organic solvents having relatively high 

dielectric constants in order to dissolve both the organic and inorganic components. Examples of 

some of common solvents used in MOF syntheses include dimethylformamide (DMF), 

dimethylacetamide (DMA), diethylformamide (DEF), and dimethylsulfoxide (DMSO). Water can 

also be used as solvent, but ligand solubility can be problematic, in which case converting 

carboxylic acids to carboxylate salts, or employing mixed solvents can aid dissolution.  Worth 

noting is that the constituents need not necessarily be totally dissolved, where undissolved 

reagents can provide seeds or surfaces for crystal growth, in addition to promoting a slow reaction 

rate by limiting nucleation sites, as single crystals are often desired in new MOF syntheses. 

Reactions are typically carried out in closed systems, and often utilize ‘Parr’ reactors (bombs), 

especially in the case of reaction temperatures exceeding the boiling point of chosen solvents. 

Scintillation vials are another common vessel used in MOF preparation, but are not as air-tight as 

bomb reactors and as such are more suited for when reaction temperatures are lower than solvent 

boiling points. 

One of the most significant synthetic challenges in developing new metal-organic 

frameworks is obtaining single crystals suitable for X-ray diffraction studies. X-ray diffraction 

(XRD) remains the primary method used to determine the underlying crystal structure of 

crystalline materials and will be discussed in more detail in the proceeding sections. Optimizing 

synthetic temperature, reaction time, solvent type, and reactant stoichiometry are the keys to 

growing crystals suitable for diffraction studies. Synthetic temperatures are determined 

experimentally on a trial-and-error basis for high-quality crystal growth. Reported temperatures 

for a given metal-solvent combination commonly act as convenient starting points for new MOF 

synthesis. As an example, single crystals of Zr based MOFs prepared in DMF are often 
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synthesized between 100 - 120 ⁰C, while single crystals of Bi MOFs in DMF are obtained from 

80 - 100 ⁰C. Generally speaking, the lower boundary of suitable reaction temperature ranges will 

yield larger crystal sizes by slowing the motion of reactant molecules, thereby reducing 

intermolecular collisions and producing fewer nucleation sites. Reaction times vary amongst 

MOF species and range anywhere from a few hours to multiple days. 

1.2.3 Modulated Synthesis 

MOFs comprised of high-valence metals are known for being especially difficult to grow 

single crystals of. This specifically refers to periodic table groups 4, 5, and 6, and includes a few 

other post-transition metals, such as Al and Bi. These metals have a tendency to hydrolyze easily 

forming strong, highly polarized bonds with oxygen. This characteristic renders them highly 

reactive under typical synthetic conditions resulting in a high degree of nucleation sites and thus 

forming fine powders (often amorphous) or undesired metal-oxides and -hydroxides. For the 

same reason, carboxylate-based MOFs grown of these species are typically more chemically 

robust and are often stable under aqueous and even sometimes highly acidic conditions, making 

them high sought-after variants. While MOFs based on mid to late transition metals (groups 7-12) 

can be easier to obtain single crystals of, they also often suffer from poor water stability, limiting 

their applicability to non-aqueous environments.  

The use of competing monodentate carboxylic acids (benzoic acid, acetic acid, formic 

acid, etc.) has proven an invaluable method to obtain single crystals of multivalent metals. This 

technique was originally reported by Susumu Kitagawa and coworkers in 2009 and termed as 

‘modulated synthesis’.
25

 Soon thereafter, the method was successfully applied to the growth of Zr 

MOFs, which until that point had relied heavily on Rietveld powder refinement for structural 

determination.
26

 The mechanism of action is two-fold. First, introducing a ligand with a single 

coordination site slows crystal growth by competing with linkers for coordination to the metal 

nodes; the overall process can be thought of as a ligand-exchange mechanism (Figure 1.5).  
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Figure 1.5. Conceptual illustration of the ligand exchange mechanism and possible synthetic 

intermediates during MOF synthesis using benzoic acid as a modulator. 

Second, increasing proton concentration in solution via additional carboxylic acid decreases the 

quantity of deprotonated linkers at a given time, thereby slowing metal-linker coordination bond 

formation. It has also been demonstrated that this method can induce crystal defects via linker 

vacancies, whose positions are occupied by the modulating acid.
27

 This may be a desirable 

phenomenon as it allows for further crystal engineering control. Linker defects can produce 

increased porosity and installation sites for post-synthesis modification, such as anchoring 

additional metal ions to the SBU.  

1.2.4 Crystal Structure and Porosity Characterization 

The primary method of structure determination for MOFs is single-crystal X-ray 

diffraction (XRD). Generally, high quality crystals with lengths of about 10 μm are suitable for 

XRD. Besides providing atomic coordinates, XRD measurements can be used to generate 

simulated powder diffraction patterns, which are used as a virtual fingerprint to confirm structural 
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identity/integrity via powder X-ray diffraction (PXRD) measurements. Conveniently, PXRD does 

not have the same crystal size or quality requirements as XRD, and is used almost exclusively to 

confirm structural identities and phase purity once the initial structure has been solved. Powder 

diffraction patterns appear as a series of lines or peaks occurring at diffraction angles, two-theta, 

corresponding to constructive interference of incident monochromatic X-rays with the sample 

when Bragg’s Law is satisfied (nλ = 2d sin θ). This law relates the wavelength of incident X-rays 

(λ) with diffraction angles (sin θ) and lattice spacing (d) of a sample. In the event that single 

crystals of a given sample are unobtainable, a technique known as Rietveld powder refinement 

can be used to determine the crystal structure from a powder diffraction pattern. This method uses 

a least squares approach to produce a theoretical line profile that is matched with the powder 

diffraction pattern through trial and error.
28

 

Many of the potential applications of MOFs rely upon their permanent porosity. Paired 

with the crystal structure, thermogravimetric analysis (TGA) and gas adsorption measurements 

are often sufficient for full porosity characterization. TGA measurements rely upon a 

microbalance embedded within a furnace to measure the weight loss of a sample as it is gradually 

heated to a predetermined temperature; the resulting data is plotted as percent weight loss vs. 

temperature. This data provides the temperature required to remove the synthesis solvent from 

within the pores, known as ‘activation’, which is a critical step for many applications to make use 

of the materials’ porosity.
29

 It is worth noting that synthesis solvents with relatively high boiling 

points, such as DMF (153°C) and DMA and (165 °C), often cannot be outgassed directly without 

causing structural degradation, and require ‘solvent exchange’ with a more volatile solvent, such 

as MeOH or MeCN. Heating under dynamic vacuum can also assist with full solvent removal. 

Additionally, TGA data also indicates the thermal stability of the MOF, which varies amongst 

species, but is usually in the range of 250 – 450 °C. 
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Gas adsorption experiments are used to record ‘isotherms’ of microporous (< 2 nm) and 

mesoporous (2 > 50 nm) materials. According to IUPAC nomenclature, there are 6 different types 

of isotherms (Type I-VI) representing different adsorbent-adsorbate interactions, and are shown 

as a plot of gas uptake vs. partial pressure at a given temperature.
30

 Following activation by 

heating under dynamic vacuum to completely outgas the sample, adsorption-desorption isotherms 

are recorded using some inert ideal gas, such as N2 at 77 K. BET or Langmuir theories are then 

applied, typically by accompanying computer software, to calculate the internal surface area, pore 

volume, and pore size distribution.  

1.3 MOFs for Catalytic and Luminescent Applications 

Generally speaking, MOFs have enormous potential for numerous applications. Their 

SBUs can be viewed as metal-oxide nanoparticles that are spatially fixed in a porous network, 

providing substrate access to each metal center, assuming appropriate pore architecture for guest 

entry. The same is true of utilizing the organic linkers as functional sites. By nature, the pore 

walls of MOFs are comprised of spatially isolated organic linkers, potentially providing access to 

each molecule. This is a significant advantage over traditional solids for host-guest applications, 

such as molecular sensing or catalysis, as most solid species have densely packed structures 

whose bulk are inaccessible to guest molecules, thereby relying on surface sites for activity.  

MOF SBUs commonly contain OMSs that many researchers seek to make use of for 

catalysis.
31

 These sites are generally occupied by terminal solvent molecules that can be removed 

through thermal activation at a specific temperature (which can be accelerated via use of dynamic 

vacuum), while maintaining structural integrity. In terms of catalyst design, SBUs with pre-

established OMSs may be targeted during MOF synthesis. Two such examples include as the 

well-known trinuclear basic metal acetate [M3O(CO2)6L3] and dinuclear ‘paddlewheel’ [M2 

(CO2)4L2] clusters (where L = terminal solvent ligands and CO2 = linker carboxylates) (Figure  
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Figure 1.6. Structure plots of trinuclear basic metal acetate [M3O(CO2)6L3] and dinuclear 

‘paddlewheel’ [M2 (CO2)4L2] SBUs containing OMSs. 

1.6).
32-33

 In fact, it was recently demonstrated by Zhou et al. that trinucluear basic metal acetate 

clusters may be used directly to form MOFs through a ligand exchange mechanism between 

capping and bridging ligands.
34

 Our recent work has also shown that frameworks containing Bi
3+

 

PBUs can also be expected to contain OMSs occupied by terminal solvent molecules.
35

 These 

Bi
3+

 PBUs tend to coordinate to 4 carboxylates (8 oxygen atoms), but have an overall 

coordination number of 9, resulting in terminal solvent molecule occupancy of the free site. 

Additionally, because of their stereoscopic pair of 6s
2
 electrons, the PBU’s coordination geometry 

tends to be hemidirected, resulting in a large accessible area for guest interaction. 

MOF linkers provide an auxiliary method to install OMSs and molecular catalysts. As an 

example, Lin and coworkers prepared photocatalysts for CO2 reduction, water splitting, and 

organic transformations by doping 2,2’-bipyridine-5,5’-dicarboxylic acid (dcbpy) containing 

known molecular Ir and Re catalysts into the structure of UiO-67.
36

 This same strategy was used 

by Cohen et al. to dope the Mn(bpydc)(CO)3Br (bpydc = 5,5′-dicarboxylate-2,2′-bipyridine) CO2 

reduction catalyst in to the same structure.
37

 MOFs catalysts incorporating porphyrin derivative 

linkers are also quite popular. These heme-like molecules contain four nitrogen LBSs at their 

core, two of which contain acidic protons. Upon deprotonation, the core can adopt a 2- state 

allowing for the insertion of 2+ and 3+ transition metals; in the case of 3+ metals, an 
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accompanying anion acts to balance the net positive charge. Two obvious pathways exist to 

utilize porphyrin in the construction of MOF catalysts (Figure 1.7). When metallated with Fe
3+

, 

Co
2+

, and Cu
2+

, porphyrin MOFs have been shown to have both photo- and electrocatalytic 

activity towards CO2 reduction.
38-41

 Alternatively, the non-metallated tcpp linker can serve as a 

light-harvesting unit to sensitize MOF PBUs and SBUs for photocatalysis, as was demonstrated 

in the case of PCN-222 for CO2 reduction.
42

 In this scenario, absorption of visible light generates 

a π → π* transition within the ligand, followed by electron transfer to the metal building unit, 

thereby generating a reduced metal species capable of reduction chemistry. In these systems, 

sacrificial reducing agents such as triethanolamine (TEOA) or triethylamine (TEA) are used to 

replenish the electrons lost by the ligand.  

Ligand functionality is the primary way to design luminescent MOFs (LMOFs).
43

 When 

paired with appropriate metals, fluorophore ligands often maintain or experience enhancement of 

their optical properties by limiting molecular vibrations and rotations, and thereby reducing non- 

 

Figure 1.7. Conceptual illustration of the two main pathways for utilizing porphyrin in the 

construction of a MOF CO2 reduction catalyst.  



16 
 

 

 

 

radiative decay pathways. Typically d
10

 metals (Zn
2+

 and Cd
2+

) are chosen for these types of 

materials as they do not undergo LMCT (ligand-to-metal charge transfer), which is the most 

common pathway for emission quenching in MOFs. Our group work has demonstrated that 

incorporation of aggregation induced emission (AIE) ligands based on the tetraphenylethylene 

(tpe) core (Figure 1.8a) into MOF structures can significantly enhance the fluorescence quantum 

yields.
44-45

 These LMOFs were shown to have significant potential to serve as phosphors for 

general lighting applications.  Additionally, because MOFs often contain open pore systems, 

guest molecules of appropriate size can freely enter the framework and interact with these 

fluorophores resulting in perturbation of the optical signal, which is the basis for luminescent 

sensing applications (Figure 1.8b).
46

 In an optimized MOF sensing platform, the fluorescent 

ligand should be easily accessible to guest analyte molecules and should be designed in such a 

way as to promote selective analyte-linker interactions. Besides linker based MOF luminescence, 

metal centers can also act as the primary luminescent component. The most common method to 

design metal-based luminescent MOFs is to sensitize lanthanide atoms via antenna linkers.
47

 

These MOFs often demonstrate interesting luminescent properties, and have been reported as  

 

Figure 1.8. (a) AIE fluorophore tetraphenylethylene (tpe). (b) Conceptual illustration of ligand-

based luminescence and guest induced quenching. 



17 
 

 

 

both chemical and temperature luminescent sensing materials. 

Porphryin based MOFs also make for highly sensitive optical sensing platforms. Upon 

photoexcitation, the porphyrin macrocycle undergoes both S2 and S1 transitions from a doubly-

degenerate set of HOMOs and LUMOs resulting in a characteristic UV-Vis Soret band occuring 

at ~450 nm, and four smaller Q bands in the range of 500-700 nm.
48

 It is well documented that 

even minor perturbation of this conjugated π system results in significant changes to the 

molecules optical properties. Traditionally, these sensitive optical signals are exploited by 

dissolving molecular porphyrin species in an appropriate solvent with an analyte of interest.
49

 

Accessibility of the porphyrin core is hindered when the ligand is in the solid state as only the 

outer surface of the solid particles are available for guest interactions. Conversely, our work has 

shown that incorporation into an appropriate porous MOF structure allows for molecular level 

sensitivity to be maintained in the solid state owing to the pore system providing guest access to 

the majority of the porphyrin molecules.
50

  

The following dissertation work began primarily as a study of MOFs for water for CO2 

reduction and water splitting catalysis, however this is a new area of research for the Li group, 

requiring a significant time investment to establish methods, instrumentation, and best practices 

for such a study. The sensing and luminescent work was chosen an auxiliary project and is 

traditionally the main focus of the Li group, hence, the disparate nature of the dissertation. 
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CHAPTER 2. Surface and Structural Investigation of MnOx Birnessite-type Water 

Oxidation Catalyst Formed under Photocatalytic Conditions 
51

 

[Chem. Eur. J. 2015, 21,14218 –14228]:*Project coauthored by Jingming Zhang; Appendix I 

2.1 Introduction 

Solar energy is one of the most abundant renewable energy resources available, and is 

therefore considered to be a key element for energy sustainability. Hydrogen produced from solar 

driven water splitting poses a particularly attractive alternative to fossil fuels due to the 

availability of water and solar resources. The overall water splitting reaction is comprised of two 

half-reactions: water oxidation (O2 evolution reaction, OER) and proton reduction (H2 evolution 

reaction, HER), where the former half generates protons and electrons for the latter half. 

Thermodynamic and kinetic limitations make the oxidation half-reaction the bottleneck of the 

overall process, which requires two water molecules and a four electron oxidation; a minimum 

potential of 1.23 V vs NHE at pH 0  is needed to drive this reaction (eqn. 1).
52-56

  

2H2O → O2 + 4H
+
 + 4e

-
  (2.1) 

Pt, Ru, and Ir based materials have proven effective as water oxidation catalysts (WOCs), 

however their low abundance and subsequent high cost make them ill-suited for widespread 

application.
57-61

 With this in mind, catalysts based on common transition metals, such as Mn, Fe, 

Co, Ni, and Cu, are attractive alternatives. Of these, Manganese is of particular interest; for the 

past few decades immense effort has been spent resolving the structure and OER mechanism of 

the naturally occurring Photosystem II (PSII) oxygen evolving complex (OEC), “hetero-cubic” 

CaMn4O5.
62-63

 Various Mn-oxides and multinuclear Mn-complexes have been studied, with 

special attention paid to materials containing OEC-like structural motifs.
64-79

 Despite these 

efforts, few Mn complexes have proven themselves as stable WOCs,
55

 however several 

polymorphs of Mn-oxide are known to be active. Our previous work tested a number of 



19 
 

 

 

crystalline Mn-oxide phases under photochemical conditions, which may reflect possible 

performance in a photochemical cell.
71

 Our initial results have shown Mn2O3, Mn3O4, and λ-

MnO2 (spinel) as active when driven by photogenerated [Ru(bpy)3]
3+

.  Activity from these 

materials trends with flexible Mn
3+

 features, such as long Mn-Mn distances and weak Mn-O 

bonds. 

Some birnessite MnO2 polymorphs have also been reported as active, but frequently 

under alternate conditions.
64-69, 80-85

 Birnessite is a hydrated lamellar phyllomanganate comprised 

of negatively charged sheets of edge-sharing MnO6 octahedra and ~ 7 Å periodicity from layer to 

layer (Figure 1d).
86-87

 The negative charge arises from either the presence of Mn
3+ 

atoms within 

the octahedral layer (Mnlayer
3+ ,  triclinic- or monoclinic-type) when formed under alkaline 

conditions, or Mnlayer
4+  vacancies (hexagonal-type), which is typically formed under acidic 

conditions. Triclinic-type is generally charge balanced by interlayer cations (Na
+
, K

+
, Mg

2+
, Ca

2+
, 

Sr
2+

, etc.) and hexagonal-type by Mn
3+

 triple corner sharing octahedra above or below the layer 

vacancy (Mninterlayer
3+ ).

88-93
 Trends in catalytic activity have been correlated to degree of disorder 

(higher disorder usually resulting in higher activity), structure flexibility, and interlayer species, 

with Ca
2+

 birnessites showing some of the highest levels of activity by Kurz et al.
67, 69, 94

 It has 

been suggested by Suib et al. that activity in birnessites may correspond to interlayer/surface 

Mn
3+

 bound above and below vacancies.
68

 Notably, the specific structural polytype is rarely 

discussed in context of performance, likely owing to birnessites’ intrinsic poor crystallinity, 

structural disorder, and small particle sizes, thereby complicating unambiguous characterization.
67

 

That fact that these materials readily undergo structural changes in response to solution pH 

further complicates structural analysis. Cerium (IV) ammonium ammonium nitrate (CAN) 

solution is commonly employed as sacrificial chemical oxidant to evaluate birnessite OER 

catalysts, but has an intrinsically low pH (~ 1).
66-67, 69

 As documented, birnessite is well known to 
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transition from the triclinic to hexagonal phase under ~ pH 5, which is virtually undetectable to 

most analytical methods.
91-93

 

Recent literature has focused upon the transformation of molecular Mn species into 

amorphous MnOx during CAN oxidant and electrochemically driven water oxidation. The active 

species has been loosely characterized as birnessite-like based on bonding features present in 

extended X-ray absorption fine structure (EXAFS) studies. However, structural characterization 

is limited by the necessary use of support materials, such as clay in the case of CAN reactions, 

and Nafion in electrocatalytic systems.
95-97

 Recently, Driess, Dau and coworkers studied the 

formation of an amorphous MnOx catalyst through partial corrosion of a support-free crystalline 

MnO precursor.
98-99

 The resulting MnOx was found to be active under both CAN and 

photochemical conditions, however the former was required to oxidize the MnO to MnOx and 

generate an active phase. Because the precursor is only partially oxidized, a heterogeneous 

material very high in Mn
2+

 content was obtained (average oxidation state of Mn reported as 2.5). 

It is worth noting that recently the solution structure and role of CAN as a one-electron outer 

sphere oxidant has been called into question, prompting us to limit the current study to 

photocatalytic conditions.
100

.   

Metal-organic frameworks (MOFs) are an emerging class of materials comprised of 

crystalline coordination networks between metal ions and organic linkers, and have been 

demonstrated as important candidates for multiple applications.
36, 43, 50, 101-107

 By utilizing an 

Mn
II

4O4 based MOF precursor approach, we show for the first time that MnOx catalysts form 

under photochemical water oxidation conditions and without the use of support material. Highly 

active discreet MnOx particles (
4
MnOx) were isolated that can be best described as resembling 

hexagonal-type birnessite. We compare our results to amorphous precipitate formed from Mn
2+

 

salt (
S
MnOx) under the same conditions, as well as crystalline hexagonal K

+
 birnessite (HexBir). 

Bulk characterization of the catalysts was carried out using powder X-ray diffraction (PXRD) and 
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X-ray photoelectron spectroscopy (XPS) was used to investigate the active surfaces. Additional 

detailed structural analysis was performed on the most active catalyst, 
4
MnOx, using high energy 

synchrotron X-ray diffraction with pair distribution function (PDF) analysis, Raman 

spectroscopy, and high-resolution transmission electron microscopy (HR-TEM). 

2.2 Experimental Details  

All chemical reactants used for this study were purchased from commercial sources and 

used without further purification: acetonitrile (99.998%) from Acros; manganese (II) perchlorate 

hexahydrate ( ≥ 99%), nicotinic acid (99%), and sodium hydrogen carbonate ( ≥ 99.7%) from 

Alfa Aesar; conc. nitric acid from Fisher Scientific; sodium persulfate ( ≥ 98%), tris(2,2’-

bipyridine)dichlororuthenium (II) hexahydrate (99.95%), potassium permanganate (≥ 99%), 

Manganese(II) sulfate monohydrate (≥ 99%) and methanol ( ≥ 99.8%) from Sigma-Alrich. 

2.2.1 Material Synthesis 

Crystalline Mn4(μ3-OMe)4(nic)4 (nic = nicotinate) was obtained using a reported 

method.
108

 Mn(ClO4)2·6H2O (0.25 mmol), nicotinic acid (0.5 mmol), MeOH (3 mL), and MeCN 

(4 mL) were sealed in a teflon-lined bomb reactor and heated from room temperature to 160 °C 

over four hours, maintained at 160 °C for two days, and slow cooled at a rate of 0.1 °C/min to 

room temperature. Large amber prism crystals were collected, washed thoroughly with methanol, 

and air dried (~ 70% yield based on Mn). Hexagonal-type c-ordered K
+
 birnessite was prepared 

from the thermal decomposition of KMnO4 at 800°C according to the literature procedure.
109-110

 

KMnO4 (5 g) was heated at 2 °C/min to 800 °C, maintained at 800 °C for 16 h, and cooled at 1 

°C/min to room temperature to promote crystallization. The product was washed with Milli-Q 

water until the filtrate became clear to remove soluble surface species and air dried at room 

temperature. β-MnO2 (XPS reference material) was prepared as described in our previous work 

according to a modified reported procedure.
71, 111

 An aqueous solution of MnSO4 • H2O (8 mmol) 
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and Na2S2O8 (8 mmol) was heated in a stainless steel reactor with a Teflon liner at 120 °C for 12 

h. The resulting product was centrifuged, decanted and washed with deionized H2O and dried at 

90 °C in air. Mn2O3 impurity and was further purified by adding 1g of initial product to 2 mmol 

of Na2S2O8 dissolved in 25 ml H2O. The slurry was placed in a stainless steel reactor with a 

Teflon liner at 120 °C for 12 h. The resulting material was determined to be homogeneous phase 

with less than 3% impurity by slow scan PXRD. 

Conversion from Mn4-MOF to birnessite-type 
4
MnOx was first noted when Mn4-MOF 

was evaluated for photochemical WOC activity. Following this initial experiment, 
4
MnOx was 

synthesized directly via decomposition of Mn4-MOF. ~ 10 mg of Mn4-MOF was added to a 20 

mL vial containing 10 mL pH 7 bicarbonate buffer solution (0.1 M, adjusted with ~ 4M HNO3) 

with 0.5 mM Ru(bpy)3Cl2·6H2O (photosensitizer) and 20 mM Na2S2O8 (electron scavenger). The 

vial was then illuminated with four white LEDs (see Figure S1 for illumination profile) under 

constant magnetic stirring at room temperature. Within one minute of illumination, a solution 

colour change from orange to brown was observed indicating light-induced conversion. After one 

hour of reaction time, the reaction suspension was centrifuged, washed with DI water to remove 

any surface adsorbed impurities, and left to air dry under ambient lab conditions. Conversion 

from Mn
2+

 salt to birnessite-type 
S
MnOx  was performed in an identical manner as 

4
MnOx, except 

that stoichiometric quantities of the constituents within the MOF were used in its place, with 

nicotinic acid (6.2 mg) substituting for the linker and Mn(ClO4)2 ·6H2O (18.2 mg) acting as the 

Mn source. These reactions were later scaled up directly to obtain enough material to carry out 

additional measurements.  

2.2.2 Photochemical Reactions 

Photochemical water oxidation reactions were conducted in a headspace-free 2 mL quartz 

reaction chamber surrounded by a circulating water jacket maintained at 20 °C. For a typical 

reaction, 1 mL of 250 ppm catalyst suspension in pH 7 NaHCO3 (or 2200 ppm in the case of the 
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high loading experiment) was injected into the photoassay chamber containing 1 mL of buffer, 

1.0 mM Ru(bpy)3Cl2·6H2O (photosensitizer, 0.5 mM concentration after dilution from catalyst 

suspension) and 20 mM Na2S2O8 (electron scavenger, 10 mM total concentration after dilution). 

After establishing a stable baseline for two minutes in both N2 purged and non-purged systems, 

the reactions were illuminated by four white LEDs as described above and dissolved O2 

concentrations were measured with a Clark-type electrode (Hansatek Ltd), which was calibrated 

with both sodium dithionate and N2 purged solutions daily. 

2.2.3 Instrumental Details 

Gas chromatography 

 The long-term stability and catalytic nature of 
4
MnOx was confirmed by gas 

chromatography (GC). Data was recorded using an Agilent 6890N GC, equipped with a 30 m, 

0.53 mm ID, 50 μm Rt-Msieve 5A capillary column and thermal conductivity detector (TCD). In 

a 23 mL crimp-cap septum-sealed glass vial, 150 ppm (1.5 mg) 
4
MnOx was added into 10 mL of 

pH 7 bicarbonate buffer (0.1 M, adjusted with HNO3) containing 0.5 mM Ru(bpy)3Cl2·6H2O and 

20 mM Na2S2O8. While remaining covered with aluminium foil to inhibit the photoreaction, the 

solution was purged with He for 5 mins followed by illumination for 1 hour under magnetic 

stirring at room temperature (monitored by a laser thermometer at ~ 24 ˚C); 10 μL manual 

headspace aliquots were injected into the GC. After each reaction the catalyst was recovered by 

centrifugation, washed with DI water three times and transferred to a fresh aluminium foil 

covered reaction vial using 10 mL of NaHCO3 buffer to prevent loss of catalyst. 

Ru(bpy)3Cl2·6H2O and Na2S2O8 were added to the vial in the same concentration as for the first 

trial and sonicated to aid dissolution. The vial was then purged and illuminated for an additional 

hour. This process was repeated for six cycles. 

Powder X-ray diffraction  
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PXRD patterns were recorded on a Rigaku Ultima IV X-ray diffractometer, using Cu Kα 

radiation (λ = 1.5406 Å). A graphite monochromator was used and the generator power settings 

were set to 40 kV and 44 mA. Data were collected be-tween 2θ of 3-50° with a step size of 0.02° 

and a scan speed of 1.5 deg/min.  

N2 sorption measurements 

BET surface area measurements were made by N2 gas adsorption at 77K on a volumetric 

gas sorption analyzer (Autosorb-1 MP, Quantachrome Instruments). ~ 100 mg of sample was 

prepared by outgassing under vacuum at 120 °C overnight.   

Inductively-coupled plasma optical emission spectroscopy  

 Catalyst leeching was determined by ICP-OES using a SPECTRO ARCOS EOP ICP: 

150 ppm of 
4
MnOx was added to a 23 mL sealed vial containing 0.5 mM Ru(bpy)3Cl2·6H2O and 

20 mM Na2S2O8 in 10 mL of pH  7 bicarbonate buffer. After two hours of illumination the 

catalyst was removed from the solution by centrifugation. The resulting supernatant was collected 

and diluted to 20 mL with DI water. An aliquot of the solution was then acidified with nitric acid 

(2%) and injected into the instrument. 

X-ray photoelectron spectroscopy  

A Thermo K-Alpha XPS was used with charge compensation to measure the surface 

elemental composition of the catalysts. Solid samples were fixed on carbon tape and a beam of 

150 μm diameter was focused on an area covered by the powdered sample. In order to 

deconvolute the Mn 2p3/2 spectra, we followed the precedent set by Nesbitt and Banerjee, which 

are based on free ion calculations reported by Gupta and Sen.
112-113

 Each oxidation state of Mn 

results in a set of five multiplets (15 total); relative peak intensities and differences in binding 

energies (Δ eV) from peak to peak were set as fixed values (the highest energy multiplet of Mn
4+

 

was allowed variable intensity) based on the values used in their study and those calculated by 
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Gupta and Sen. The lowest energy Mn
4+

 multiplet was used as a reference point to set the binding 

energy of the lowest energy Mn
3+

 and Mn
2+

 multiplets at fixed values. The other four higher 

energy multiplets of each group were set at a specific Δ eV from the lowest energy peaks, but 

were allowed a 0.2 eV variance. These same Δ eV values were used for each sample measured. 

The full widths at half max (FWHM) were constrained to a specific value for each sample (30% 

Lorentzian/70% Gaussian), ranging from 1.16 eV to 1.23 eV.  The initial peak position for Mn
4+

 

was determined from our reference sample, β-MnO2, and the O1s spectra peak maxima was used 

to calibrate the Mn
4+

 position for the other samples. Survey scans were also taken for each sample 

and suggest overall MnO2 stoichiometry in each case – the excess oxygen in HexBir AR likely 

arises from incomplete washing and the presence of CO3
2-

, as suggested by the abundance of 

carbon present. 

Synchrotron powder X-ray diffraction and pair distribution function analysis  

High energy X-ray scattering data suitable for PDF analysis was collected on beamline 

11-ID-B at the Advanced Photon Source (APS) at Argonne National Laboratory. Dried samples 

were contained within polyimide capillaries of ~ 1 mm diameter. Monochromatic X-rays (λ = 

0.2128 Å, ~ 58 keV) were combined with a large Perkin-Elmer amorphous silicon-based area 

detector to collect data to high value of momentum transfer (Q). The two dimensional scattering 

images were reduced to one dimensional intensity data as a function of scattering angle within 

fit2D. The PDFs were extracted within PDFgetX2 using data up to Qmax = 23 Å
-1

 and were 

corrected for background scattering, Compton scattering, and oblique incidence. The PDF data 

was fit within PDFgui by a real space structural model corresponding to a monoclinic birnessite 

structure (R ~ 27%; C2/m; a = 4.97 Å, b = 2.84 Å, c = 7.29 Å; β = 98.7˚).
114

 The lattice 

parameters, atomic positions (as constrained by the C2/m symmetry) and atomic displacement 

parameters for the model MnO2 layers were structurally refined using a large value of the atomic 

displacement parameter normal to the layer direction (U33); U33 was constrained to be a factor of 
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20 times larger than U11 = U22. Maximum particle size was constrained to 50 nm. The original 

sub-cell used for refinement has the unit cell parameters, a = 5.175 Å, b = 2.850 Å, c = 7.337 Å, β 

= 103.18˚. 

Raman spectroscopy  

Raman measurements were collected using a Thermo-Fisher Nicolet Almega XR 

Dispersive Raman spectrometer equipped with a 50x objective microscope. A 532 nm solid state 

laser was used for excitation; the output power was reduced to 1% (0.117 mW) and the 

acquisition time varied from 5 to 10 min to avoid sample decomposition or phase transition 

induced by laser heating. The spectra were obtained from 50 to 2000 cm
-1

. For Mn4-MOF, the 

bands at 1595 and 1040 cm
-1

 are due to the ν(C=C)  and β(C-H) vibrations of the ring modes, 

while the 1397 cm
-1

 band is ascribed to the νs(COO
-
) units coordinated to metal ions in MOF 

structure. Ring deformation modes δ6a and δ6b are observed at 848 and 614 cm
-1

, mixed with the 

δ(COO) vibration.
115-116

 

High-resolution field emission transmission electron microscopy 

Particle morphology and lattice images were taken using a JEOL 2010F field emission 

TEM operating at 200 kV. A suspension of 
4
MnOx in water was sonicated and allowed to stand 

for 24+ hours. Aliquots were drawn from the top of the vial, diluted with water, and a single 

droplet was placed onto a carbon coated copper grid and dried under vacuum overnight.  

Thermogravimetric Analysis (TGA) 

The water content of 
4
MnOx and 

S
MnOx was determined using thermogravimetric 

analysis. Measurements were performed using a TA Q5000 Thermogravimetric Analyzer with a 

temperature ramp of 1 °C/min from room temperature to 600 °C under nitrogen gas flow. 

2.2.4 Mn content via XPS and TGA data 



27 
 

 

 

4
MnOx: after XPS deconvolution, the following approximate atomic percentages were 

obtained: 28.7% Mn, 48.1% OMnO
2− , 2.9% Onic

2− , 8.0% OH
-
, 22.9% C, 1.4% N, and 2.1 % Na. The 

1.4% N content was used to determine the contribution of C (8.4%) and O (2.8%) from nicotinic 

acid within the structure. The XPS O1s water contribution was ignored due to the high vacuum 

conditions, and H2Ointerlayer was instead measured using slow ramp (1 C/min) TGA (Figure 2.0). 

The ~ 8 % weight loss up to 100 ˚C is attributed to surface adsorbed water; the approximate 

amount of H2Ointerlayer (weight loss from 100 – 280 ˚C) is ~ 8 %. Notably, there is an additional 

6.6% weight loss at ~ 325 C likely from nicotinic acid (autoignition temperature ~ 365 ˚C) and is 

commensurate with the XPS data (both methods result in ~ 0.05 nic per formula unit. Finally, an 

approximated structural formula for the material based on this data is: Na
+

0.07MnO1.67(OH)0.29 • 

0.42 H2O•0.05 nic (101.86 g/mol). 
S
MnOx: in contrast to 

4
MnOx, no Na

+
 or N was detected by 

XPS, indicating that no nicotinic acid or sodium was present within the material. The XPS survey 

scan results in ~ 24.4% Mn, 53.1% O, and 20.5% carbon, indicating MnO2 stoichiometry (86.94 

g/mol). The TGA data for this sample shows ~ 5% total weight loss up to 300 ˚C, suggesting 

minimal interlayer water content. This is consistent with the lack of any ordered stacking 

observed in the PXRD pattern at 2θ ≈ 12.5 and 25. There is a weight loss (~ 22%) that begins at 

about 280 ˚C, and can possibly be attributed to a phase transformation to a more reduced state 

coupled with the release of oxygen. HexBir: the structural formula was adopted from previous 

studies: K
+

0.231Mn
3+

0.077(Mn
4+

0.885 □ 0.115)O2 • 0.60 H2O (104.68 g/mol).
110
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Figure 2.0. TGA curve for 
4
MnOx (top) and 

S
MnOx (bottom). 
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2.3 Results and Discussion 

 

Figure 2.1 Conceptual drawing of the conversion of Mn4(μ3-OMe)4(nic)4 to 
4
MnOx with 

subsequent catalytic water oxidation. 

For facile characterization of active Mn-oxides generated in-situ during water oxidation, 

we developed a precursor method employing photocatalytic conditions to convert an Mn
2+

 cube 

bearing MOF, Mn4(μ3-OMe)4(nic)4 (Mn4-MOF, nic = nicotinate), to an active MnOx material 

(Figure 2.1).
108

 Amber crystals of as-synthesized Mn4-MOF were obtained using the reported 

synthesis method (Figure 2.2a and 2.2c) and phase purity was confirmed via PXRD (Figure 2.3a, 

green trace). The as-made crystals were ground and added to a visible-light driven water 

oxidation assay using [Ru(bpy)3]
2+

 photosensitizer and Na2S2O8 sacrificial oxidant in pH 7 

NaHCO3 buffer. O2 evolution was monitored using a Clark-type electrode and four white LEDs 

as the light source (see Figure 2.4 for luminescence profile). Upon illumination, the system 

gradually changed colour from orange to brown and subsequently began generating a significant 

amount of O2 after an initial lag period of ~ 1 minute (Figure 2.5a, green trace). The catalyst was 

recovered by centrifugation, which had changed from amber crystals into black powder termed 

4
MnOx (Figure 2.2b and 2.2d). When the experiment was repeated with 

4
MnOx, the same rate of 

oxygen evolution was measured, except without a significant lag period (Figure 2.5a, black 

trace). We ascribe the difference in catalytic onset time to the time for conversion of Mn4-MOF to 

4
MnOx. Based on these initial results, a scale-up procedure was devised to convert Mn4-MOF into 
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Figure 2.2. (a) Microscope image of as-synthesized Mn4-MOF (inset shows bulk synthesis 

product, scale = 1.0 mm); (b) zoom out HR-TEM image of catalyst 
4
MnOx; (c) structure-plot of 

Mn4-MOF (green polyhedrons represent cube-shaped SBU); (d) generic conceptual drawing of 

layered MnO2 (triclinic-type) with disordered interlayer. 

the catalyst particles for further study (see experimental section for details). Initial PXRD analysis 

revealed that the Mn4- MOF is oxidized to a manganese oxide, characterized by the presence of 

low intensity broad peaks, indicative of semi-crystallinity and small particle size (Figure 2.3a, 

black trace). The peaks can be roughly indexed to those of birnessite-type MnO2, and look 

reminiscent of turbostratic-type patterns.
93

 The peak positions at ~ 2θ = 12.5 and 25 correlate 

well to the 00l reflections (001 and 002 using a single layer model), while the main peak at 37 

can be indexed to 100 layer reflections. The BET surface area of the catalyst was measured to be 

216 m
2
/g, which is among the highest reported values for these types of materials and likely 

contributes to its high performance. When reevaluated in the photoassay using 125 ppm 

concentration (Figure 2.3b, black trace), an approximate initial O2 evolution rate of ~ 0.84 mmol  
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Figure 2.3. (a) Simulated and measured PXRD patterns for Mn4-MOF (green), 
4
MnOx (black), 

S
MnOx (blue), and HexBir (purple). (b) Dissolved oxygen concentration measured by Clark-type 

electrode at 20 ˚C using 125 ppm catalyst concentration in 2 mL bicarbonate buffer (pH 7) with 

0.5 mM Ru(bpy)3Cl2·6H2O and 10 mM Na2S2O8. Illumination begins at time t ≈ 25 s.      

(b) 

(a) 
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Figure 2.4. Emission profile for the WLED lamps. 

O2  mol Mn
-1

 sec
-1 

was calculated based on the slope of the linear region from 30 - 60 (see 2.2.4 

for Mn content approximation).We also confirmed the photocatalytic nature of O2 production by 

performing intermittent 30 sec exposures to the light source. In the absence of light the O2 curve 

leveled off, which was recovered by turning the lights back on again (Figure 2.3b, dashed trace). 

In the absence of [Ru(bpy)3]
2+

/S2O8
2-

, little to no oxygen was generated (Figure 2b, dotted trace). 

Further experiments were performed in the absence of catalyst. The system was nitrogen purged 

and the Clark electrode showed minimal O2 production (Figure 2.5b, orange trace). Our previous 

work has shown that in the absence of catalyst in unpurged [Ru(bpy)3]
2+

/S2O8
2-

 systems, an O2 

consumption trace results that is ascribed to oxidation of [Ru(bpy)3]
3+

.
117

 However, the presence 

of an active catalyst helps to inhibit the decomposition of the photosensitizer, as previously 

described by Hill and coworkers.
118

 To confirm these findings, reactions for 
4
MnOx were 

performed in both purged and unpurged solutions (Figure 2.5b). Similar results were obtained for 

both measurements, confirming that oxygen consumption via [Ru(bpy)3]
3+

 oxidation is negligible 

in the presence of an active species. 
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Figure 2.5. Dissolved oxygen concentration measured by Clark-type electrode at 20 ˚C in 2 mL 

pH 7 bicarbonate buffer. (a) 100 ppm of Mn4-MOF (green) and 50 ppm of 4MnOx (black). (b) ~ 

100 ppm of 4MnOx in purged (black) and unpurged (red) solution. (c) 1100 ppm of HexBir 

(purple). 

(a) 

(b) 

(c) 
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 The long term stability and catalytic nature of 
4
MnOx was confirmed by performing six 

sequential one hour long reactions monitored by gas chromatography (GC) using 150 ppm of 

catalyst, which was recovered and reused for each trial (see experimental section for details). It is 

known that this system is not suitable for determining long term catalytic performance due to 

sacrificial reagent degradation, however we employed this method to confirm that the catalyst 

does not deactivate under these conditions. Virtually the same amount of O2 was produced in 

each trial (1st = 0.0060 mmol, 6th = 0.0058 mmol), with the total amount of oxygen (~ 0.072 

mmol) exceeding the amount of oxygen present in 
4
MnOx (~ 0.029 mmol). The approximate 

TON over these six trials is 2448 mmol O2 mol Mn
-1

. Inductively-coupled plasma with optical 

emission spectrometry (ICP-OES) conducted on the supernatant solution after the first and last 

reactions show negligible Mn leeching (<0.01 ppm and <0.02 ppm, respectively). The deviation 

between the O2 yield predicted by the initial rate of the Clark data and the yield measured by GC 

can be attributed to degradation/consumption of the sacrificial reagents during the hour long 

reactions.  

 We also studied the precursor role of the Mn4-MOF as compared to Mn
2+

 salt; under the 

same conditions used to generate 
4
MnOx (see experimental section), the salt also resulted in an 

active Mn-oxide (
S
MnOx). In contrast to 

4
MnOx, the PXRD pattern shows only a single broad 

peak at ~2θ = 37 (Figure 2.3a, blue trace) and lacks the low angle peaks associated with ordered 

stacking in birnessites. Additionally, 
S
MnOx results in a lower level of catalytic activity when 

evaluated in the photoassay; an approximate initial O2 evolution rate of ~ 0.15 mmol O2 mol Mn
-1

 

sec
-1

 (Figure 2.3b, blue trace) was calculated assuming MnO2 stoichiometry (see 2.2.4). The BET 

surface area for 
S
MnOx was measured to be 80 m

2
/g. When comparing catalytic performance 

relative to surface area, 
4
MnOx still results in a higher level of activity (0.038 μmol O2/m

2 
vs. 

0.021 μmol O2/m
2
). Hence, the crystalline MOF serves as a valuable precursor for the synthesis 
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of high-surface area, partially ordered Mn oxides with high catalytic activity for photocatalytic 

OER.  

2.3.1 Models for Performance of 
4
MnOx 

We compared oxygen evolution to a well characterized model hexagonal-type K
+
 

birnessite (HexBir). There is significant difficultly in structurally characterizing birnessites 

unambiguously due to vast structural diversity, small particle sizes, and semicrystallinity.
88

 The 

HexBir used for this study is a rare case of an extremely well-studied and characterized 

polymorph via synchrotron microdiffraction and XANES analysis.
110

 Lanson et al. report the 

structural formula of this material to be K
+

0.231Mn
3+

0.077(Mn
4+

0.885 □ 0.115)O2 • 0.60 H2O,  where □ 

represents lattice vacancies. This phase was obtained using the reported synthesis method and 

confirmed by PXRD (Figure 2.3a, purple trace); the BET surface area was measured to be 5 

m
2
/g.

109, 119
 When evaluated as an OER catalyst in the nitrogen purged photoassay using the same 

mass loading as 
4
MnOx and 

S
MnOx (125 ppm), very little oxygen was produced (Figure 2.3b, 

purple trace). However, the O2 level above the catalyst-free run prompted us to increase catalyst 

loading to probe if the low activity was due to HexBir’s very low surface area, which could limit 

the availability of reactive sites. When using 1100 ppm of catalyst, O2 evolution was observed 

after short lag time (Figure 2.5c), with an initial rate corresponding to ~ 0.08 mmol O2  mol Mn
-1

 

sec
-1

. While this rate is much lower than either 
4
MnOx or 

S
MnOx on a per Mn basis, normalizing 

to surface area results in a much higher apparent level of activity (0.15 μmol O2/m
2
), suggesting 

the importance of high surface area for layered Mn-oxides in the [Ru(bpy)3]
2+

/S2O8
2- 

driven 

systems. 

To probe the fate of the bulk structure during the reactions, PXRD measurements were 

made after 1 hour of reaction time (HexBir AR, Figure 2.3a). Using the two-layer model 

proposed by Lanson et al., the peak positions of HexBir at ~ 2θ = 12.5 and 25 correlate to 002 

and 004 reflections arising from layer stacking along the crystallographic c-axis, representing 
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distances of ~ 7.12 and 3.56 Å, respectively (Figure 2.3a, purple trace).
110

 For HexBir AR, both 

of these peaks shift to lower angles relative to the higher angle peaks (2-D in plane layer 

reflections), suggesting that the layer-to-layer spacing increases. Additionally, the peak intensities 

relative to the higher angle peaks are reduced, suggesting diminished stacking order and may 

correspond to the exchange of K
+
 for Na

+
 and H

+
 as charge balancing species, as indicated by 

XPS measurements (Table 2.2). We note the interlayer spacing (~ 5 Å) is not large enough allow 

entry of [Ru(bpy)3]
2+ 

oxidant molecules (~ 10.2 Å), thereby limiting any activation to the surface 

and leaving the bulk phase unaffected. 

2.3.2 XPS Surface Investigation 

XPS spectra of the catalysts were measured after the OER and the Mn 2p3/2 core levels were 

analyzed using a strict set of protocols to estimate the oxidation state of Mn at the active surface 

regions. Following the precedent set by Nesbitt and Banerjee, and based on the multiplet structure 

calculation by Gupta and Sen, the Mn 2p3/2 core levels were deconvoluted into five multiplets for 

each oxidation state of Mn according to the method described in the experimental section.
112-113

 A 

set of exact parameters used can be found in Table 2.1. It needs to be noted that the values 

obtained using this method are best described as close estimates, however using the same strict 

parameters for each sample allows for relative comparisons and observation of trends. Rarely are 

Mn 2p3/2 spectra for birnessite catalysts analyzed in detail, and none that we are aware of have 

attempted to deconvolute the region into their multiplet and satellite peaks. 

The overall fit for Mn
4+

 is characterized by a peak maximum near 641.9 eV with a 

shoulder peak on the high energy side at about 642.5 eV, and is readily apparent from the 

deconvoluted β-MnO2 reference spectra (Figure 2.6). This general shape dominated all spectra 

except 
S
MnOx, which also has a pronounced shoulder on the low energy side (641 - 642 eV). The 

main contribution to the Mn 2p3/2 spectrum of 
4
MnOx (Figure 2.7a) is Mn

4+
, while Mn

3+
 and Mn

2+ 

are in lower quantities, resulting in an average surface oxidation state of ~ 3.5. As Mn
2+ 

has 



37 
 

 

 

 

Figure 2.6. β-MnO2 Mn 2p3/2 spectra 

Table 2.1. Multiplet Fitting Parameters for Mn 2p3/2 Spectra 

 

Gupta-Sen 

Free Ion 

Calculation
113

 

Nesbitt-

Banerjee 

Birnessite 

Thin 

Film
113

 β-MnO2 
4
MnOx 

S
MnOx HexBir HexBir AR Peak Intensity  

FWHM (eV): 1* 0.87 1.16 1.16 1.23 1.16 1.16 (% of lowest 

energy multiplet 

per oxidation state) Multiplet Binding Energies (eV) 

Mn4+ 641.90 641.90 641.74 641.78 642.40 642.35 642.00 100 

Mn4+ 642.90 642.92 642.76 642.80 643.38 643.28 643.03 66.7 

Mn4+ 643.80 643.75 643.78 643.69 644.45 644.15 643.97 33.3 

Mn4+ 644.80 644.78 644.81 644.60 645.48 645.11 645.08 13.5 

Mn4+ 646.80 645.80 645.94 645.56 646.41 646.17 646.10 satellite 

Mn3+ 640.70 640.65 640.48 640.52 641.14 641.09 640.74 100 

Mn3+ 641.40 641.35 641.35 641.41 641.64 641.72 641.49 100 

Mn3+ 642.30 642.16 642.12 642.19 642.64 642.40 642.39 135 

Mn3+ 643.10 643.18 643.18 643.21 643.83 643.62 643.47 70 

Mn3+ 644.90 644.55 644.58 644.44 645.09 644.92 644.67 30 

Mn2+ 640.00 639.75 639.58 639.62 640.24 640.19 639.87 100 

Mn2+ 641.30 640.95 640.66 640.91 641.24 641.34 640.90 75 

Mn2+ 642.40 641.75 641.61 641.72 642.04 642.03 641.90 50 

Mn2+ 643.10 642.65 642.43 642.33 643.34 643.29 642.75 25 

Mn2+ 647.60 644.15 647.13 646.92 647.56 647.77 647.29 15 
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Figure 2.7. Mn 2p3/2 XPS spectra. (a) Deconvoluted spectra for 
4
MnOx (top left), 

S
MnOx (top 

right), HexBir (bottom left), and HexBir AR (bottom right). Traces: experimental data (boxes), 

overall fit (black), Mn
4+

 (purple), Mn
3+

 (pink), Mn
2+

 (green), residual (grey dash below spectra). 

(b) Intensity and binding energy normalized Mn 2p3/2 spectral data overlay (experimental). β-

MnO2 (reference sample, red), 
4
MnOx (black), 

S
MnOx (blue), HexBir (purple), and HexBir AR 

(purple dashed). 

(b) 

(a) 
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Figure 2.8. XPS survey scans. 

 

Table 2.2. XPS Survey Scan Atomic Percentages 

 

 

 

 

 

 

XPS survey scan atomic percentages 

 β-MnO2 

(not shown) 

4
MnOx 

S
MnOx HexBir HexBir 

AR 

Mn2p  21.32 21.14 26.39 20.47 16.35 

O1s  56.31 46.80 53.07 49.75 43.65 

K2p  - - - 9.58 0.87 

C1s 14.87 27.96 - 20.2 32.47 

Na1s 2.17 1.82 20.54 - 3.99 

N1s - 2.29 - - 2.67 

S2p 5.33 - - - - 

4
MnOx 

S
MnOx 

HexBir HexBir AR 
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~ 45 % larger atomic radii than Mn
4+

, it is unlikely that it resides within the octahedral sheets, but 

rather exists as a charge balancing species on the surface or in the interlayer. Mn
3+

 has been found 

to exist within the layer as well as occupying vacant Mn
4+

 sites, which may contribute to layer 

disorder and possibly promotes layer flexibility (atomic radii: Mn
2+

 = 0.972 Å, Mn
3+

 = 0.785 Å, 

Mn
4+

 = 0.670 Å).
113

 The presence of Na
+
 (~ 2 %) was also detected by our survey scan, and is 

likely acting as a charge balancing species. In contrast, the Mn 2p3/2 spectrum for 
S
MnOx  (Figure 

2.7a) shows a lower surface oxidation state (~ 3.3) and the main contributor to spectrum is Mn
3+

, 

which can be viewed as an increase in the low energy shoulder at ~ 641.5 eV. The lack of any 

ordered stacking apparent from the low angle region of the PXRD pattern for this sample 

suggests a mainly amorphous oxide material, which may be comprised of 2- D sheets. The lack of 

any Na
+
 signal from our survey scan may suggest the importance of an interlayer region for the 

presence of charge balancing group 1 cations.
99, 120-121 

Mn 2p3/2 Spectra for HexBir and HexBir AR show minimal change between the two 

samples (Figure 2.7a). In both cases, features from Mn
4+

 dominate the spectra and show an 

estimated surface oxidation state of ~ 3.5. There appears to be a very slight increase in Mn
3+

 

relative to Mn
4+

 in the HexBir AR sample, which can be observed as a slight decrease in the 

shape of the high energy shoulder at ~ 643 eV and an increase in the low energy shoulder 

between ~ 641 eV. The observed increase in surface Mn
3+

, although subtle, may suggest a 

pathway for activation via photoreduction and subsequent ejection of an Mnlayer
4+  atom to an Mn

3+
 

occupying the newly formed vacancy as very recently described by Peña et al 
122

, or surface 

disproportionation/comproportionation equilibria. Survey scans of both samples suggest an 

exchange of K
+
 during the reaction for Na

+
 and H

+
 to maintain charge neutrality (Table 2.2). This 

is not surprising considering reaction conditions (0.1 M NaHCO3) and the tendency of these 

materials to undergo cation exchange.
88
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To compare the spectra directly, the Mn 2p3/2 regions were normalized and overlaid 

(Figure 2.7b). From this figure, the surface Mn oxidation state similarity between 
4
MnOx and 

HexBir is apparent. The main difference lies in the shapes of the spectra; 
4
MnOx has a better 

defined high energy shoulder (~ 642.5 - 643 eV) and a slightly narrower profile, however the 

differences are minimal and better expressed with deconvolution of the original spectra. We were 

surprised to find that any surface Mn
2+

 persists through the oxidizing conditions and might 

question the validity of this assumption if not for the comparison to the β-MnO2 reference, which 

shows minimal Mn
2+

 contribution (~ 3%). We note that catalytic activity does not appear to scale 

with total surface Mn
3+

 content, as suggested by the performance of 
S
MnOx. 

Table 2.3. Estimated relative abundances of Mn oxidation states on catalyst surfaces from XPS 

measurements. 

 

 

 

 

 

 

 

2.3.3 
4
MnOx Structural Characterization 

Bulk structural analysis of the most active catalyst, 
4
MnOx, was performed to better 

understand the nature of the material. High energy PXRD with PDF analysis has emerged as a 

powerful total scattering technique for collecting detailed local and long range structural 

information for poorly crystalline or nanoscale materials.
123-127

 The PDF, G(r), reports all atom-

atom distances in a sample as a weighted histogram, with peaks observed at r-values 

Sample Mn
4+

 (%) Mn
3+

 (%) Mn
2+

 (%) FWHM (eV) 

β-MnO2 73 24 3 1.16 

4
MnOx 63 27 9 1.20 

S
MnOx 42 45 13 1.25 

HexBir 57 35 8 1.19 

HexBir AR 54 37 9 1.25 
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corresponding to well-defined bond lengths and atom distances within the material. This method, 

as noted in previous work, provides similar information as EXAFS except covers the full range of 

atom-atom distances and is free of Debye-Waller effects (peak broadening at longer distances), 

resulting in more reliable distances past the first coordination shell and higher resolution. PDF 

has proven valuable in elucidating minor structural features in cobalt oxide WOCs.
128

 

Although broad, the most intense peaks in the high-energy diffraction data for 
4
MnOx 

correspond to the principal diffraction features for birnessite-type MnO2 (Figure 2.9). The 

corresponding PDF data (Figure 2.10, black line) was fit within PDFgui by a real space structural 

model corresponding to a refined monoclinic birnessite structure (R ~ 27%; C2/m; a = 4.97 Å, b 

= 2.84 Å, c = 7.29 Å; β =98.7) (Figure 2.10, red line).
114

 There was no evidence of other semi-

crystalline manganese oxide phases, even as a minor component. Atom-atom correlations within 

individual layers of edge-sharing MnO6 octahedra were well-defined and dominated the PDF 

data, however correlations between atoms in different layers or interstitial species were not clear, 

suggesting a large distribution/disorder in the interlayer structure. Bond lengths were determined 

by fitting Gaussian functions to peaks in the PDF within Fityk (nonlinear curve fitting and data 

analysis software).
129

 

The average Mn-O bond length for 
4
MnOx was determined to be 1.912 Å, but a small 

shoulder peak is observed at ~ 2.15 Å, possibly arising from Jahn-Teller elongated axial Mn(III)- 

O bonds present in Mn(III)O6 octahedra.
91

 The most intense peak at 2.868 Å corresponds to di-μ-

oxido bridging between Mn atoms and is common for birnessites. The other bond lengths 

illustrated in Figure 2.10 occurring at 3.455, 4.461, 4.943, 5.682, and 6.046 Å are commensurate 

with common intralayer distances. Notably, 
4
MnOx shows the most significant intensity misfit at 

~ 3.5 Å, which can be assigned to triple corner sharing Mninterlayer
3+   (Figure 2.11) located above or 

below layer vacancies. The model used to fit the data was refined from a monoclinic-type 

birnessite structure, characterized by rows of Mnlayer
3+ , minimal lattice vacancies, and thus a 
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Figure 2.9. Synchrotron PXRD pattern for 
4
MnOx. 

 

Figure 2.10. Comparison of the experimental G(r) obtained for 
4
MnOx (black) with the calculated 

G(r) for the refined birnessite structure model (red). Illustrations correlate distances obtained by 

the PDF study with distances found within a single birnessite layer. Inset shows PDF data 

expanded to 20 Å and the dashed line shows the residual pattern. 
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Figure 2.11.  Idealized conceptual drawing of 4MnOx along the crystallographic c-axis (a) and b-

axis (b). Interlayer/surface Mn3+ species over vacant sites are represented as the triply bonded 

species Mn atoms in (a) and as the Mn octahedra out of the layer plane in (b).  

 

 Figure 2.12. Comparison of PDF bond parameters resulting from current study to those of Zhu et 

al.
130

 (a) Mn-O bond length; (b) Mn-Mn distance (u3-O bridged); (c) ratio of Mn-Mn:Mn-O 

distance; (d) ratios of Mn-O:Mn-Mn peak intensities and peak widths. 
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minimal Mninterlayer
3+  contribution, which helps to explain the misfit at this distance. The caption 

image in Figure 2.10 shows the shows atomic distances expanded to 20 Å, and matches well with 

the refined model. Both the average Mn-O bond length and the Mn-Mn distance are similar to 

those reported by Lanson et al. for the HexBir sample used in this study (1.914 and 2.84 Å, 

respectively).
110

 They also show that the average Mninterlayer
3+ -Mnlayer

4+  interatomic distance is ~ 

3.540 Å, which correlates with the increased peak intensity in our PDF data at this value. 

Our results can be compared to those of Dau, Kurz and coworkers, who studied the bond 

lengths of a number of synthetic birnessite catalysts using EXAFS.
67, 69

 Compared to their work, 

the current system shows a slightly longer average Mn-O bond length (1.912 vs 1.89 Å) and a 

similar Mn-Mn distance (2.868 vs 2.88 Å). They attribute bonding features occuring at about 3.3 

Å to the presence of cubane-like motifs arising from triple-corning sharing interlayer cations, 

such as Sr
2+

 and Ca
2+

, which act as charge balancing species for Mnlayer
3+ . This particular feature 

was discussed in terms of possible catalytic reaction sites, owing to structural similarity to the 

naturally occuring OEC.
69

 In contrast, 
4
MnOx has a very minor charge balancing contribution 

from Na
+ 

(~ 0.07 per MnO2), and instead Mninterlayer
3+  acts to balance Mnlayer

4+ vacancies. As also 

suggested by Suib and coworkers, we speculate that this feature may be contributing to the 

observed catalytic activity through coordinatively unsaturated oxygen atoms which can assist in 

proton coupled electron transfer (PCET) through intermediate μ-OH units.
68

 Additionally, HexBir 

structural studies by Lanson et al. show that Mninterlayer
3+  coordinate as many as 0.24 of the 0.60 

structural water molecules, suggesting that these sites may have an additional role to play in 

binding water molecules during catalysis (see Figure 2.11). 

We compared the PDF data with those of Sparks and coworkers, who performed similar 

analysis on a variety of birnessites (Figure 2.12).
130

 
4
MnOx shows a similar ratio of Mn-O to Mn-

Mn peak intensities and widths (reflects vacancy concentration) to ‘hexagonal birnessite‘ (also 
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notated as HexBir in Figure 2.12, not to be confused with the HexBir used in our study), 

indicating a high fraction of lattice vacancies. In contrast, 
4
MnOx has a longer Mn-O bond length 

than any of their studied birnessites. For example, their hexagonal birnessite was reported to have 

an average Mn-O bond length of only 1.893 Å, which is significantly shorter than 
4
MnOx and the 

reported distance for HexBir by Lanson et al.
110

 Instead,  our average Mn-O bond distance is 

more akin to their triclinic  (TrBir, 1.904 Å) or manganite  (γ-MnOOH, 1.917 Å) distances. This 

is possibly due to differences in sample preparation methods, as birnessites are known for their 

vast structural diversity arising from even minor differences in synthetic conditions. 

Additional structural studies were carried out using Raman spectroscopy. Raman has 

been noted as an excellent technique to study the structure of amorphous materials due to its 

sensitivity to short range order.
131-132

 Spectra were collected for the parent MOF structure, 
4
MnOx, 

and a birnessite formed under alkaline conditions whose Mn
3+

 content is mostly limited to the 

layer and that we have characterized previously (δ-MnO2, Figure 2.13).
71, 133

 Both 
4
MnOx and δ-

MnO2 show features common to birnessite-type MnO2.
131

 The three main features are the weaker 

peak at ~ 475-510 cm
-1

 and two stronger peaks at ~550-570 and 620-650 cm
-1

. The band at 650 

cm
-1 

is the most notable; it is assigned to the symmetric stretching mode ν2(Mn-O) perpendicular 

to the chains of MnO6 octahedra. The peak at ~ 575 cm
-1 

is assigned to the ν3(Mn-O) stretching in 

the basal plane and is similar for both 
4
MnOx and δ-MnO2. Compared to the spectrum of δ-MnO2, 

the ν2(Mn-O) mode in 
4
MnOx shifts to a higher wave number and intensity relative to the peak at 

575 cm
-1

, which can be viewed as reflecting lattice vacancy concentration and layer-layer 

interactions. Chen et al. showed that as Na-birnessite interlayer sodium atoms were replaced by 

water, the ν2 mode shifted to a higher wavenumber and became more intense relative to the ν3 

mode, which is consistent with our results.
132

 These results are also consistent with those of 

Pereira-Ramos et al., who demonstrate similar findings when comparing Li-Bir (similar to δ-

MnO2, ordered interlayer) to SG-Bir (HexBir-like).
131

 We assign the weak double peak at the 
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Figure 2.13.  Raman spectra of Mn4-MOF (green), 
4
MnOx (black), and δ-MnO2 (purple). 

lower wave numbers (480, 508 cm
-1

) to interlayer ordering and guest identity/binding modes; as 

interlayer species changes, the distinctive features of this region change in response. Pereira-

Ramos et al. show very distinctive separated sharp peaks when Li
+
 is the guest, as opposed to our 

double peak in the case of Mn
3+

 or Na
+
, the double peak is lost and instead a largely featureless 

single peak is obtained.  

Finally, the morphology and lattice disorder of 
4
MnOx was studied using HR-TEM. The 

zoom-out images in Figure 2.2b depict pebble/flake-like morphology ranging from ~ 30 - 100 nm 

in size. Each flake is comprised of multiple layers/sheets (Figure 2.14a). The lattice images 

(Figures 2.14b and 2.14c) depict a highly disordered and flexible layer structure; a SAED 

(selected area electron diffraction) pattern was unobtainable due to the level of disorder. The inset 

image in Figure 2.14b shows MnO6 octahdra lattice fringes, which were measured to be ~ 2.8 Å 

and is commensurate with our PDF data. There appears to be regular disruption of the fringes, 
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Figure 2.14. HR-TEM images of 
4
MnOx. (a) 50 nm scale showing layered flake-like morphology; 

(b) 5 nm scale showing disordered basal plane, the inset is a magnification of the indicated region 

showing ~ 2.8 Å lattice fringes; (c) 10 nm scale showing lattice fringe curvature. 

resulting in the disordered appearance of the layer and is a likely cause for the deviation from the 

typical crisscross pattern expected for crystalline birnessite.
114

 These features may be a combined 

result of random locations of both Mnlayer
3+  atoms and Mnlayer

4+  vacancies. Lattice fringe curvature is 

observed in Figure 2.14c, as there appears to be entire semi-ordered regions that curve/flex 

throughout the edge region of the flake. We speculate that these may correspond to flexible 

regions dominated by Mnlayer
3+ , where the columns form to minimize lattice strain caused by Jahn-

Teller distortion. 

2.3.4 
4
MnOx Formation 

Oxidation of Mn
2+ 

in solution has been previously studied by Hem and Lind, whereby 

various manganese oxides were precipitated via bubbling air through dilute (0.01 M) solutions of 

MnXy (X = Cl
-
, NO3

-
, SO4

2-
, or ClO4

-
).

134
 They found that depending upon the pH, temperature, 

and counter-ion, that metastable forms of Mn
3+

 species could be expected. In turn, 

Mn
3+

 disproportionates into MnO2 and Mn
2+

, but pH and ligand environment can control the 

extent of this disproportionation. For instance, oxidation of Mn
2+

 is known to proceed fully to 

MnO2 at alkaline pH and in the presence of weak field ligands (e.g., NO3
-
, Cl

-
). On the other 
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hand, strong field ligands have been observed to stabilize Mn
3+

 in other systems, and both 

pyrophosphate and sulfate anions have been observed to favor the formation of MnOOH.
135-137

 

We suspect this complex equilibrium accounts for the variety of Mn oxidation states observed by 

XPS, and the high degree of disorder found across both of the in-situ generated materials. 

2.4 Conclusion 

 Catalytically active MnOx species were found to form under commonly used 

photocatalytic water oxidation conditions for the first time. Using an Mn4-MOF precursor results 

in the most active material studied in this work, 
4
MnOx. Detailed structural analysis suggests that 

4
MnOx is similar to hexagonal birnessite-type MnO2, and can be characterized by the presence of 

Mnlayer
3+ , Mninterlayer

3+  species, as well as and Mnlayer
4+  vacancies, giving rise to layer disorder and 

possible flexibility. There are multiple reports of OER activity on MnOx materials prepared using 

a variety of methods and comparing the activity of these various materials to one another is 

difficult due to variations in reaction conditions and methods. With that said, 
4
MnOx is on the 

high end of the performance range typically reported for MnOx catalysts evaluated in the 

[Ru(bpy)3]
2+

/S2O8
2-

/visible light driven systems,
94

 which may be partially attributed to its very 

high surface area (216 m
2
/g). In contrast, the 

S
MnOx catalyst formed from Mn

2+
 salt shows a 

lower average surface oxidation state, lower surface area (80 m
2
/g), apparent lack of ordered 

stacking, and a lower level of activity, even when surface area normalized. Both materials show 

significantly higher levels of activity than crystalline hexagonal K
+
 birnessite when employed in 

the same photoassay.  

The surface Mn oxidation states of the MnOx catalysts were studied using XPS and 

compared to those of hexagonal-type birnessite before and after reaction. All species showed 

enriched Mn
3+ 

and Mn
2+

 content near the surface that be possibly attributed to surface 

comproportionation/ disproportionation equilibria of MnOOH species. PDF analysis results in 
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highly resolved 
4
MnOx bond distances and indicates the presence of Mninterlayer

3+  occupying layer 

vacancies, highlighting this technique as an alternative to EXAFS for studying semi-crystalline 

materials. The description of 
4
MnOx as hexagonal-birnessite like was further confirmed through 

the use of Raman spectroscopy, and disordered flexible layers were illustrated via HR-TEM. This 

work supports our previous finding that proposes catalysis is promoted by structural flexibility 

and Mn
3+

 content. Finally our study suggests that many Mn
2+

 species have potential form similar 

active MnOx materials under photocatalytic water splitting conditions, and that rigorous post 

catalytic analysis is necessary to confirm the active species. 

2.5 Collaborative Follow-Up Study on Manganite as a Water-Oxidation Catalyst 
138

 

[ACS Catal., 2016, 6 (3), pp 2089–2099] 

The following is a brief summary of collaborative work resulting in publication in ACS Catalysis, 

first authored by Paul Smith of the Dismukes research group at Rutgers University; the 

dissertation author was second author on the publication. The dissertation author’s contribution 

was the original concept, PXRD measurements, XPS deconvolution, and structural illustrations. 

The following is a brief summary of the motivation for the work and a summary of results. 

Besides electrochemical data, all included illustrations are the original work of the dissertation 

author. 

Based on the structural evaluation of 
4
MnOx, our findings support the idea that the origin 

of activity in layered Mn-oxides is triple corner sharing Mninterlayer
3+   atoms residing in layer 

superfacial positions located over Mnlayer
4+  lattice vacancies, originally proposed by Dau and 

coworkers. Additionally, it is well documented that equilibrium exists between MnO2 and 

MnOOH via equation 2.2. It may not then be coincidence that the triple-corner sharing tunnel  

2Mn
3+

OOH + 2H
+
  ↔ Mn

4+
O + Mn

2+
 + 2H2O  (2.2) 
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structure of γ-MnOOH shares similar structural features arising from the Mninterlayer
3+  atoms in 

layered MnO2 (Figure 2.14). In fact, when we originally performed XPS measurements on 

4
MnOx, the survey scan appeared very similar to that of manganite. We hypothesized that if the 

triple-corner sharing Mninterlayer
3+  species was largely contributing to the apparent activity of the 

disordered biressite materials, the it was quite possible that manganite, which had yet to be 

reported as a WOC, would also show activity due to having nearly identical coordination  

 

Figure 2.15. Structural illustration of the equilibrium between δ-MnO2 and γ-MnOOH. 

environment.  

Both photochemical and electrochemical water oxidation experiments were performed on 

freshly prepared samples of γ-MnOOH. The results demonstrate that manganite does indeed have 

activity, and in fact has the second lowest overpotential for water oxidation of all reported 

manganese oxides (bixbyite, Mn2O3 is the lowest). The overpotential at 10 mA/cm
2
 was 530 mV 

in 1 M NaOH at pH 14, and 680 mV in phosphate buffer at pH 7. Mn
3+

 was confirmed as the 
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active phase by comparing electrocatalytic performance to pyrolusite (β-MnO2), which shares a 

similar tunnel structure to γ-MnOOH but is composed entirely of Mn
4+ 

(Figures 2.16 and 2.17). 

Under both neutral and basic conditions β-MnO2 fails to show any significant catalytic response. 

Additionally, no preoxidation wave was observed in the CVs of fresh samples of manganite, 

confirming Mn
3+

 as the active oxidation state. However, the material deactivates during bulk 

electrolysis after 4 e
-
/Mn of charge have passed. PXRD measurements of the catalyst after 

electrolysis show loss of characteristic peaks, indicating severe structural degradation, which was 

confirmed by HR-TEM. Furthermore, XPS measurements with Mn2p3/2 peak deconvolution post 

electrolysis indicate significant formation of Mn
4+

, which has proven to be largely 

electrochemically inactive (Figure 2.18). Despite this deactivation, these findings strongly 

support that Mninterlayer
3+  are the active sites of 

4
MnOx.  

 

Figure 2.16. “Cyclic voltammograms (10 mV/s, iR corrected) for the 1 × 1 tunnel manganese 

oxides of Figure 1 in 1 M NaOH or 1 M phosphate buffer, with loading 0.5 mg/cm
2
. Conditions: 5 

mm glassy-carbon working electrode, Ti counter electrode, reference electrodes Hg/HgO (pH 14, 

Eref = +0.100 V vs NHE) and Ag/AgCl (pH 7). The silver reference electrode was externally 
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calibrated vs SCE (Eref = +0.240 V vs NHE). Overpotentials are corrected for the pH 

dependence of water oxidation and given relative to each reference electrode using the 

expression (measured potential) − (1.23 V −(0.059 × pH) − Eref). The current is normalized to 

the geometric electrode area.” 
138

  

 

Figure 2.17. Crystal structure illustrations of various tested phases of manganese-oxide. 
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Figure 2.18. “Mn 2p3/2 region of XPS spectra comparing γ-MnOOH (A), β-MnO2 (C), and 

electrochemically oxidized γ-MnOOH (B). These spectra are deconvoluted into contributions 

from Mn
4+

 (purple), Mn
3+

 (green), and Mn
2+

 (red) via the method of Nesbitt and Banerjee as 

described previously.”
138
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CHAPTER 3. Distinct Reversible Colorimetric and Fluorescent Low pH Response on a 

Water-Stable Zirconium-Porphyrin Metal-Organic Framework 
50

 

[Chem. Commun., 2014, 50, 9636-9639] – Accepted as Front Cover Article 

3.1 Introduction 

Metal-organic frameworks (MOFs) have been under intense investigation since their 

popularization around the turn of the millennium for a wide variety of potential applications.
102-

105, 139-151
 The immobilization of organic linker ligands to metal ions or metal clusters not only 

gives rise to a vast number of fundamentally interesting porous crystalline structures, but also 

opens up the possibility of converting homogenous systems into heterogeneous analogues capable 

of emulating or surpassing the original properties of the parent molecule(s).
152-153

 The rational 

design of MOF chemical sensors build on this premise; the systematic ordering and 

immobilization of fluorescent organic ligands into MOF structures often enhances and optimizes 

the original optical properties of the ligand, as well as providing a stable and porous manifold to 

function within.
139, 147-148

 As such, it is no surprise that MOFs are being so widely investigated for 

chemical sensing. An idealized MOF sensor will demonstrate at minimum the following 

attributes: selective interaction with the analyte, a distinct fluorescent or colorimetric response, a 

high degree of stability in the analyte media, and a high degree of recyclability. 

The fluorescent and colorimetric properties of tetrapyrrolic macrocycles (porphyrin 

derivatives) is a vast and rich field containing innumerable entries.
154-163

 However, their 

appearance as linkers in MOF structures is relatively new, and while there are a number of 

porphyrin MOFs reported, their properties have been investigated to a much lesser extent.
164-170

 

Recently, Hong-Cai Zhou's group reported a zirconium-porphyrin MOF (PCN-225) capable of 

fluorescent pH sensing through luminescent emission enhancement in basic solution, 

demonstrating the feasibility of pH fluorescent sensing with these materials. The material was 

found to have the most sensitive response in the range of pH 7 - 10.
168
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Herein we report an idealized case of MOF chemical sensing through the reversible 

colorimetric and fluorescent pH response of the reported zirconium-porphyrin MOF, PCN-222, in 

the range of pH 3 - 0.
167

 This MOF contains a Zr6(µ3-OH)8(OH)8(CO2)8 secondary building unit 

(SBU), where (CO2)8 correspond to the carboxylate groups from eight meso-tetra(4-

carboxyphenyl)porphyrin (H2tcpp) ligands.  

             

Figure 3.1. Structural drawings of PCN-222 along the crytallographic c axis (a), and a axis (b); 

images showing the accessibility of the porphyrin linker from inside the ~3.7 (c)  and ~1.3 (d) nm 

diameter pores; protonation of the H2tcpp linker (e). 

The MOF also contains one dimensional open channels of 3.7 and 1.3 nm diameter lined by the 

porphyrin moieties that allows for easy passage of analyte or substrate molecules as well as direct 

~3.7 nm 

~1.3 nm 

(a) (b) 

(c) 
(d) 

(e) 
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interaction with the porphyrin subunits (Figure 3.1). It is worth noting that PCN-222 can be 

constructed using metallated tcpp (M-tcpp), however for this study the metal free ligand was 

chosen. 

3.2 Experimental Details 

All chemicals used for this study were purchased from commercial sources and used 

without further purification. Zirconium chloride (99+%), benzoic acid (99%), N,N-

diethylformamide (DEF, 99%), acetic acid (99 %), hydrochloric acid (36.5-38%, for concentrated 

solutions only) were purchased from Alfa Aesar, hydrochloric acid (0.1 N) from Electron 

Microscopy Sciences, sodium hydroxide (0.1000 N) from VWR, N,N-dimethylformamide (DMF, 

99+%) from Oakwood Products Inc, and H6tcpp (>97 %) from Tokyo Chemical Industries (TCI). 

3.2.1 Material Synthesis 

Crystalline product was obtained using the reported synthesis method. H6tcpp (50 mg) 

was added to a 30 mL glass vial containing benzoic acid (2.7 g) as a modulating acid. Zirconium 

chloride (75 mg) was added to the vial last followed by the immediate addition of N,N-

diethylformamide (8 mL). The reaction vial was capped, sonicated for ~3 mins (Branson 2510) 

and heated at 120˚C for 48 hours. Product was collected by vacuum filtration and washed with 

DMF and acetone. The product was then soaked in DMF for three days, replacing with fresh 

DMF daily to remove residual modulating agents and unreacted ligand. Product yield was 79.2% 

(0.1014 g) based on zirconium chloride. 

3.2.2 Sample Preparation 

The as synthesized sample was further prepared for study by soaking in DMF (40 mL) 

and 8 M HCl (1.5 mL) at 120˚C for 24 hours. At the end of this time, the DMF/HCl mixture was 

carefully decanted off and replaced with 40 mL of acetone. Fresh acetone was replaced daily for 

three days. The product was again vacuum filtered and washed once with DMF and acetone and 
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dried in a vacuum oven at ~100˚C under vacuum overnight. At this point the first PXRD 

measurement was taken ("activated PCN-222"). 

3.2.3 Experimental Methods 

 Double sided tape was applied to a quartz slide and a background measurement was 

taken. A thin coating of sample (~0.01 g) was applied to the tape and spread evenly with excess 

sample being removed by friction using both standard weighing paper and lens tissue. At this 

time measurements were taken on the film. Three to four drops of HCl solution were applied to 

the surface of the film and allowed to equilibrate with the sample, at which time the excess 

solution was blotted off with lens tissue and corresponding UV-Vis and PL measurements were 

taken. In order to reverse the effect of the acid, the film was washed thoroughly with water by 

immersion, followed by a drop-wise application of DMF to a kimwipe while covering the surface 

of the film. 

3.2.4 Instrumental Details 

 All powder X-ray diffraction data were collected using a a Rigaku Ultima-IV 

diffractometer. The patterns were collected between 3 and 40 of the 2θ at a scan speed of 1.5 

deg/min. The optical absorption spectra of solid samples were collected on a Shimadzu UV-3600 

spectrophotometer at room temperature. The baseline was taken on a BaSO4 standard with a 

quartz slide with double-sided tape applied. Diffuse reflectance measurements were then taken, 

converted to the Kubelka-Munk Function and normalized. Photoluminescence measurements 

were carried out on a Varian Cary Eclipse spectrophotometer at room temperature on a quartz 

slide with double sided tape and sample evenly applied with excess sample removed by friction 

(see experimental details, Section 1). All data except for the excitation spectrum was normalized 

to emphasize the "turn-off-turn-on" response. 

3.3 Results and Discussion 
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Single phase crystalline product was obtained and activated using the reported 

hydrothermal method and confirmed by powder X-ray diffraction (PXRD) (Figure 3.2).
167

 To 

evaluate the potential of the material to serve as a reversible and stable material for pH sensing, 

the MOF was exposed to HCl and NaOH solutions varying in concentration to span the pH range 

of -1 (concentrated HCl) to ~12 (0.01 M NaOH). In regards to the materials' aqueous stability, it 

is worth pointing out that a sample of PCN-222 was immersed in water for a period of nine 

months, after which time a PXRD measurement was made showing that the structure is still 

largely intact compared to the simulated pattern; the subtle differences in the patterns are due to 

impurities that were present in the original sample. After this time the material took on a charcoal 

grey color, which is likely a result of replacing residual N,N-dimethylformamide (DMF) solvent 

molecules with water. While the material proves to be exceedingly stable in aqueous acidic 

conditions, a feature quite rare for MOFs, it was found that dissolution occurs somewhere 

between pH 11 - 12, which is consistent with the original report. In addition, we noted that when 

exposed to pH 2 solutions and lower, a very distinct color change from purple to green occurs 

(Figure 3.3a). While there is a still a color change that occurs at pH 3 and upwards, it is less 

noticeable to the naked eye. Further study reveals that not only is the color change from purple to 

green instant and reproducible, but that it is also completely reversible. Below pH 0, no additional 

change occurs besides the intensifying of the green color. As seen in Figure 3.3a, in the case of 

PCN-222, the response is instant and pronounced. When PCN-222 was exposed to glacial acetic 

acid, which has a known pH of 2.4, the colorimetric response mimics that of the 0.01 M HCl (~ 

pH 2) solution, showing that this sensing effect is indeed due to pH and is both reversible and 

reproducible.  

When the same set of experiments was performed using just the H6tcpp ligand there was 

little initial response. This is likely due to the insolubility of H6tcpp in aqueous acidic solution  



60 
 

 

 

 

Figure 3.2. PXRD patterns: simulated pattern for PCN-222(Fe) (black); activated PCN-222 

sample (purple); activated PCN-222 sample while immersed in 1.0M HCl (red); recovered 1.0M 

HCl sample washed with H2O/DMF/acetone (green); recovered sample soaking in conc. HCl for 

6 hours then washed with H2O/DMF/acetone (orange); older/different sample of PCN-222 soaked 

in H2O for 9 months (blue).  

paired with its comparatively low available surface area, thereby limiting the protons' access to 

the majority of the nitrogen Lewis basic sites (LBSs) on the tetrapyrollic macrocyle.
154

 Eventually 

after thoroughly rubbing the acid solution into the sample, some small color change occurred in 

the case of 1.0 M HCl. Based upon previous studies of tetraphenyl porphyrin and its ability to act 

as a pH sensing molecule, we believe that this effect is also due to protonation of the nitrogen 

LBS present on the H2tcpp linker.
154, 159, 168

 Upon photoexcitation, the porphyrin macrocycle can 

undergo both S2 and S1 transitions from a doubly-degenerate set of HOMOs and LUMOs 

resulting in the UV-Vis absorption Soret band, which occurs at ~450 nm for H6tcpp, and the Q 

bands, which are the four smaller bands ranging ~520-660 nm (Figure 3.4).
155

 It stands to reason 

that if this conjugated π system is perturbed, the molecule's UV-Vis spectrum will change 
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Figure 3.3. Photographs of PCN-222 samples (a) and ligand H6tcpp (b) under ambient light.  

These samples are exposed to acidic solutions at various concentrations, followed by reversal 

washes in between each exposure; exposures were made in the order in which they appear from 

top left to bottom right. Caption photos are intended demonstrate responsiveness. 

accordingly. 

In order to verify that perturbation of the macrocyclic π system is responsible for the 

visible response, solid state UV-Vis reflectance measurements were taken on both the ligand 

(Figure 3.4) and the MOF before and after (Figure 3.5) acid exposure. In between each different 

pH exposure, PCN-222 was washed once with water and DMF in order to reverse the effect of the 

acid, resulting in a full return of the original purple color. In the event that the MOF is washed 

with just water alone, the material maintains a grey/brown color, the same color witnessed from 

pH 4 - 11, however DMF washing was omitted for the ligand due to its solubility in the 
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Figure 3.4. Solid state UV-Vis data for H6tcpp collected after exposure to varying concentrations 

of HCl and reversal washes with H2O.  

solvent. As the results in Figure 3.5 demonstrate, as the acidity of the test solution increases, 

absorption corresponding to the high energy Soret band (~460 nm) and the lowest energy Q band 

(~660 nm) dramatically increase and are red shifted relative to the other three Q bands. These 

shifts correlate to the band-gap of PCN-222 decreasing from ~1.85 to ~1.7 eV (Figure 3.6). The 

net effect is that the material absorbs more red and blue light over a wider range resulting in a 

combination of orange and teal reflectance, which produces a greenish color when combined. 

Starting at 1.0 M HCl the three higher energy Q bands associated with the H2tcpp are all but 

invisible from the absorption spectrum.  Because these Q bands are a product of the different S1 

transitions of the porphyrin unit, protonation of the macrocycle results in a disturbance of the 

conjugated π electron system. This finding supports the reasoning that the color change effect 

arises from the degree of protonation and subsequent deprotonation of the H2tcpp macrocycle 

within the structure. After exposure to 8.0 M HCl solution, there is a broadening of  
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Figure 3.5. UV-Vis spectra for PCN-222 after exposure to varying concentrations of HCl solution 

(a) and after reversing the effect by washing with H2O and DMF (b). Measurements were made in 

the order in which they appear in the legend from top to bottom, where Wash 1 corresponds to 

washing PCN-222 with no acid exposure. 
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Figure 3.6. Solid state UV-Vis data for PCN-222 comparing bandgap energies after exposure to 

varying concentrations of HCl. 

the low energy band from 690 nm to ~715 nm that persists even through washing. This effect is 

likely due to incomplete washing of the highly concentrated acid resulting in residual protonation. 

To further investigate the colorimetric response, photoluminescence (PL) measurements 

were also taken (Figure 3.7) in a similar fashion to the UV-Vis measurements (370 nm excitation, 

Figure 3.8). These data show a very distinct "turn-off-turn-on" effect as a result of two separate 

phenomena. Significant quenching of the low energy emissions from about 645-760 nm results in 

a "turn-off" effect after exposure to < 0.01 M HCl solution. The UV-Vis absorption in this region 

(610-760 nm, Figure 3.5) is also increased accordingly. The purple color can be thought of arising 

from a combination of the green/blue high energy emission and red low energy emission, and as 

the low energy emission is quenched upon exposure to acid, only the high energy emission from 

about 450-560 nm is observed, hence the greenish blue color arises when exposed to 0.01 M HCl 

solution or glacial acetic acid (Figure 3.3). At low pH, from pH 0 (1.0 M HCl) downwards, two 

additional "turn-on" peaks are observed. The maximum peak at 490 nm shifts to 500 nm, and the  
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Figure 3.7. Photoluminescence data for PCN-222 after exposure to varying concentrations of HCl 

solution (a) and after reversing the effect by washing with H2O and DMF (b). Measurements were 

made in the order in which they appear in the legend from top to bottom, where Wash 1 

corresponds to washing PCN-222 with no acid exposure. 
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Figure 3.8. PCN-222 fluorescence excitation spectrum; monitored at 489 nm emission. 

 

Figure 3.9. H6tcpp solid state emission spectrum. Slide sample was prepared using the same 

method as for PCN-222. 

peak at 525 nm is significantly enhanced in conjunction with the disappearance of the shoulder 

peak at 465 nm; at this point the material appears to be entirely green to the naked eye. Similar to 
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the UV-Vis measurements, the effect was completely reversed in between each different exposure 

(Figure 3.7b). In order to further support the claim that the color change is an effect of 

protonation/deprotonation of the H2tcpp moiety, similar PL measurements were taken on a film 

comprised of just the H6tcpp molecule (Figure 3.9). While the PL spectra are different from one 

another as expected, the response of H6tcpp to acid exposure is similar in nature to PCN-222 

(Figure 3.7a), with red shifting peaks in the high energy region and quenching in the low energy 

region. The PL data for the free ligand in the solid state also suggests activation of a new 

emission peak at ~675 nm after washing once with H2O and DMF. It should be noted that while 

H6tcpp is hydrophobic to the aqueous acid solutions, it dissolves freely in DMF. Due to the nature 

of the way the sample was washed, minimal dissolution occurred, but it may have been enough to 

disrupt any long range order within the free ligand, as the PL spectrum looks more similar to that 

of H6tcpp when in solution. It should also be pointed out that when the H6tcpp
2+  

diacid form of 

the ligand is dissolved in solution (through the use of co-solvents) it forms dimers and aggregates 

at low pH values.
154

 The immobilization of the porphyrin unit within PCN-222 prevents 

formation of such aggregates and thus provides unique UV-Vis and PL optical responses. 

3.4 Conclusion 

In summary, we have shown that by incorporating the H2tcpp moiety into the meso-

porous crystalline framework, PCN-222, the sensitive optical response properties of the soluble 

porphryin-derivative molecular species can be realized in an easily accessible and stable, solid 

state single phase bulk material and without the formation of aggregates.
154, 159

  Additionally, we 

have shown that the material has the advantage of full reversibility and reusability that 

outperforms its molecular analogues and is highly suitable to act as both a luminescent as well as 

colorimetric solid-state sensor for the low pH values covering a relatively wide pH range. 
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3.5 Preliminary Results of PCN-222 Photocatalytic CO2 Reduction 

 The preceding work in Chapter 3 was discovered when PCN-222 was being prepared for 

evaluation as a photocatalytic CO2 reduction catalyst. As the pioneer in the Jing Li research group 

with respect to catalytic CO2 reduction, much time was spent establishing experimental methods, 

as well as sourcing and setting up instrumentation. By the time the catalytic study was underway, 

an almost exact mirror of our study was published in the Journal of the American Chemistry 

Society.
42

 For this reason, work on this particular project was terminated and instead, following 

reports of potential catalytic activity of Bi
3+

, work began on developing the bismuth based MOFs 

described in the following chapters. 
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CHAPTER 4. High-Performance Blue-Excitable Yellow Phosphor Obtained from an 

Activated Solvochromic Bismuth-Fluorophore Metal−Organic Framework 
35

 

[Cryst. Growth Des., 2016, 16 (8), pp 4178]:*Project coauthored by Ever Velasco; Appendix II  

3.1 Introduction 

Luminescent metal-organic frameworks (LMOFs) are currently being studied for use in 

multiple luminescence-based applications, including chemical sensing, biosensing and biomedical 

imaging, thermometry, and general lighting.
43, 50, 140, 142, 171-175

 Our group’s recent work has 

established that LMOFs with strong yellow emission are potentially suitable to serve as the 

yellow phosphor in commercial blue light driven phosphor-converted white light-emitting diodes 

(PC-WLEDs),
44-45

 which are rapidly replacing traditional lighting technologies (incandescent, 

compact fluorescent), thanks to their lower energy consumption and longer lifetime.
176

 A 

common type of PC-WLEDs utilizes a blue LED to excite a yellow phosphor, such as yttrium 

aluminum garnet doped with cerium (YAG:Ce
3+

), resulting in white light through the 

combination of the blue and yellow emissions.
177-178

 Most commercial yellow phosphors are 

based on rare-earth elements (REE), which are of limited supply yet rising demand, owing to 

their importance in numerous applications.
179

 It is anticipated that over time both their demand 

and price will continue to rise. Thus, the development of alternative yellow phosphors that are 

free of REEs is highly desirable.
180

 

One approach to designing strongly emissive LMOFs is to integrate a strong organic 

fluorophore with desired optical properties along with a complementary metal. Previous work 

reveals that structures based on the tetraphenylethylene core, which has minimal fluorescence in 

solution but undergoes aggregation induced emission (AIE), show strong photoemission in the 

blue-yellow range when bound to a framework.
44-46, 181-184

 Further, our studies have shown that the 

4', 4''', 4''''', 4'''''''- (ethene-1,1,2,2-tetrayl) tetrakis(([1,1'-biphenyl]-4-carboxylic acid)) (H4tcbpe, 
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Figure 4.1) derivative has strong blue-excitable yellow emission (~ 550 nm), and has proven a 

prime candidate to construct blue-excitable yellow phosphors.
45

 LMOFs constructed with tcbpe 

show higher internal quantum yields (QY) and improved chemical and thermal stability compared 

to the ligand. 

 

Figure 4.1. Structure of H4tcbpe ligand. 

Bismuth-based materials have previously gained attention for potential use in 

photoluminescence (PL) related fields.
185-188

 Currently, Bi has few commercial applications; it is 

used mainly in pharmaceuticals and as metallurgical additives. Bismuth is the only non-toxic 

heavy metal, and is most commonly obtained as a byproduct during Pb, Cu, W, and Sn ore 

refining.
189

 Despite being the last radioactively stable element on the periodic table, the cost of 

bismuth is relatively low. According to the 2015 Mineral Commodities Survey by the U.S. 

Department of the Interior, the average price of Bi from 2010 to 2014 was ~$22/kg, which was 

about the same as the cost of Ni and about 50% cheaper than Co for the same time period. In 

comparison, the average costs of 1 kg of Ce2O3, Eu2O3, and Tb2O3 were ~$25, $1530, and $1215, 

respectively.
190

 

Bi
3+ 

has a stereoactive lone-pair of 6s
2
 electrons, resulting in flexible and often 

hemidirected coordination geometry.
191-192

 Despite rich existing Bi-complex chemistry, and 
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fifteen-plus years of rapid MOF development with thousands of reported structures, there are still 

only a handful of reported bismuth based MOFs (we were able to establish < 20).
193-207

 Notably, 

zur Loye and coworkers have reported a number of Bi coordination polymers and their 

fluorescence properties using pyridine dicarboxylate as ligand.
207-211

 Stock, Cheetham and co-

workers have also reported a small variety of interesting Bi-MOFs.
195-197, 201-202

 We ascribe the 

scarcity of reported Bi based MOFs to a few factors: 1) flexible coordination geometry of Bi
3+

, 

with the lone pair often resulting in hemidirected coordination polyhedra and densely packed 1-D 

and 2-D coordination polymers, 2) tendency of Bi
3+

 to form anionic frameworks as Bi has up to 

ten coordination sites, 3) hydrolysis reactivity of Bi
3+

 to form oxides and hydroxides, and 4) 

limited solubility of Bi
3+

 salts.  

With these factors considered, we sought to optimize reaction conditions towards 

growing Bi-MOFs integrating the H4tcbpe linker. By employing the large tetracarboxylate linker, 

void space between Bi
3+

 nodes is maximized allowing for more flexible ligand positioning and 

promoting the formation of 3-D structures. Potassium salt added during synthesis provides +1 

charge balancing cations in the event of anionic framework formation. To slow both hydrolysis of 

the Bi
3+

 cation and MOF crystal growth, we use a significant excess of a competing carboxylate 

species (modulator). The utilization of mono-carboxylate species, such as benzoic acid and acetic 

acid, has proven a critical method for obtaining single crystals in MOF synthesis; this has proven 

especially effective in the case of zirconium based MOFs.
212

 Finally we use a bismuth cluster as 

the metal source in place of commonly utilized Bi(NO3)3∙5H2O to address solubility and 

hydrolysis concerns. Utilizing this synthetic strategy, a new BiK-tcbpe (1) LMOF was obtained 

and its optical properties were studied. 

4.2 Experimental Details  

Unless otherwise stated, all starting chemicals used in this study were reagent grade 

(>97%) and purchased from commercial sources. Except for benzoic acid, chemicals were used 
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as received without further purification. Benzoic acid was recrystallized in a hot 1:1 mixture of 

ethanol (EtOH) and deionized (DI) water. 

4.2.1 Ligand Synthesis 

The 4',4''',4''''',4'''''''-(ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-4-carboxylic acid)) 

(H4tcbpe) ligand was prepared using the reported method with slight modifications, as briefly 

outlined below.
45

  

Preparation of tetra-(4-bromo-phenyl)ethylene (tpe-Br) 

Tetraphenylethylene (tpe, ~6.0g) was stored on a watch glass in a small glass desiccator 

over liquid Br2 for one week in a fume hood (liquid Br2 is particularly reactive and corrosive) 

with occasional careful mixing of the tpe powder and adding additional Br2 if necessary. The 

crude orange product was recrystallized by dissolving in dichloromethane (DCM), followed by 

forced precipitation with methanol (MeOH), and was filtered and washed with additional MeOH. 

Suzuki coupling between tpe-Br and 4-(methoxycarbonyl)phenylboronic acid 

90 mL of tetrahydrofuran (THF) and 15 mL of 3 M aqueous K2CO3 were charged to a 

three neck round bottom flask. 2.85 g (4.4 mmol) of tbe-Br and 5.00g (27.8 mmol) of 4-

(methoxycarbonyl)phenylboronic acid were added to the flask along with a condensing column 

and rubber septum, and was nitrogen purged multiple times. 0.20 g (0.2 mmol) of Pd(Ph3)4 was 

weighed in a glove box and stored in a vial with a septum under inert atmosphere. 10-15 mL of 

THF was used to dissolve the Pd catalyst, which was then injected to the purged reactor through 

the rubber septum and refluxed at 90 ˚C for 3 days with constant stirring (Note: Pd(Ph3)4 is very 

air sensitive). After cooling to room temperature, the crude ester product was extracted with 

DCM a minimum of three times, washed with water, dried over anhydrous magnesium sulfate 

and rotovapped to dryness. The crude product was then purified via flash chromatography using a 
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1:29 mixture of ethyl acetate:DCM as the mobile phase. The obtained purified ester is a green-

yellow solid. 

Base hydrolysis and acidification of the tcbpe-ester to form H4tcbpe 

2.43 g (2.8 mmol) of the tcbpe ester was dissolved in 30 mL of THF in a round bottom 

flask; 30 mL of 3 M KOH was then added and heated to reflux (90 ˚C) with vigorous mixing. 

After a minimum of 6 hours of reflux, the reaction was cooled to room temperature and 

concentrated via rotary evaporation to remove organic solvent. The remaining reaction slurry was 

added dropwise to 6 M HCl, resulting in precipitation of the carboxylic acid which was then 

filtered and washed with DI water until pH neutral and dried under vacuum. The final product 

was confirmed by NMR. Note: if HCl was added to the reaction slurry for the acid workup, often 

the ligand will crash out of solution as the potassium salt form, which is a white powder with blue 

PL emission. Adding the slurry to an acid solution prevents this from occurring. 

4.2.2 Bi4O2(Hsal)8∙2MeCN Synthesis 

The tetranuclear bismuth cluster Bi4O2(Hsal)8∙2MeCN (H2sal = salicylic acid) was 

prepared at room temperature following the reported conditions.
213

 0.11 g (0.25 mmol) of 

triphenyl bismuth and 0.10 g (0.75 mmol) of salicylic acid were added to a 20 mL scintillation 

vial and dissolved in 1.4 mL of acetonitrile (MeCN) with sonication. The solution was then left 

undisturbed for a few days while crystal clusters of the product formed. The reaction supernatant 

was decanted and the crystalline product was washed with toluene (3x). Phase purity was 

confirmed via PXRD. 

4.2.3 [BiK(tcbpe)(DMF)2]∙xDMF Synthesis 

Single crystals of [BiK(tcbpe)(DMF)2]∙xDMF suitable for diffraction studies were 

obtained solvothermally. Bi4O2(Hsal)8∙2MeCN (10.0 mg, 0.005 mmol), H4tcbpe (20.0 mg, 0.025 

mmol), KCl (3.0 mg, 0.040 mmol) and benzoic acid (200 mg, 1.64 mmol) were added to a 20 mL 
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scintillation vial with 2 mL of DMF and sonicated for 2 mins. The reaction vial was placed in a 

pre-heated 100 ˚C oven for 5 days. Plate-like colorless crystals were collected via vacuum 

filtration and washed with DMF. The product yield based on Bi is ~77.1%. This reaction was also 

scaled up with similar yields by doubling reactant quantities in 3 mL of DMF. Decreasing the 

quantity of benzoic acid slightly improves the reaction yield and results in smaller particle sizes. 

When Bi(NO3)2 or BiPh3 were used directly in place of the cluster as the metal source, mixed 

phases and different products were obtained, respectively. 

4.2.4 Activation Procedure and Solvochromic Studies for the Transformation of 1 to 1A 

The solvochromic properties of 1 were studied through incremental desolvation with 

corresponding TGA, PXRD and optical measurements. The TGA weight loss from ~50-160 ˚C 

was used to calculate the average DMF content per formula unit, including coordinated DMF. 

The ~5% weight loss observed in the TGA profiles after 170 ˚C is attributed to ligand 

degradation, and is also observed in the TGA profile of the pure H4tcbpe ligand. We describe here 

the exact methods used to obtain the varying degrees of desolvation. 

As-made samples were kept in a vial with a small tissue dampened with DMF to prevent 

drying and chromic shifts; TGA shows an approximate DMF content of 5.3 (per formula unit) 

with a 26.7% weight loss at this state. By allowing the sample to sit in open-air for less than one 

hour, the DMF content decreases to ~5.1. After continued exposure to ambient lab conditions, the 

DMF content further reduces to ~3.7 and ~3.1 after 20 and 40 hours, respectively. To obtain 

additional states of desolvation, samples of 1 were heated to 90 ˚C for varying times using the 

isotherm function of the TGA. Following each heating period, a full TGA measurement was 

made to establish the remaining DMF content. Specifically, heating ~2 mg samples of 1 using 

this method for 13, 20, 24, 27, 34, and 800 minutes result in approximate DMF contents of 2.3, 

1.8, 1.5, 1.1, 0.9, and 0.3, respectively. To fully activate the sample (henceforth denoted as 1A), 1 
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was simply placed on a watch glass in a 90 ˚C oven for five days, at the end of which point the 

estimated DMF content is 0.0. 

1 can also be activated to 1A through solvent exchange and removal of volatile solvents. 

After soaking samples of 1 overnight in acetone, dichloromethane, ethanol, methanol, and 

acetonitrile, the solvents were decanted and the powder was allowed to dry. The TGA profile for 

the CH2Cl2 is the same as for the 5 day 90 ˚C treated sample, and the PL QY was as high as 76% 

at 455 nm excitation. This also suggests that the effect of heating 1A for 5 days at 90 ˚C on PL 

QY is minimal (74%@455 nm). 1 was immersed in H2O overnight, which results in 

instantaneous transformation to yellow  emission (69% @455 nm QY), but the PXRD pattern is 

lacking the two characteristic peaks of 1A. 

4.2.5 PC-WLED Coating 

~ 10 mg of 1A was gently ground in a mortar and pestle and added to a scintillation vial; 

0.5 mL of CH2Cl2 was added and the mixture was sonicated for two minutes.  The suspension 

was drop-cast onto the surface of the LED and was allowed to dry in between coatings. The 10 W 

450-455 nm LED chip was powered by a 12V DC power supply at a bias of ~9V. 

4.2.6 Instrumental Details 

Single Crystal X-ray Diffraction (SXRD) and Powder X-ray Diffraction (PXRD)  

Single crystal diffraction data for 1 was collected at 100 K on a Bruker APEXII CCD 

diffractometer using the synchrotron source (λ = 0.77490 Å) at the Advanced Light Source 11.3.1 

Chemical Crystallography beamline. The refinement method used was full-matrix least-squares 

on F
2
. PXRD patterns were recorded on a Rigaku Ultima IV X-ray diffractometer with Cu Kα 

radiation (λ = 1.5406 Å). A graphite monochromator was used and the generator power settings 

were set to 40 kV and 44 mA. Data were collected between 3-35° 2θ with a step size of 0.02° and 

a scan speed of 1.5 deg/min.  
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Thermogravimetric Analysis (TGA) 

Measurements were performed using a TA Q5000 Thermogravimetric Analyzer with a 

temperature ramp of 10 °C/min from room temperature to 600 °C under nitrogen gas flow (20 

mL/min). For sample activation, the isotherm setting of the TGA was used to hold the sample at a 

specified temperature for set durations under nitrogen flow. 

Ultraviolet-visible (UV-Vis) Spectroscopy  

The optical absorption spectra of solid samples were collected on a Shimadzu UV-3600 

spectrophotometer at room temperature. The baseline was taken on a BaSO4 standard. Samples 

were prepared on a quartz sample holder and diffuse reflectance measurements were converted to 

absorption using the Kubelka-Munk Function.  

Photoluminescence (PL) Spectroscopy  

PL excitation and emission spectra were measured on a Varian Cary Eclipse 

spectrophotometer at room temperature. A quartz slide was used as the sample holder. Emission 

spectra were first collected using an excitation wavelength of 360 nm. The emission maximum 

was set as the monitored emission wavelength for the corresponding excitation spectra. 

Internal Quantum Yield (QY) Measurements 

The fluorescence internal quantum yields were measured on a Hamamatsu C9220-03 

system with a 150 W xenon monchromatic lamp and an integrating sphere. Sodium salicylate 

(60% QY) and yttrium aluminum garnet doped with cerium (YAG:Ce
3+

, 95% QY) were used as 

standards at 360 and 455 nm wavelengths, respectively. 

4.3 Results and Discussion 

Single crystals of [BiK(tcbpe)(DMF)2]∙xDMF (1 or LMOF-401, Figure 1a, DMF = 

dimethylformamide), were  obtained solvothermally in DMF (100 ˚C, 3 days) with excess 
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benzoic acid added as a synthetic modulating agent (see Experimental Details for synthetic 

conditions). A Bi-salycilate cluster was selected as the metal source, owing to its ease of 

preparation, air stability, and solubility in DMF.
213

 Reactions using Bi(NO3)2 or BiPh3 as the 

metal source in place of the cluster resulted in mixed phases and different products, respectively. 

1 crystallizes in a monoclinic crystal system with a C2/c space group (Table 4.1); the asymmetric 

unit has one K
+
, Bi

+3
, tcbpe and two DMF molecules. The Bi

3+
 building unit is coordinated to 

nine oxygen atoms with hemidirectional coordination geometry owing to bismuth’s lone pair 

(Figure 4.2). Four carboxylates from four tcbpe linkers form bidentate coordination bonds to Bi
3+

, 

with the last oxygen from coordinated DMF. The overall structure can be described as two 

interpenetrated 4,4-connected anionic 3-D nets comprised of distorted tetrahedral Bi
3+

 and 

rectangular tcbpe building units (Figures 4.2b, c and d). The Bi
3+

 building unit has highly 

distorted hemidirected tetrahedral geometry with respect to linker connectivity (Figure 4.2b). 

Two planes are formed by two each of the four linkers which extend throughout each net. The 

large linker size promotes some degree of linker flexibility, as observed by a slight warping of 

each rectangular tcbpe ligand. Potassium cations residing between Bi
3+

 building units form helical 

1-D chains that connect and charge balance the two anionic nets through shared u3-O 

carboxylates and coordinated DMF, shown in Figure 4.2a as the yellow polyhedrons (see Figures 

4.3 and 4.4 for additional structural depictions).  

The observed Bi-carboxylate bonding features align with those reported previously for 

hemidirected Bi coordination polyhedrons.
197, 201-202, 207

 Each carboxylate pair has one short and 

one long Bi-O bond, and one of the four carboxylates has slightly longer distances in both cases. 

The three short Bi-O carboxylate bond distances are 2.245, 2,283 and 2.336 Å, with 

corresponding longer Bi-O bonds at 2.619, 2.641, and 2.657 Å, respectively. The last carboxylate 

has longer distances of 2.480 and 2.705 Å. The coordinated DMF is responsible for longest Bi-O 

bond (2.884 Å) resulting in gyroenlongation of the Bi
3+

 polyhedron, and shares a μ3-O bond with 
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Table 4.1. Crystal data and structure refinement for 1 (LMOF-401). 

 

Identification code  BiK-tcbpe 

Empirical formula  C60 H46 Bi K N2 O10 

Formula weight  1203.07 

Temperature  100(2) K 

Wavelength  0.7749 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 32.0791(13) Å α= 90° 

 b = 11.9048(5) Å β= 99.269(2)° 

 c = 37.7384(15) Å γ = 90° 

Volume 14223.9(10) Å3 

Z 8 

Density (calculated) 1.124 Mg/m3 

Absorption coefficient 2.793 mm-1 

F(000) 4816 

Crystal size 0.080 x 0.070 x 0.015 mm3 

Theta range for data collection 2.112 to 27.898°. 

Index ranges -38<=h<=38, -14<=k<=14, -45<=l<=45 

Reflections collected 60475 

Independent reflections 13085 [R(int) = 0.0804] 

Completeness to theta = 27.706° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.959 and 0.784 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13085 / 77 / 665 

Goodness-of-fit on F2 1.023 

Final R indices [I>2sigma(I)] R1 = 0.0465, wR2 = 0.1112 

R indices (all data) R1 = 0.0628, wR2 = 0.1168 

Extinction coefficient n/a 

Largest diff. peak and hole                                          1.507 and -2.714 e.Å-3 
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Figure 4.2. a) Structure plots of 1 along the crystallographic b-axis (left) and slightly rotated from 

the a-axis (right). b) Coordination geometry of Bi
3+

 with approximate location of 6s
2
 lone pair and 

polyhedral representation. c) Single Bi-tcbpe 4,4-connected net along the b-axis. d) Line 

connectivity drawing showing the two-fold interpenetration of the Bi-tcbpe nets. 
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Figure 4.3. Structure plots of 1 along the b-axis (a, b) and a slightly rotated a-axis (c, d); b) and d) 

show the connectivity of a single Bi-tcbpe net with potassium bonds removed. e) Close-up view 

of the inorganic Bi-K chain formed through u3-O carboxylate and DMF oxygens (red and black 

spheres, respectively). 

 

a) b) 

c) d) 

e) 
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Figure 4.4. Polyhedral representation of the individual Bi-tcbpe nets in 1 as viewed along the 

crystallographic a, b and c axes (a, b, and c, respectively). d) Connectivity of the highly distorted 

tetrahedral and rectangular building units. 

 

a) b) 

c) d) 
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K
+ 

(2.663 Å). Potassium coordinates to the other structural DMF molecule through a lone 

coordination bond (2.639 Å). The rest of the coordination sphere around K
+
 is comprised of 

shared oxygen atoms from the longest five Bi-O carboxylate bonds. The shortest of these K-O 

interactions (2.600 Å) corresponds to the longest Bi-O carboxylate, with the rest of the bond 

distances falling between 2.719 and 2.950 Å. Through these shared carboxylate and DMF oxygen 

atoms, a 1-D helical chain is formed connecting the two interpenetrated Bi-tcbpe frameworks. 

Significant changes in the materials’ optical absorption and emission properties were 

observed after desolvation of the framework, resulting in a highly emissive blue-excitable yellow 

phosphor when fully “activated” (Figure 4.5). This transformation was studied by incrementally 

desolvating 1 under controlled conditions. The results show evidence of strong solvochromism 

with respect to DMF content, and irreversible structural and optical changes upon full activation, 

which likely corresponds to removal of coordinated DMF.  

As-made crystals of 1 (Figure 4.5a, left) are near colorless and have an approximate 

optical band-gap of 2.70 eV, as estimated from the optical absorption spectrum (Figure 4.6). 

Photoexcitation at 360 nm results in strong blueish PL emission with a peak maximum of 459 nm 

(Figure 4.5b, black curve, see Figure 4.7 for excitation spectrum) and an internal QY of 57.7% 

(±0.3%, Table 4.1). The thermogravimetric (TG) data for as-made 1 shows 26.7% weight loss 

corresponding to ~5.3 calculated DMF molecules per formula unit (Figure 4.8). The TG profile 

has stepwise weight-loss up to ~160 C, which includes both guest and coordinated DMF 

molecules. As the structure was desolvated incrementally through both ambient exposure and 

heating under nitrogen flow, changes in solvent content, optical absorption and emission, and 

structure were monitored (see Experimental Details 4.2.4). Figures 4.5b and 4.7 show the PL 

emission of 1 at various stages of solvent removal, and corresponding CIE (Commission 

International de I’Eclairage) coordinate plots are shown in Figure 4.5c. The colored legend at the  
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Figure 4.5. Data for 1 at various stages of desolvation. The colored legend lists the percent weight 

and estimated number of DMF (per formula unit) remaining in the sample. a) Optical 

micrographs under ambient light (top row) and 395 nm UV light (bottom row). b) Emission 

spectra, λex = 360 nm. c) CIE coordinates calculated from the PL spectra. d) PXRD patterns 

showing structural changes in response to DMF content. 
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Figure 4.6. UV-Vis spectra of 1 (black), partially desolvated 1 (sky blue), 1A (red), and H4tcbpe 

(dotted black). Corresponding lines were added to show the positions used to estimate the optical 

band gap, which are listed in the bottom right. 
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Figure 4.7. PL excitation (top) and emission (bottom) spectra for 1 at various stages of 

desolvation. The colored legend lists the approximate DMF content per formula unit, and the 

emission maximum wavelength (λex= 360 nm) used for monitoring during excitation 

measurements. 
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Table 4.2: Quantum yield values obtained at different excitation energies. 

 

 
 
Figure 4.8. TGA profile for samples of 1 at various stages of desolvation. The colored legend at 

the bottom lists the weight loss in the grey region for each trace, and the corresponding number of 

calculated DMF molecules per formula unit (including the two coordinated DMF). 

 

Sample 

QY@360 nm  

(±0.3%) 

Avg. λmax 

(nm) 

QY@455 nm 

(±0.3%) 

Avg. λmax 

(nm) 

Activation 

Procedure 

1, as-made (~5.1 DMF) 57.7 462 - -  

1A  71.5 544 74.3 554 5d 90˚C 

1@acetone 63.6  539 71.9 548  

1@CH2Cl2 63.6  537 76.0  546  

1@H2O 59.4 539 69.4 555  

H4tcbpe (as-made) - - 62.3  556  
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bottom of the figure lists the weight of DMF remaining in the sample, which was confirmed by 

the TG analysis (see TG profile, 50 – 170  ̊C, Figure 4.8) and the calculated average number of 

corresponding DMF molecules per formula unit. Changes in the PL excitation and optical 

absorption spectra were also monitored at various stages and are shown in Figures 4.6 and 4.7. 

As shown in Figure 4.5, as DMF evacuates from 1, incremental PL red-shifting occurs. 

When the DMF content reaches below ~3.7 DMF molecules per formula unit (Figure 4.5, purple), 

the high-energy side of the PL emission band undergoes minimal displacement compared to the 

initial red-shift, and instead, band-broadening is observed through red-shifting of the low-energy 

side of the band.  With an average of ~3.1 DMF (Figure 4.5, navy), 1 appears light-yellow under 

ambient lighting (Figure 4.5a, center) and has strong greenish PL emission (λmax = 490 nm), 

which is still reversible through re-exposure to DMF. The PXRD pattern shows a small lone peak 

shift from ~8.0˚ to 8.3˚. Below ~2.3 DMF (Figures 4.5 and 4.9, blue), two new small peaks in the 

PXRD pattern are observed at ~4.3˚ and 8.7˚ signaling the emergence of a new phase (Figure 

4.9). At this stage, the emission continues to red-shift mainly through band-broadening, but is no 

longer entirely reversible presumably due to the new phase being formed. The new PXRD peaks 

at 4.3˚ and 8.7˚ continue to grow in intensity with continued DMF removal, and shift slightly to 

lower angles. When 1 approaches ~1 DMF, (Figures 4.5 and 4.9, gold) the PXRD peaks 

corresponding to the original phase are a minor contribution to the pattern, which is dominated by 

the newly formed phase. The PL band-broadening also stops ~1 DMF per unit cell (Figures 4.5b 

and 4.7, dark green and gold), at which point the low energy side of the band remains stationary, 

but the high energy side begins to red-shift again. This trend continues until the estimated DMF 

content per unit cell is close to zero, at which point 1 is fully activated and now referred to as 1A. 

The PL emission of 1A (Figures 4.5b and 4.7, red trace) has a peak maximum of ~550 nm and is 

yellow in color (Figure 4.5c, red circle). The red-shifting trend observed in the PL emission peak 

of 1 is also observed in the UV-Vis absorption and PL excitation spectra for various stages of 
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Figure 4.9. PXRD patterns for 1 during various stages of desolvation. The grey arrows mark the 

appearance and growth of the peaks corresponding to the activated phase. 

DMF evacuation (Figures 4.6 and 4.7, top). The irreversible structural changes possibly 

correspond to departure of coordinated DMF molecules, which play an integral role in 

linking/stabilizing the two anionic nets through K
+
. As depicted in Figure 4.3, one of the μ3-O 

bridges linking potassium to bismuth is from coordinated DMF; loss of this DMF likely results in 

destabilization if the 1-D inorganic chain resulting irreversible structural changes. 

Following full activation by heating at 90 ˚C for five days (Figure 4.5, red), the excitation 

spectra for 1A (monitored at λem = 553 nm) shows a relative maxima plateau across the blue 

region (400 - 455 nm, Figure 4.10, red dots). The estimated optical bandgap of the activated 
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Figure 4.10. a) QY scaled PL excitation (dotted traces) and emission (λex = 455 nm, solid traces) 

spectra for 1A (red), YAG:Ce
3+

 (black) and H4tcbpe (blue); excitation spectra monitored at 553 

nm for 1A, 543 nm for YAG:Ce
3+

, and 550 nm for H4tcbpe. b-e) 10W blue LED chip (450-455 

nm) uncoated and coated with 1A under ambient lighting (b,d) and powered on (9V DC) (c, e). 

sample is ~2.3 eV (Figure 4.6). When excited at 455 nm, 1A has yellow PL emission (λmax = 553 

nm, Figure 4.10, solid red curve) with CIE coordinates (0.410, 0.560) (Figure 4.5c), which are 

comparable to those of YAG:Ce
3+

; CIE coordinates ≈ (0.420,0.560). The emission maximum of 

1A is slightly red-shifted compared to YAG:Ce
3+

, however the band is also slightly broader at the 

base on the high-energy side, resulting in a slightly cooler emission overall. Notably, while not as 

high as YAG:Ce
3+

 (QY = 95.0%), when compared to all reported MOF yellow phosphors, 1A has 
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the 2
nd

 highest QY of 74.0% (± 0.3%, Table 4.1) when excited by blue light (455 nm).
45

 The 

emission properties of 1A are similar to that of the pure H4tcbpe ligand (Figure 3, blue), however 

with a red-shift in its excitation spectrum, its performance at blue excitation (455 nm) is 

significantly improved, giving a ~12% increase in QY. The emission profiles for the two are very 

similar, with 1A being slightly red-shifted on the high energy side of the emission band. 

Similarity in their PL profiles suggests that the emission of 1A is ligand based. A prototype 

device was fabricated using a 10 W 450-455 nm blue LED to demonstrate the effect of coating 

with 1A (Figures 3b - 3e, see Experimental Details 4.2.5 for coating method).  

4.4 Conclusion 

 In summary, a new bismuth-potassium-fluorophore LMOF, [BiK(tcbpe)(DMF)2]∙xDMF, 

was obtained using carefully considered synthetic conditions, and it’s structural and optical 

properties were studied. The new material was found to have highly sensitive solvochromic 

optical properties with respect to guest DMF solvent. The as-made LMOF has strong blue 

emission with a QY of ~57% that undergoes significant optical red-shifting upon incremental 

removal of DMF. Upon loss of structurally critical DMF molecules, irreversible structural 

changes occur paired with additional optical red-shifting. The fully activated material has strong 

yellow emission (QY ~74%) when excited by 455 nm blue light, making it a promising candidate 

as an alternative blue-excitable yellow phosphor totally free of REEs. 
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CHAPTER 5. Structural Versatility and Electrocatalytic Activity of an Anionic Bi-porphyin 

Metal-Organic Framework 

Manuscript in preparation. 

5.1 Introduction 

Human activity is anomalously increasing average global temperatures through the 

release of greenhouse gases, such as CO2, CH4, and NOx. CO2 is currently the primary concern as 

it is the byproduct of all fossil fuel combustion reactions, which make up approximately 80% of 

global energy-generating technologies.
8
 While CO2 capture and sequestration from post-

combustion effluents is one approach, converting CO2 into value-added carbon products is more 

desirable than simply storing it as a waste product. Because this conversion requires significant 

energy input, the utilization of solar energy is a key element of developing an efficient and 

sustainable conversion process. This can be achieved either directly with a photocatalyst or 

indirectly as electrical energy obtained from solar sources with an appropriate electrocatalyst.
214-

215
  Recent reports have demonstrated that bismuth may have a future role to play in this 

conversion process as a catalyst capable of selective conversion to carbon monoxide or formic 

acid, both of which can act as precursors in various chemical processes.
216-217

 While the reported 

catalysts are heterogeneous in nature, the exact nature of the catalyst is obscured by lack of well-

defined crystal structures. Additionally, one of the most significant drawbacks of traditional 

heterogeneous catalysts (metals, metal-oxides) is that reactions are limited to surface, as their 

densely packed nature bars guest entry to the bulk material. Known for both crystallinity and 

porosity, theoretically metal-organic frameworks (MOFs) can be ideal for catalytic studies.
218

 

MOFs can be viewed as metal-oxide nanoparticles that are spatially fixed in a porous matrix, 

potentially providing substrate access to a larger number of active sites and thereby improving 

overall atomic efficiency when compared to their metal-oxide analogues. With this in mind, we 
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sought to study the whether the activity of Bi can be maintained when incorporated into a metal-

organic framework (MOF) structure. 

Despite over 30,000 existing literature entries containing the topic metal-organic 

framework, MOFs based on Bi
3+

 are still scarce; a cursory search on SciFinder produces less than 

15 reported structures containing a bismuth primary or secondary building unit (PBU or SBU, 

respectively).
195, 197-198, 200-203, 205-209, 211, 219-220

 Difficulty obtaining pure phase single crystals and 

the tendency to form densely packed one- and two-dimensional networks due to hemidirected 

coordination geometry has likely served to stunt the growth of this research area. Bi
3+

 ions 

contain a stereoactive lone-pair of 6s
2
 valence electrons that occupy a significant portion of the 

atomic surface, thereby preventing formation of highly symmetrical coordination geometries 

typical of most transition metals. Lack of predictable coordination geometry or well-established 

SBU formation further complicates Bi MOF design. When reacted with carboxylic acids, Bi
3+

 

PBUs will accommodate up to four coordinating carboxylates, thereby producing a system with 

overall -1 net negative charge, requiring the presence of charge balancing cations. To date, only 

four permanently porous Bi-MOFs have been reported.
221

  

 Porphyrin derivatives are the focus of an immense amount of research spanning multiple 

disciplines.
222

 These systems are characterized by a tetrapyrrolic macrocycle core having four 

Lewis basic nitrogen atoms, two of which contain acidic protons. This core is highly conjugated, 

giving rise to unique UV-Vis and photoluminescent properties; perturbation of this π system 

results in significant changes to the optical signals.
48

 Additionally, the core’s nitrogen Lewis basic 

sites provide convenient functionality for interactions with guest molecules, and as such, these 

materials are often exploited for applications in bio-imaging, molecular recognition, and 

sensing.
49

 The macrocyclic core is capable of housing a guest metal atom via chelation from the 

N sites. After deprotonation, the core adopts a 2- state, making a natural system to pair with 2+ 

and 3+ transition metals (in the case of 3+ metals, anions act as charge balancing species). This 
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chelation is equatorial with respect to the guest metal atoms, leaving coordinatively unsaturated 

axial positions which are often used as open-metal sites (OMSs) in catalysis chemistry. Of 

particular interest to us are the reports of catalytic CO2 reduction on metalloporphyrins. The Co
2+

 

and Fe
3+

 variants were reported as CO2 reduction photocatalysts in the 1970’s, and numerous 

reports since then have confirmed the catalytic production of carbon monoxide and formic acid at 

these metal centers.
223

 More recently, MOFs incorporating carboxylate porphyrin derivatives as 

linkers have also shown activity for CO2 reduction. Two pathways exist for porphyrin utilization 

in MOF catalysts. Because these molecules absorb visible light over a wide range of the visible 

spectrum, the metal-free porphyrin derivatives can be used to photosensitize MOF metal building 

units for use as visible-light photocatalysts, as demonstrated by Xu and coworkers.
42

 

Alternatively, the ligand can be incorporated into MOF structures in its metallated form, 

providing metal centers with pre-established OMSs having catalytic activity. Multiple groups 

have utilized this method for both electrocatalytic and photocatalytic CO2 reduction studies.
38-41

  

 Our previous study established that pure-phase single crystals of Bi
3+ 

MOFs are 

obtainable by synthetically employing competing monocarboxylic acids (acid modulators) paired 

with judicious selection of reaction conditions.
35

 Additionally, our results implied that integration 

of large polytopic linkers with more than two points of extension may promote the formation of 

permanently porous bismuth frameworks. With this in mind, we have prepared a new 

permanently porous Bi MOF, [(CH3)2NH2][Bi(tcpp)(H2O)]∙nDMF (DMA
+
-Bi-tcpp), by utilizing 

the large meso-Tetra(4-carboxyphenyl)porphyrin (H6tcpp) ligand. This material has 

coordinatively unsaturated sites on the Bi
3+

 PBU and forms an anionic framework that is charge 

balanced by dimethylammonium cations (DMA
+
) that are formed in-situ. Furthermore, DMA

+
 

can be post-synthetically exchanged for Li
+
 cations (Li@Bi-tcpp). This exchange results in 

improved thermal stability and structural changes that were characterized by single-crystal X-ray 

diffraction on single crystal samples of Li[Bi(tcpp-M)(DMF)]∙nDMF (Li-Bi-tcpp) that were 
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prepared by synthesizing the MOF with Li
+
 present in the reaction. It was found that the structural 

changes that occur after cation exchange correspond to a reduced catenation state from 3-fold to 

2-fold and repositioning/rearrangement of the carboxylate-Bi coordination bonds, demonstrating 

a rare example of metal-based framework flexibility. The new MOF can also material can be 

prepared with metalloporphyrins (Cu
2+

, Co
2+

, Ni
2+

, Fe
3+

, Mn
3+

), providing an additional avenue 

for catalytic CO2 reduction studies and resulting in a tri-metallic framework. Preliminary 

electrocatalytic results suggest that the Bi
3+

 does not have activity for CO2 reduction, but that 

activity can be imbued by utilizing the Fe
3+

 metallated linker (Li-Bi-tcpp-Fe). 

5.2 Experimental Details  

Unless otherwise stated, all starting chemicals used in this study were reagent grade 

(>97%) and purchased from commercial sources. Benzoic acid used in MOF synthesis was 

recrystallized in a 1:1 mixture of ethanol (EtOH) and deionized (DI) water.  

5.2.1 Ligand Synthesis 

The metal-free Tetrakis(4-carboxyphenyl)porphyrin (H6tcpp) ligand was purchased from 

TCI Chemicals. All metallated (H4tcpp-M) variants were prepared used the general procedure 

described below, which was adopted from literature.
167

 

Synthesis of the porphyrin ester: 5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin 

(TPPCOOMe) 

Pyrrole (3.0 mL, 0.043 mol) and methy p-formylbenzoate (6.9 g, 0.042 mol) were 

refluxed in 100 mL of propionic acid in a 500-mL round bottom flask for 12 hr. The reaction was 

protected from ambient light using aluminium foil. After cooling to room temperature, the 

mixture was filtered, washed with cold methanol and THF and dried under dynamic vacuum. The 

average yield of the purple product over multiple reactions was ~2.0 g (~ 22%). 
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Metallation of the porphyrin ester: 5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin-M 

(TPPCOOMe-M)  

As a general procedure, a solution of TPPCOOMe (1.00 g, 1.17 mmol) and 

corresponding metal salt (~ 13.0 mmol of either: CuCl2·2H2O, NiCl2·6H2O, CoCl2·6H2O, 

MnCl2·4H2O, FeCl2∙4H2O) was heated to 150 °C in 100 mL of DMF for 6+ hours while protected 

from ambient light by foil. Water was added in excess (> 150 mL) to precipitate the dissolved 

product after cooling the mixture to room temperature, filtered, and washed with additional water. 

The product was then dissolved in CHCl3 and washed three times with 1 M HCl (only in the case 

of Fe and Ni) and three times with H2O (all samples). The organic layer was collected and dried 

over magnesium sulfate overnight, followed by filtration to remove the drying agent. Finally the 

dissolved product was dried using rotary evaporation to afford quantitative yields of 

TPPCOOMe-M. 

Base hydrolysis and acidification of the porphyrin ester to form: meso-Tetra(4-

carboxyphenyl)porphyrin-M (H4tcpp-M) 

~1.0 g of TPPCOOMe-M was dissolved and heated to 90 °C in a 1:1 mixture of THF and 

MeOH (~70 mL total volume). 35 mL of KOH solution (~ 3.0 M) was then added and the 

mixture was allowed to reflux overnight (12 hr+). The reaction was cooled to room temperature 

and rotary evaporated to remove the organic solvents. In the event of precipitation, additional 

water was added with heat, if necessary, to fully dissolve the product. The solution was then 

acidified and precipitated by adding it dropwise to 6 M HCl (we specifically add the product to 

acid to prevent any formation of the potassium salt form of the ligand). Finally, the precipitate 

was filtered, washed with water until pH neutral, and then dried at 90 °C under dynamic vacuum. 

5.2.2 MOF Synthesis 

DMA
+
-Bi-tcpp and DMA

+
-Bi-tcpp-M 
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 Single crystals of DMA
+
-Bi-tcpp ([(CH3)2NH2][Bi(tcpp)(H2O)]∙3DMF)  suitable for 

diffraction studies were obtained solvothermally. BiPh3 (8.7 mg, 0.02 mmol), H6tcpp (or H4tcpp-

M) (21.0 mg, 0.026 mmol; 25.0 mg in the case of H4tcpp-M), and benzoic acid (0.6 g, 4.9 mmol) 

were ultrasonically dissolved in 4 mL of DMF in a 20 mL scintillation vial. The reaction mixture 

was heated to 100 °C for 3d+ to afford large purple single crystals. The products were washed by 

decanting the mother liquor and washing with fresh DMF until the solution was completely 

transparent. Occasionally, a fine black impurity will accompany product formation but can easily 

be removed using ultrasonication to generate a suspension of the impurity, followed by decanting. 

Changing the acid modulator and reaction temperature to acetic acid at 90 °C for 7d resulted in 

very large 3 mm crystals in the case of the non-metallated ligand. This method did not work for 

the metallated variants. The typical product yield based on Bi is between 70-80%. Decreasing the 

quantity of benzoic acid can slightly improve yields, and also results in decreased crystal sizes. If 

no benzoic acid is used, only amorphous product is obtained. 

DMA
+
-Bi-tcpp cation exchange with LiClO4∙3H2O (Li@Bi-tcpp) 

Crystalline samples of DMA
+
-Bi-tcpp (15 mg) were immersed in 10 mL of MeCN 

containing 100 mg of dissolved LiClO4∙3H2O. The mixture was allowed to sit for 3 days, and the 

MOF was isolated and washed with fresh MeCN for PXRD and TGA measurements after 1 and 3 

days of exchange time. 

Li-Bi-tcpp and Li-Bi-tcpp-M  

 Single crystals of Li-Bi-tcpp (Li[Bi(tcpp-M)(DMF)]∙nDMF) and Li-Bi-tcpp-M suitable 

for diffraction studies were obtained in a similar manner as the DMA
+
 variant. BiPh3 (8.7 mg, 

0.02 mmol), H6tcpp (or H4tcpp-M) (21.0 mg, 0.026 mmol; 25.0 mg in the case of H4tcpp-M), 

LiClO4.3H2O (160 mg, 0.1 mmol) and benzoic acid (0.6 g, 4.9 mmol) were ultrasonically 

dissolved in 4 mL of DMF in a 20 mL scintillation vial. The reaction mixture was heated to 100 



97 
 

 

 

°C for 3d+ to afford large reddish-purple single crystals. The products were washed by decanting 

the mother liquor and washing with fresh DMF until the solution was completely transparent. 

5.2.3 Instrumental Details 

Single Crystal X-ray Diffraction (SXRD) and Powder X-ray Diffraction (PXRD)  

Single crystal diffraction data was collected at 100 K on a Bruker APEXII CCD 

diffractometer using the synchrotron source (λ = 0.77490 Å) at the Advanced Light Source 11.3.1 

Chemical Crystallography beamline. The refinement method used was full-matrix least-squares 

on F
2
. PXRD patterns were recorded on a Rigaku Ultima IV X-ray diffractometer with Cu Kα 

radiation (λ = 1.5406 Å). A graphite monochromator was used and the generator power settings 

were set to 40 kV and 44 mA. Data were collected between 2-35° 2θ with a step size of 0.02° and 

a scan speed of 1.5 deg/min.  

Thermogravimetric Analysis (TGA) 

Measurements were performed using a TA Q5000 Thermogravimetric Analyzer with a 

temperature ramp of 10 °C/min from room temperature to 600 °C under nitrogen gas flow (20 

mL/min).  

Ultraviolet-visible (UV-Vis) Spectroscopy  

The optical absorption spectra of solid samples were collected on a Shimadzu UV-3600 

spectrophotometer at room temperature. The baseline was taken on a BaSO4 standard. Samples 

were prepared on a quartz sample holder and diffuse reflectance measurements were converted to 

absorption using the Kubelka-Munk Function.  

N2 sorption measurements 

BET surface area measurements were made by N2 gas adsorption at 77K on a volumetric 

gas sorption analyzer (Autosorb-1 MP, Quantachrome Instruments). ~ 100 mg of sample was 
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prepared by solvent exchanging the MOFs with MeCN, followed by outgassing under vacuum at 

80 °C overnight.   

Electrochemical Measurements 

 All electrochemical measurements were performed on a Princeton Applied Reasearch 

(PAR) VersaSTAT 3 potentiostat/galvanostat using the Versastudio software under ambient 

conditions. Depending upon the trial, 0.1 M of either tetrabutylammonium hexafluorophosphate 

(TBAPF6) or anhydrous LiClO4 in MeCN (HPLC grade) were used as supporting electrolyte. The 

TBAPF6 was twice recrystallized using EtOH prior to use. LiClO4 was electrochemically purified 

at an applied potential of -2.0V vs. Ag/AgCl for 12 hours using a stainless steel working electrode 

and a platinum counter electrode. Photocurrent measurements: DMA
+
-Bi-tcpp was ground and 

applied to an ITO electrode with a working area of 0.24 cm
2
. The working electrode was 

immersed into one side of a two-compartment H-cell with an Ag/AgCl quasi reference, and a Pt 

counter electrode was used in the other compartment, which was separated by a glass frit. 0.5 M 

TBAPF6 was used as supporting electrolye. Chronoamperometric measurements were then 

performed at open-circuit, and chopped WLED light was used to measure the photocurrent 

response at 30 sec intervals. Cyclic Voltammetry (CV) measurements: a standard two-

compartment H-cell separated by a glass frit, with a total volume of 31.9 mL was used for all CV 

measurements. A glassy carbon electrode (GCE, CHi instruments) with a working area of ~0.071 

cm
2
 was used as the working electrode. The MOF samples were applied by spreading finely 

ground sample onto the GCE surface. Nafion suspensions were attempted for MOF application to 

the electrode, but failed to adhere well when immersed in organic electrolyte. Platinum wire was 

used as the counter electrode, and an Ag/AgCl quasi reference isolated in a vycor-tipped 

compartment was used as the reference electrode. The reference and working electrodes were 

contained in the same H-cell compartment with the Pt wire isolated in the adjacent one. Auxillary 

measurements were also performed using a graphite counter electrode, which produced the same 
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results at the Pt counter. Unless stated otherwise, data was collected at a scan rate of 0.01 V/s. 

Chronoamperometric measurements (bulk electrolysis, BE): a custom made 5-port 

electrochemical cell was used for bulk electrolysis, with 0.1 M LiClO4 as a supporting electrolyte 

and trifluoroethanol (TFE) as a proton source. Toray (120, 5% wet proofed) carbon paper 

working electrodes were fabricated (Figure 5.1) and the MOF was applied by drop-casting 

catalyst suspensions (10 mg in 250 uL of MeCN). Multiple applications were made with drying in 

between each application to ensure even coverage of the electrode. Some trials were performed 

using added VXC72R conductive carbon (Cabot) to improve charge percolation to active sites. In 

these cases, 9 mg of MOF was ground together with 1 mg of VXC72R and suspended in 250 uL 

of MeCN. ImageJ software was used to esimate the geometric surface area of the working 

electrode. A Pt counter electrode was used, but was isolated from the main reaction compartment 

using an isolation tube capped with an ultrafine 

 

Figure 5.1. Photograph of the custom-made electrochemical cell and a schematic illustration of 

the Toray working electrodes used for BE measurements. 
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glass frit (4-8 μm pores). An Ag/AgCl quasi reference isolated in a vycor-tipped compartment 

was used as the reference electrode. The main compartment and isolation tube were sparged with 

either N2 or CO2 for 30 mins and the system was confirmed to be air free prior to beginning the 

measurement by GC headspace analysis. After a set duration (typically 2 hours), products were 

tested by GC headspace analysis. 

Gas Chromatography 

Headspace product analysis was performed using Agilent 6890N gas chromatograph 

(GC) with TCD and FID detectors connected in series with a 30 m, 0.53 mm ID, 50 μm Rt-

Msieve 5A capillary column, which allows for simultaneous analysis of H2, CO, O2, N2 and 

hydrocarbon gasses up to 3 carbons in length. Two temperature ramps were used (the first to 250 

°C, the second to 300 °C) with a total run time of 35 min. The system was calibrated using 

calibration gas (ShopCross.com) containing 100 ppm each of H2, CO, CH4, C2H2, C2H4, C2H6, 

400 ppm CO2, 2500 ppm O2, 17000 ppm N2, and Ar as the balance. Over multiple repeated 100 

uL injections, a 5% error was established, which is ascribed to human sampling error. A 

representative chromatogram is shown in figure 5.2. 
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Figure 5.2. Representative chromatogram and analysis results of the calibration gas. 

5.3 Results and Discussion 

Single crystals of DMA
+
-Bi-tcpp and DMA

+
-Bi-tcpp-M (M = Cu

2+
, Co

2+
, Ni

2+
, Fe

3+
, Mn

3+
) 

were obtained solvothermally in DMF (100 ˚C, 3+ days) with excess benzoic acid added as a 

synthetic modulating agent (see Experimental Details for synthetic conditions) (Figure 5.3). A Bi-

salycilate cluster described previously was originally used as the metal source, but was found to 

be unnecessary and instead, BiPh3 was used directly. However, attempts using tradition Bi salts 

(Bi(NO3)3, BiI3) failed, as impure products were obtained. DMA
+
-Bi-tcpp crystallizes in a  
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Figure 5.3. Optical micrographs of DMA
+
-Bi-tcpp crystals. 

 

Figure 5.4. Structure plots and unit cell information for DMA
+
-Bi-tcpp and Li-Bi-tcpp. 
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Figure 5.5. Polyhedral net, line drawings, and PBU ‘chains’ of DMA
+
-Bi-tcpp and Li-Bi-tcpp. 
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Table 5.1.  Crystal data and structure refinement for DMA+-Bi-tcpp.  

 

Identification code  DMA
+
-Bi-tcpp 

Empirical formula  C59 H55 Bi N8 O12 

Formula weight  1277.09 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 8.1544(6) Å a= 90°. 

 b = 21.7581(16) Å b= 95.3910(10)°. 

 c = 31.409(2) Å g = 90°. 

Volume 5548.0(7) Å3 

Z 4 

Density (calculated) 1.529 Mg/m3 

Absorption coefficient 3.249 mm-1 

F(000) 2576 

Crystal size 0.17 x 0.08 x 0.05 mm3 

Theta range for data collection 1.302 to 29.107°. 

Index ranges -11<=h<=11, -29<=k<=29, -42<=l<=42 

Reflections collected 30207 

Independent reflections 7451 [R(int) = 0.0998] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7461 and 0.5984 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7451 / 329 / 440 

Goodness-of-fit on F2 1.169 

Final R indices [I>2sigma(I)] R1 = 0.0661, wR2 = 0.1495 

R indices (all data) R1 = 0.0786, wR2 = 0.1543 

Extinction coefficient n/a 

Largest diff. peak and hole 2.680 and -4.471 e.Å-3 
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monoclinic crystal system with a C2/c space group (Figure 5.4, Table 5.1); the asymmetric unit 

has one dimethyl ammonium cation, Bi
+3

, tcpp and one coordinated water. The Bi
3+

 building unit 

is overall coordinated to nine oxygen atoms with hemidirectional coordination geometry owing to 

bismuth’s lone pair of 6s
2
 electrons (Figure 5.5). Four carboxylates from four tcpp linkers form 

bidentate coordination bonds to Bi
3+

, with the last oxygen from coordinated water. The overall 

structure has 3-fold interpenetration and can be described as three interpenetrated 4,4-connected 

anionic 3-D nets comprised of distorted tetrahedral Bi
3+

 and rectangular tcpp building units. The 

nets perfectly align, forming straight rows of Bi
3+

 PBUs with respect to the crystallographic a-

axis. The Bi
3+

 building unit has highly distorted hemidirected tetrahedral geometry with respect to 

linker connectivity, as observed in our previous work. Two planes are formed by two each of the 

four linkers which extend throughout each net. DMA
+
 cations are tightly packed between each 

PBU to balance the negative charge. Each pair of carboxylate oxygen atoms share one shorter and 

one longer coordination bond with Bi, as observed in similar materials. The longest coordination 

bond is from the coordinated water’s O atom (light blue ball), at a distance of 2.781 Å. The two 

closest carboxylates to the coordinated water share the same bond lengths with each other, but 

have slightly longer bond lengths (~ 1 Å) than the pair of carboxylates opposite of the 

coordinated water. The longer Bi-O bond lengths for the closer two carboxylates are 2.497 and 

2.560 Å, while the other pair of carboxylates have Bi-O distances of 2.383 and 2.455 Å.  

DMA
+
-Bi-tcpp is stable in a wide variety of organic solvents, but does not seem to 

survive water treatment, as the PXRD pattern of recovered sample is severely altered, with only a 

few low-angle peaks present after immersion (Figure 5.6). TGA measurements on the as-made 

material show about 20% weight loss from synthesis solvent. After solvent exchange with 

numerous solvents, different weight losses are obtained, demonstrating the porous nature of the 

material (Figure 5.7). Additionally, after exchanging with MeOH followed by outgassing at room 

temperature under vacuum, the TGA profile shows two characteristic weight losses (Figure 5.8). 

The first is a ~1.8% weight loss, which is ascribed to the terminally coordinated water molecules  
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Figure 5.6. Simulated, as-made, directly outgassed, and solvent exchanged PXRD patterns for 

DMA
+
-Bi-tcpp. 

 

Figure 5.7. TGA profile for DMA
+
-Bi-tcpp as-made (black) and solvent exchanges samples. 
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Figure 5.8. TGA profile of MeOH exchanged DMA
+
-Bi-tcpp after applying dynamic vacuum at 

room temperature overnight. 

 

Figure 5.9. PXRD patterns for DMA
+
-Bi-tcpp (black = simulated pattern) after MeOH exchange 

followed by outgassing under dynamic vacuum at room temperature (red) and after heating at 85 

°C for 4 hours (blue). 
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and occurs at about 85 °C, while the second is a ~4.1% weight loss and occurs at about 160°C, 

corresponding to the loss of DMA
+
. Both of these weight losses correlate strongly with the 

theoretic values. PXRD measurements show complete retention of the structure after the removal 

of coordinated water (Figure 5.9), but loss of crystallinity is observed after heating at 160°C 

overnight. Based on the crystal structure, there appear to be small 1-D channels of about 4 Å  

residing above the PBU rows (measured from the outer surface of the Van der Waals radius of the 

coordinated water O), which is where the terminal water molecules are located. This suggests the 

presence of Bi
3+

 OMSs that are accessible from the small 1-D channel. However, attempts to 

characterize the BET surface area and pore size distribution of this material using N2 sorption 

experiments ultimately failed. While the activated MOF does uptake N2, it never reaches 

equilibrium.  

 Rows of diagonally stacked porphyrin units form π stacked arrays with an inter-ligand 

distance ranging from 3-4 Å (Figure 5.10). The presence of these arrays and the broad UV-Vis 

absorption of the MOF across the visible spectrum prompted us to test the materials photocurrent 

response to chopped white LED light in LiClO4 solution (see Experimental Details). Lithium 

based electrolyte was chosen due to the microporous nature of the material. A maximum 

photocurrent response of 330 nA/cm
2
 was measured, suggesting some degree charge percolation 

through the material (Figure 5.10). However, after these measurements changes in the PXRD 

pattern of the material was observed. We suspected these changes arose from cation exchange as 

opposed to material instability. To test this hypothesis, the material was submerged in 

LiClO4/MeCN solution for 3 days, with PXRD measurements taken on days 1 and 3 (Figure 

5.11). These measurements confirmed our suspicion; after 3 days of exposure, two new low angle 

peaks appear at about 6° and 7.5° 2θ, while an original peak at 12° 2θ almost entirely disappears. 

Many other smaller peak changes can also be observed at various 2θ angles. TGA measurements 

of the exchanged samples also support this conclusion, as the weight loss ascribed to the DMA
+
 

molecules decreases from ~4.2% to about 0.7%, suggesting that about 84% of DMA
+
 is replaced  
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Figure 5.10. Depiction of π stacking in DMA
+
-Bi-tcpp, photographs of the ITO electrode used for 

photocurrent measurements, and photocurrent response under chopped white LED light at 30 sec 

intervals. 

 

Figure 5.11. PXRD of DMA
+
-Bi-tcpp after 1 and 3 days of Li

+
 cation exchange. 
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Figure 5.12. TGA profile of Li@Bi-tcpp after 3 days of exchange time. 

by Li
+
. Interestingly, the exchange also appears to increase the thermal stability of the material, as 

the weight-loss ascribed to degradation of the porphyrin ligand at ~ 395 °C is extended to ~ 405 

°C. Attempts to maintain single-crystal integrity to crystallographically characterize these 

changes were unsuccessful, as the large crystals break down during the exchange into much 

smaller particles, indicating bond reformation or rearrangement taking place.  

 In order to structurally define the changes incurred during cation exchange with Li
+
, 

various amounts of Li+ were added during synthesis, ranging from 2 (6.2 mg) – 50 (161.4 mg) 

molar equivalents. After a series of synthetic trials, PXRD measurements were used to compare 

the newly synthesized variants to the 3 day Li
+
 exchanged material (Li@Bi-tcpp, Figure 5.13). 

Only beyond 15 eq. (40.4 mg) of added Li
+
 is a single phase material, with PXRD peaks 

matching those of the new peaks of the Li@Bi-tcpp sample, obtained consistently. 50 eq. of Li
+
 

was chosen as standard synthetic conditions to ensure phase purity. Single crystals of the new Li
+
 

containing phase were obtained (see Experimental Details) and solved.  

 Li-Bi-tcpp also crystallizes in a monoclinic crystal system with a C2/c space group 

(Figure 5.4, Table 5.2); the asymmetric unit has one Li
+
 cation, Bi

+3
, tcpp and one coordinated  
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Figure 5.13. PXRD patterns for DMA
+
-Bi-tcpp (simulated, black), Li@Bi-tcpp (grey), and 

samples prepared with Li+ present during synthetic trials (light to dark blue). 

        

Figure 5.14. Simulated PXRD pattern comparison for Li-Bi-tcpp (bottom, black) and DMA
+
-Bi-

tcpp (top, red). 
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DMF molecule. In contrast to DMA
+
-Bi-tcpp, the newly formed phase is only 2-fold 

interpenetrated (Figure 5.5), and instead of being perfectly aligned, one of the two anionic nets is 

rotated around the crystallographic b-axis by 180° with respect to the other net. The Li
+
 cations 

have tetrahedral coordination geometry generated by 4 O atoms. Two of the oxygens are from 

DMF solvent molecules coordinated exclusively to Li
+
, while the other two are μ2-O bonds 

shared with the Bi
3+

 PBU; one from the terminally coordinated DMF solvent molecule (black 

ball), the other from a carboxylate. The structure is reminiscent of our previously reported Bi 

MOF, but differs in that the ‘chain’ of PBUs in Li-Bi-tcpp is not connected. The coordination 

sphere around Bi
3+

 is also quite different than in the case of DMA
+
-Bi-tcpp. In this instance, no 

two Bi-O bonds share the same bond length, but follow the trend expected for Bi-carboxylate 

bonding, with one longer and one shorter bond. The longest Bi-O bond is from the terminally 

coordinated DMF molecule, with a distance of 2.864 Å, which is shared with Li
+
. As might be 

expected, the second longest bond is from the shared carboxylate μ2-O, at a distance of 2.715 Å, 

with the other Bi-O from the same carboxylate having a distance of 2.441 Å. The three other 

carboxylates have the following bond lengths, respectively: (2.702 Å, 2.230 Å), (2.660 Å, 2.369 

Å), and (2.569 Å, 2.282 Å). In all cases, the Bi-O nearest to the Li
+
 cation is the longer of the two 

Bi-O bonds from a single carboxylate. When the Bi-carboxylate connectivity is considered, the 

polyhedral geometry can also be described as a distorted tetrahedron (Figure 5.5). However, the 

tetrahedron has different angles than DMA
+
-Bi-tcpp, due to rearrangement of the carboxylates 

around Bi, resulting in a slightly different structure with respect to the single nets of both DMA
+
-

Bi-tcpp and Li-Bi-tcpp. These differences arise from the flexible/versatile nature of Bi 

coordination bonding. 

Li-Bi-tcpp shares the same level of chemical stability as DMA
+
-Bi-tcpp, but the thermal 

stability seems to be extended. The TGA profile (Figure 5.15) shows an initial ~20% weight loss 

from synthesis solvent, but the ~4% weight loss feature at 160 °C from DMA
+
 is absent, and the  
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Table 5.2.  Crystal data and structure refinement for Li-Bi-tcpp. 

 

Identification code  Li-Bi-tcpp 

Empirical formula  C64.50 H67 Bi Li N9.50 O15.75 

Formula weight  1443.19 

Temperature  100(2) K 

Wavelength  0.7749 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 30.3090(13) Å a= 90°. 

 b = 16.1796(7) Å b= 105.045(2)°. 

 c = 30.2549(13) Å g = 90°. 

Volume 14328.1(11) Å3 

Z 8 

Density (calculated) 1.338 Mg/m3 

Absorption coefficient 2.725 mm-1 

F(000) 5860 

Crystal size 0.150 x 0.100 x 0.080 mm3 

Theta range for data collection 2.042 to 38.077°. 

Index ranges -48<=h<=48, -25<=k<=25, -48<=l<=48 

Reflections collected 485972 

Independent reflections 30172 [R(int) = 0.0499] 

Completeness to theta = 27.706° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.811 and 0.682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 30172 / 138 / 836 

Goodness-of-fit on F2 1.103 

Final R indices [I>2sigma(I)] R1 = 0.0445, wR2 = 0.1267 

R indices (all data) R1 = 0.0579, wR2 = 0.1389 

Extinction coefficient n/a 

Largest diff. peak and hole 2.458 and -2.692 e.Å-3 

 

 

 



114 
 

 

 

 

Figure 5.15. TGA profile for as-made Li-Bi-tcpp (red) and acetone exchanged DMA+-Bi-tcpp 

(black). 

 

Figure 5.16. CO2 sorption isotherm for Li-Bi-tcpp. 
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final weight loss from tcpp at 405 °C in the Li@Bi-tcpp is extended even further to about 425 °C, 

implying a greater degree of thermal stability. After solvent exchange with MeOH or MeCN 

following by outgassing at 80 °C, PXRD measurements show retention of the crystal structure. In 

contrast to DMA
+
-Bi-tcpp, the BET surface area of the material was able to be measured and was 

found to be 260 m
2
/g based on CO2 sorption (Figure 5.16). 

 Based on reports of Bi activity for electrocatalytic CO2 reduction, preliminary 

electrochemical measurements were performed. However, CV measurements on GCE (see 

Experimental Details) show little to no redox activity when scanning in the reductive direction up 

to an applied potential of -2.0 V vs. Ag/AgCl for the non-metalled parent structures, suggesting 

that Bi
3+

 will not be an accessible route for CO2 reduction in these systems under these conditions. 

However, as metalloporphryins are known to be CO2 reduction catalysts, we tested various 

metalled versions of both Li-Bi-tcpp and DMA
+
-Bi-tcpp. In the cases of Cu

2+
, Ni

2+
, and Fe

3+
, 

(Figure 5.17 a-c) redox waves are observed at expected potentials corresponding to 1 electron 

reductions of the metal species. In the case of Li-Bi-tcpp-Fe, 3 different redox events were 

observed, corresponding to Fe (III/II), (II/I), and (I/0) redox couples. We focused on the Li-Bi-

tcpp-Fe variant for bulk electrolysis (BE) measurements, as Fe-porphyrin species are documented 

to selectively produce CO at the (I/0) redox transition. For these measurements, LiClO4 was used 

as supporting electrolyte as the Fe leeches out at the (I/0) couple when using TBAPF6, which is 

ascribed to inability of the larger TBA
+
 cations

 
to diffuse quickly enough through the material to 

stabilize the negatively charged framework upon reduction of Fe. Using LiClO4 stabilizes the 

material and prevents such leeching. Catalyst inks comprised of conductive carbon (VXC72R) 

and Li-Bi-tcpp were applied to custom fabricated Toray working electrodes for extended BE 

measurements to improve catalyst loading. After two hours of BE (Figure 5.18d) at an applied 

potential of -1.7 V (vs. Ag/AgCl) in 0.1 M LiClO4 with 0.5 M TFE added (see Experimental 

Details), CO is produced in approximately equal molar quantities as H2 (Figure 5.19). Control 

experiments show that at this potential under these conditions, the bare Toray electrode produces  
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Figure 5.17. CV data for (a) DMA+-Bi-tcpp-Cu, (b) DMA+-Bi-tcpp-Ni, and (c) Li-Bi-tcpp-Fe. 

(d) BE data for the bare Toray electrode (blue) and Li-Bi-tcpp-Fe (black). 

 

Figure 5.18. Product distribution after BE measurements on the bare Toray electrode and Li-Bi-

tcpp-Fe with conductive carbon. 
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approximately the same quantity of H2, but little to no CO. This data can be considered as 

preliminary at best, and more electrochemical measurements are needed to fully characterize the 

materials performance, including metrics such as electroactive area, Tafel slope, and TOF/TON.  

One of the most challenging elements of heterogenous electrocatalyst systems is 

obtaining good catalyst-electrode contact, especially in the case of MOF catalysts due to their 

insulating nature. In these cases, one should seek to grow ultra-thin films directly onto the 

electrode surface to maximize atom efficiency, as it is likely that only the atoms in direct contact 

with the electrode surface will be active. With this in mind, current efforts are focused on 

improving catalyst-electrode contact by utilizing a modulated synthetic approach to grow thin 

films of Bi-tcpp directly onto Toray carbon paper. Initial trials show that this is a promising 

 

Figure 5.19. Optical micrographs of Li-Bi-tcpp-Fe/Toray composites. The inset images show 

zoomed out images of the coated carbon fiber paper; (a) manual application of catalyst showing 

poor catalyst-fiber contact, (b-f) direct growth on Toray paper with decreasing concentrations of 

benzoic acid. 
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approach (Figure 5.19). By reducing the MOF reaction time to 16 hr and varying the amount of 

benzoic acid modulator, crystal growth directly on the carbon fibers can be promoted. At higher 

benzoic acid concentrations, large crystal clusters can be observed to grow on the carbon fibers, 

but with poor coverage with respect to the total area (Figure 5.19 b, c, d). When the concentration 

of benzoic acid is minimized, a semi-uniform crystalline film is formed with complete coverage 

of the fibers (Figure 5.19 e, f). However, if no benzoic acid is employed, the correct phase is not 

obtained, as confirmed by PXRD measurements. This data suggests that by fine tuning the 

reaction conditions, an optimized thin crystalline film should be obtainable. Future work will 

focus on growing thinner films by further reducing reaction times and evaluating these electrode-

MOF composite systems for electrocatalytic CO2 reduction. 

5.4 Future Outlook 

 Metal-organic frameworks have immense potential for many applications, but so far their 

use as electrocatalysts has been highly limited owing to a few factors, including poor conductivity 

and difficulty in fabricating electrodes. However, recent work has highlighted this potential by 

demonstrating a MOF electrocatalyst that is, according to the authors, the most efficient overall 

water splitting electrocatalyst reported to date.
224

 The key element in obtaining this level of 

performance is growing ultra-thin porous films directly on a conductive substrate, as well as 

having some degree of MOF conductivity. The spatial isolation of active sites intrinsic in MOF 

structures affords a theoretically ideal platform for catalysis, as the porous nature can provide 

access to each active site, a highly desirable feature from an atomic efficiency perspective. As the 

field further develops, it is doubtless that many more highly efficient systems will be discovered. 
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Appendix I 

This project was coauthored by Dr. Jingming Zhang, who helped conceive the original idea and 

performed the preliminary material preparation and water oxidation experiments. The dissertation 

author was responsible for reproducing the work, performing analysis of the catalyst, as well as 

drafting the manuscript. 

Appendix II 

This project was coauthored by Ever Velasco, who helped perform ligand and MOF synthesis, as 

well as prelimineary photoluminescence and UV-Vis experiments. The dissertation author 

conceived the original idea, performed all related experiments, and drafted the manuscript. 
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