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 Described in this dissertation are a range of methods for expanding the complexity 

of materials in the class of metal-organic frameworks (MOFs). From their discovery in the 

mid-1990’s until today, metal-organic frameworks have largely been built from a narrow 

set of building blocks: symmetric, aromatic, carboxylates and first row transition or rare 

earth metals. While much work has been devoted to investigating the scope of their possible 

applications, more fundamental understanding of their chemistry is needed for the full 

potential of this class of materials to be realized. In addition to their crystallinity and 

porosity, the primary reason for the success of metal-organic frameworks in fields ranging 

from gas storage to catalysis stems from their inherent tunability. Metal-organic 

frameworks, in contrast to other porous materials such as zeolites, are modular in that they 

are built from discrete organic and inorganic components and can therefore be tailored to 

specific purposes. 

 Increasing the attainable complexity of these materials allows for greater 

optimization toward existing applications and for exploring previously undiscovered areas. 

Complexity in solid-state materials is introduced through heterogeneity of composition or 

distribution. For metal-organic frameworks, this heterogeneity is manifested either in the 

backbone composing the underlying network or in the functionalities exposed to the pore 

space. Both approaches are investigated in this dissertation. Heterogeneity of the backbone 

rests in the diversity of the organic and inorganic building units. Heterogeneity of the pore 

space is provided by functionalization of organic and inorganic structural building units 

without altering their structural properties.  

 Chapter One presents an introduction to rational design of metal-organic 

frameworks encompassing the context and background for this work. The building block 

approach provides control of metal-organic framework structure, stability, and 

functionality. Both inorganic and organic building units are available for modification. 

Variations in linker length, geometry, and connectivity correlate with changes in the 

extended structure. Choice of coordinating group is another element of control. Much 

remains to be investigated in terms of linkage type in metal-organic frameworks by 

exploring new coordinating groups. Concerning the metal components, the multifarious 
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clusters and chains serving as secondary building units (SBUs) have implications for the 

structure, stability, and function of these materials. The identity of the metal ions 

comprising these secondary building units impacts these aspects as well. Heterogeneity of 

metal-organic framework backbones has been achieved in mixed linker and mixed metal 

systems. Strategies to achieve pure phases of materials with mixed components include 

synthesis from a mixture of starting materials as well as post-synthetic modification. Inside 

heterogeneous pore spaces, desired functionalities coordinate to the metals of the 

frameworks or are sidechains of the organic linkers. An analysis of the structure and 

property implications of constructing metal-organic frameworks from heterotopic linkers, 

meaning those linkers with non-identical coordinating groups, had not been reported. The 

lack of investigation in this area was the impetus for the research presented in Chapters 

Two and Three. 

 Chapter Two describes the design, synthesis, and characterization of a 

heterotritopic linker for metal-organic frameworks. This compound bears a carboxylic 

acid, catechol, and pyridone and was not known in the literature. The original and 

optimized synthetic routes are given. The linker is synthesized reproducibly on gram scale 

in three steps with a single column chromatography purification. The analytical data for 

this linker are given, including the mass spectrometry, one-dimensional and two-

dimensional nuclear magnetic resonance, and infrared spectra. The reasoning behind the 

choice of metrics and coordinating groups is described.  

 Chapter Three details the synthesis, structure elucidation and refinement, and 

properties of a metal-organic framework constructed from a heterotritopic linker and 

zinc(II), termed MOF-910. Despite the asymmetry of the linker, MOF-910 is both highly 

crystalline and symmetric. Synthetic conditions for crystallization of the heterotritopic 

linker with zinc(II) required an added base, such as triethylamine. The material is highly 

porous with a Brunauer-Emmett-Teller surface area of 2,120 m2 g-1and hexagonal channels 

21 Å in diameter. The material is remarkably thermally and chemically stable for a zinc-

based metal-organic framework. Integrity of the framework is maintained up to 320 °C and 

under acidic and basic aqueous conditions. The catechol moiety undergoes oxidation to the 

corresponding semiquinone during the metal-organic framework synthesis. The electron 

paramagnetic resonance spectrum indicates a ligand-centered radical. 

 Chapter Four concerns the applications and reticular chemistry insights uncovered 

by MOF-910. One focus is the prediction and control of structure of metal-organic 

frameworks through lower symmetry and heterotopic linkers. The process for reducing 

MOF-910 to its underlying topological network is explained. The tto (ttriangles. 

tetrahedra, octahedra) net, of which MOF-910 is the first representation, is described. The 

tendency of heterotopic linkers to form helical secondary building units is investigated. 

The dependence of helical pitch on the distance between the most proximal coordinating 

groups in asymmetric polytopic linkers is discussed. The contributions of these discoveries 

to the field of reticular chemistry are stated. The electrochromic and gas adsorption 

behavior of MOF-910 are described as well. Treatment with a mild oxidant converts 

colorless crystals to bright red with no change in structure discernible by single-crystal X-

ray diffraction and no change in surface area. Exposure to a mild reductant causes red 

crystals to lose color. 
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 Chapter Five focuses on functionalization of metal-organic frameworks constructed 

from tetrakis(4-carboxyphenyl)porphyrin and zirconium(IV) clusters. The introduction of 

functionality through the organic ligand is described in MOF-525 and MOF-545. Since the 

porphyrin core is not involved in structure formation of these metal-organic frameworks, 

additional reactive sites were installed in these frameworks by coordination to the 

porphyrin pyrroles. The synthetic conditions for constructing zirconium(IV) metal-organic 

frameworks with porphyrin linkers bound to aluminum(III), chromium(III), 

manganese(III), iron(III), cobalt(III), nickel(II), copper(II), and zinc(II) are reported. The 

synthesis of the aluminum(III) and chromium(III) linkers is given. The activation 

conditions for these generally difficult to evacuate mesoporous materials are listed. The 

ability of these metalated porphyrin materials to capture toxic gases is reported. 
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Chapter 1: Metal-Organic Framework Design 

 

1.1 Introduction 

 

Metal-organic frameworks are porous, crystalline materials composed of organic 

and inorganic building units. The organic units are di- or polytopic organic ligand while 

the inorganic units are metal clusters or chains. The term “building unit” for these 

components is appropriate given that the rational design and combination of these separate 

parts constructs a metal-organic framework.1 The organic components enter the metal-

organic framework synthesis in much the same form as they exit. Other than deprotonation, 

rarely do linkers change in structure or composition during the synthesis. For this reason, 

control of the organic components of metal-organic frameworks is quite achievable. In 

contrast, the metal components grow during the metal-organic framework synthesis 

reaction as the linkers or other small molecules or atoms join individual metal ions into 

larger clusters or chains with defined geometries and connectivity. The metal building units 

are therefore referred to as secondary building units since they are built up during the metal-

organic framework synthesis reaction from primary building units. For this reason, it is 

more difficult to exert control over the metal components than the organic components of 

these materials. Metal-organic framework synthesis reactions most often involve 

solvothermal heating of the protonated linker and a simple metal salt dissolved in a solvent 

(Scheme 1.1). Often additives such as acids are included. These additives serve to improve 

crystallinity by increasing reversibility of bond formation between the linkers and metals.2 

Amide solvents are popular since their decomposition as the reaction proceeds releases 

dimethyl amine for deprotonation of linkers. In many syntheses, protic solvents such as 

water or alcohol are added. The starting materials employed in these reactions are often 

inexpensive. The secondary building units are synthesized in situ directly from simple 

metal sources, and many of the organic linkers are commercially available. 
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Scheme 1.1. Typical synthesis reaction for a metal-organic framework. 

 

Organic linkers span the metal containing secondary building units to form two- or 

three-dimensional covalent networks (Figure 1.1). In networks composed of polytopic 

linkers, both the secondary building units and the linkers are vertices in the net. Linkers 

generally range in connectivity from two to six while secondary building units usually 

range from three to twelve in connectivity. The linkage of various shapes of building units 

generates a wealth of distinct topological networks. The structures are robust compared to 

supramolecular assemblies since they are linked by covalent bonds between metal ions and 

chelating or bridging ligands rather than by weaker intermolecular interactions.3 
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Figure 1.1. Unit cell of MOF-5 (left). Organic and inorganic building units (right). Yellow 

sphere illustrates pore space. 

 

The porosity of these materials is the source of many of their uses while their 

crystallinity ensures uniform pore size and shape and provides a method to study and 

characterize them.4 Metal-organic framework crystals vary in size from the nanometer to 

millimeter regime. Indeed, the most common methods for analyzing these materials is by 

X-ray crystallography. Their crystallinity gives metal-organic frameworks higher 

homogeneity of pores and makes them easier to study than other porous materials such as 

zeolites, activated carbons, and porous silicas.5 Another major difference between these 

materials and metal-organic frameworks is the tunability of the latter. Since metal-organic 

frameworks are constructed from building blocks, their structures and properties stem from 

modular units that are chosen and combined in an intentional manner to yield materials 

with specific properties. Additionally, the combination of organic and inorganic 

components allows for more complex applications. Metal-organic frameworks generally 
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have lower chemical and thermal stability than activated carbons, zeolites, and silicas, but 

this greater flexibility and the possibility of controlled degradation is advantageous for 

certain purposes, such a drug delivery. The void space of metal-organic frameworks lies in 

the micro- to mesoporous range which corresponds with other porous materials currently 

employed in industrial settings. 

Metal-organic framework materials have a wide range of applications with new 

purposes continually discovered.6 The most commercialized applications are in the capture, 

storage, and separation of gases.7 These gases include fuels such as methane and hydrogen 

in which interaction with the framework allows more gas molecules to be stored at a given 

pressure inside a sealed vessel than if the same vessel were empty. Metal-organic 

frameworks selectively capture carbon dioxide and chemical warfare agents from a mixture 

of gases. The favorable interactions governing these adsorption properties occur at the 

organic and inorganic sites of these adsorbents. Metal-organic frameworks also function as 

heterogeneous catalysts for many chemical transformations.8 Again, either the inorganic or 

organic components can function as the active catalyst. Appending homogeneous catalysts 

to the framework in many cases prevents catalyst degradation, increases catalyst 

recyclability, and gives distinct selectivity due to confinement of substrates within the pore 

space. Many metal-organic frameworks based on lanthanides serve as luminescent 

materials.9 Precise localization of different luminescent metals or identical luminescent 

metals in different coordination environments leads to modulated emission. Metal-organic 

frameworks have also shown promise as proton and electron conductive materials.10 Metal-

organic frameworks with hydrogen bonding groups relay protons. Metals and linkers with 

multiple accessible redox states increase the electronic conductivity of metal-organic 

frameworks.11 Many of these purposes were not identified when metal-organic frameworks 

were first discovered. New applications continue to arise as the field develops. 

 

1.2 Pore Size Modification 

 

 The primary source of the success of metal-organic frameworks in such a wide 

range of areas is their tunability.12 Metal-organic frameworks are far more versatile than 

other materials since so many kinds of building blocks are available to construct them. 

Although it is sometimes difficult in practice, it is theoretically possible to envision a 

technology, consider the properties a metal-organic framework might need to be 

implemented in this technology, and design a metal-organic framework composed of 

building units that impart these properties. The synthesis presents more challenges than the 

design, but again the building block approach gives more control than the typical “heat and 

beat” or “shake and bake” synthetic strategies of other solid-state systems.  

One of the clearest desirable traits to modify in a metal-organic framework is the 

pore size. Smaller pores are more desirable for capture of simple gas molecules at low 

pressure, but larger pores are desirable for catalysis or storage of larger entities, such as 

proteins or drug cargo. A straightforward way to achieve pore size modification is to work 

within an isoreticular series, meaning a group of metal-organic frameworks with the same 

symmetry and connectivity but different metrics.13 The members of an isoreticular series 
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are obtained by varying the length of the organic linker while keeping all else the same 

(Figure 1.2). If the number and types of coordinating groups as well as the geometry of 

the linker are maintained, it is generally possible to obtain isoreticular structures from 

linkers with different spacings between coordinating groups under similar reaction 

conditions. The primary reaction, that of the coordinating groups forming bonds to the 

metal ions, is not altered by a change in linker length. Since nearly identical types of bonds 

are broken and formed during the metal-organic framework synthesis reactions of 

isoreticular structures, the same secondary building unit and therefore the same framework 

structure is likely to result. As the pore space becomes larger, it is possible for 

interpenetration of nets to occur.14 Interpenetration reduces pore space but is avoidable 

with topologically complex networks and in frameworks with one-dimensional secondary 

building units.15 Increasing linker length to increase degree of interpenetration is also a 

strategy to build reinforced structures with greater robustness. 

 

 

Figure 1.2. Pore size expansion within an isoreticular series of metal-organic frameworks 

by increasing linker length. 

 

Another method for increasing pore space is by introducing missing linker defects 

into a theoretically perfect structure. Post-synthetic exchange of a given linker with a 



6 

 

similar linker of lower connectivity, such as exchange of a tritopic linker for a ditopic liker 

or exchange of a ditopic linker for a terminal ligand, opens space in the framework.16 The 

degree of pore space enlargement correlates with the degree of linker exchange. This 

strategy of pore enlargement can be effected by including the linker of lower connectivity 

in the metal-organic synthesis reaction or by post-synthetic exchange. These methods 

impact the stability of the materials since the connectivity of the framework is decreased. 

The methods listed in this section alter pore size; however, many other aspects of a metal-

organic framework affect its properties and therefore its suitability for various purposes. 

The strategies described are designed to change pore size without altering the secondary 

building units, connectivity, symmetry, or pore shape. 

 

1.3 Influence of Linker Geometry on Framework Connectivity 

 

Selecting a linker of a certain geometry and number of links determines the type of 

topological network the metal-organic framework adopts. The number of coordinating 

groups and their spatial distribution determine the shape of the linker from a topological 

perspective. Different linker shapes, such as a linear, triangular, square, etc., yield different 

nets.17 The geometry and connectivity does not affect the secondary building unit that 

results during a metal-organic framework synthesis since these are built up based on the 

binding preferences of the metal ions and coordinative functionality. With identical metal 

sources, reaction conditions, and ligand, the inorganic components will likely be the same, 

but linkers of different shapes will produce different structures with different pore sizes 

and shapes (Figure 1.3). In this way, varying the symmetry and connectivity of the linker, 

even while the type of coordinating group remains the same, generates a vast diversity of 

metal-organic frameworks. The gas adsorption of these materials varies widely.18 Changes 

in the pore shape alter the contact of adsorbed gas molecules with the pore walls which 

changes the strength of binding. By considering how a secondary building unit with a 

certain geometry and connectivity will join with linkers of various shapes, specific 

frameworks are targetable. The Reticular Chemistry Structure Resource lists the nets that 

have been embedded as metal-organic frameworks and the shape of secondary building 

unit and linker necessary to generate each network.19 This list informs researchers of the 

correct choice of linker geometry when attempting to construct a metal-organic framework 

belonging to a desired net. 
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Figure 1.3. Combination of zinc(II) secondary building units with linkers of differing 

geometries yields metal-organic framework structures with differing connectivity and 

symmetry. 

 

1.4 Targeting Structures and Properties with Choice of Metal Ion 

 

 In addition to the organic linkers, the inorganic building units are the other major 

design area for tuning metal-organic frameworks for their incorporation into useful 

technologies. Since the formation of a secondary building unit is determined by the 

bonding between a metal ion and linker coordinating group, two different metal ions will 

often produce different secondary building units when combined with the same linker 
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(Figure 1.4).20 Several differences in the properties of metals likely influence the metal 

cluster or chain that results, such as the metal’s size, charge, oxophilicity, as well as its 

energetically favored geometry and coordination number. Most metals form only a few 

distinct types of metal clusters when combined with a linker bearing a particular 

coordinating group. When more than one secondary building unit commonly forms from a 

given metal, the reaction conditions determine which is preferred. Similar metal ions, such 

as those with the same oxidation state in the same group of the periodic table or those in 

the same row with similar atomic numbers, often form the same type of metal cluster or 

chain. Very different metal ions, such as an early first row metal ion and a late third row 

metal ion or a transition metal and a lanthanide, generally do not form the same kinds of 

clusters or chains. The small number of possible secondary building units corresponding 

to a certain metal facilitates structure prediction based on choice of metal ion. Often the 

metal cluster built up during a metal-organic framework synthesis reaction can be predicted 

by examining the molecular clusters formed by reaction with monodentate versions of 

linkers.21 

 

 

Figure 1.4. Three different metals combined with the same linker generate three distinct 

types of secondary building units yielding three different metal-organic frameworks.  

 

 The identity of the metal ions has a profound effect on the properties and 

subsequent applications of metal-organic frameworks. Highly charged early metals, such 

as zirconium(IV), produce thermally stable and water resistant structures when combined 
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with carboxylate linkers due to the hardness of both the zirconium(IV) ions and oxygen 

donors of the carboxylates.22 Light metals, such as aluminum, are desirable for production 

of metal-organic frameworks with high gravimetric gas uptake. Metals with multiple 

accessible oxidation states, such as iron, have increased electronic conductivity. 

Biocompatible metals, such as sodium, are good candidates for metal-organic frameworks 

for drug delivery vessels.23 The lanthanides confer luminescence and produce metal-

organic frameworks when mixed with linkers under appropriates conditions. Metal ions 

with little electronic preference for a particular coordination number or geometry, such as 

zinc(II), easily form extended structures from a wide range of reaction conditions due to 

their flexibility in coordination mode. Electron rich metals, such as copper, with sites of 

coordinative unsaturation strongly bind H2 making them appropriate storage materials for 

hydrogen fuel. Much effort in the field was devoted to building metal-organic frameworks 

from new metal ions. Therefore, metal-organic frameworks incorporate nearly all of the 

elements with metallic properties (Figure 1.5). Indeed, metal-organic frameworks 

synthesized from alkali, alkaline earth, first, second, and third row transition, and rare earth 

metals as well as metalloids exist. Actinide based metal-organic frameworks have been 

developed as well, although fewer examples exist.24 Third row transition metal-based 

metal-organic frameworks are also less common for several reasons, including their 

prohibitive cost, heavy atomic weights, toxicity, and irreversible bonding. 

 

 

Figure 1.5. Highlighted in green are elements from which metal-organic frameworks have 

been constructed. 
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1.5 Effects of Linker Coordinating Group 

 

 Nearly all metal-organic frameworks are based on carboxylate coordinating 

groups.25 The identity of the linker coordinating group is another potentially tunable aspect 

of metal-organic frameworks. However, the field has not explored this subject nearly as 

much as the aforementioned areas. Most of the variation in metal-organic framework 

linkers rests in variations in geometry and metrics of aromatic carboxylates. (Figure 1.6). 

The lack of innovation in metal-organic framework links stems from several sources. 

Identification of the carboxylate for construction of porous, crystalline coordination 

networks was perhaps the turning point in the field, and they have remained dominant since 

then for their superior properties.26 Prior to the carboxylate, materials similar to metal-

organic frameworks, such as coordination polymers, were based on pyridine links to metal 

ions.27 These pyridine-linked materials suffered from a host of problems. The monodentate 

coordination does not yield highly ordered or stable products. Additionally, because the 

neutral pyridine ligand forms positively charged frameworks, counter ions occupy the pore 

space. The lack of pore space and low stability limit the utility of these materials. The 

dearth of order in the structures makes them difficult to study. The innovation of the 

carboxylate linkage solved these issues. The bidentate or bridging coordination provided 

more stable and better ordered materials due to the chelate effect. The negative charge of 

this ligand means that reaction with metal cations yields neutral frameworks with pore 

spaces free of counter ions.  
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Figure 1.6. Common organic linkers in metal-organic frameworks. Judicious choice of 

linker based on length and geometry controls the structure of the resulting framework. 

 

 Researchers have investigated a few coordinating groups other than the carboxylate 

with varying successes. Expanding to linkers bearing other coordinating groups is a 

valuable endeavor since this functional group determines the type of linkage in the metal-

organic framework which in turn determines the structural properties and the stability. 

Given the same metal source and reaction conditions, two distinct coordinating groups are 

unlikely to form the same secondary building unit.28 Differences in number of coordinating 

atoms, basicity, charge, flexibility, and tendency to bridge or chelate all affect the structure 

of the metal cluster or chain built from complexation of metal ions by the ligand. For 

example, a ditopic pyrazolate linker reacts with zinc(II) to produce a chain-type secondary 

building unit while the ditopic carboxylate linker of nearly equal length produces the 

familiar Zn4O(-CO2)6 octahedral cluster with zinc(II) (Figure 1.7). Differences in 

connectivity of the secondary building units cause frameworks of different structures to 

form. While the types of secondary building units formed by various metal ions is generally 

known for carboxylate based linkers, this information is not available for other 
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coordinating groups except for perhaps the azolates since little research into the area has 

been performed.  

 

 

Figure 1.7. Ditopic linkers of similar length but bearing different coordinating groups 

polymerize with zinc(II) to form disparate secondary building units that direct the growth 

of markedly different framework structures. 

 

A limited amount of research into linkers of coordinating groups other than 

carboxylates has been performed. After the carboxylates, the most common include 

azolates, phosphonates, sulfonates, and catecholates (Figure 1.8). Of this group, the azolate 

linkers are perhaps the most common and best understood. Azolate linkers include 

imidazolates, pyrazolates, triazolates, and tetrazolates.29 These heterocycles range in 

acidity with the tetrazoles close in pKa to carboxylic acids and the imidazoles and pyrazoles 

much more basic. A higher pKa impedes bond reversibility and therefore crystallinity. 

Despite this challenge, pyrazolate based metal-organic frameworks have proven valuable 
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for their markedly enhanced chemical and thermal stabilities in comparison to their 

carboxylate counterparts. Imidazoles polymerize with metals into a class of materials 

known as zeolitic imidazolate frameworks with bond angles and topological networks 

characteristic of zeolites. This structural resemblance is due to the similarity of the metal-

imidazolate-metal bond angle to the zeolite silicon-oxygen-silicon bond angle of 145°.30 

Phosphonates, sulfonates, and catecholates have been investigated to a lesser degree. 

Although these moieties bind to metals through oxygen atoms, they do not adopt the same 

coordination modes as carboxylates.31 Phosphonates and sulfonates often conduct 

protons.32 The high number of oxygen atoms in these two coordinating groups often leaves 

some oxygens uncoordinated to metal ions and free to bind protons. Catechols show 

interesting redox behavior that contributes to electronic conductivity in catechol-based 

metal-organic frameworks.33 The accessibility of the semiquinone and quinone oxidation 

states of these linkers allows them to transfer electrons with the metal ions they coordinate. 

 

 

Figure 1.8. Metal-organic framework linkers bearing uncommon coordinating groups. 
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1.6 Mixtures of Linkages 

 A little explored area of design in metal-organic frameworks is that of heterogeneity 

of links. Regardless of the specific type of coordinating group, nearly all metal-organic 

frameworks are composed of linkers in which all the coordinating groups are identical. In 

mixed linker systems, often the linkers do not differ in the type of coordinating group but 

instead in the side chain attached to the linker or in the linker geometry.34 The integration 

of two or more coordinating groups within the same metal-organic framework carries the 

advantages of multiple metal coordination environments, multiple distinct metal containing 

secondary building units, and synergy between coordinating groups with different 

benefits.35 These effects result from the mixing of  non-identical linkers bearing different 

coordinating groups or from heterotopic linkers. Mixing two linkers together with the goal 

of a producing a single extended structure incorporating both often fails due to the 

segregation of the two linkers into separate phases.36 Nearly all examples of metal-organic 

frameworks synthesized from linkers of two different coordinating groups are mixtures of 

carboxylates and bipyridines or pyrazines. The carboxylate linkers serve to generate 

secondary building units and impart rigidity while the pyrazines and pyridines provide 

porosity by acting as pillars between the two-dimensional sheets formed by the carboxylate 

linkers.37 In cases of carboxylates combined with pyrazolates, the carboxylates determine 

the secondary building unit while the pyrazolate is not involved in directing the structure. 

In these cases, the pyrazolates are effectively forced into coordinating in the preferred 

manner of the carboxylates.38 The pyrazolates confer better resistance to degradation that 

carboxylates alone. 

Few examples of heterolinker based metal-organic frameworks exist. The organic 

components of metal-organic frameworks generally exhibit uniformity of coordinating 

group and high symmetry (Figure 1.9). Prior to this work, only heteroditopic linkers had 

been reported. No examples of metal-organic frameworks built from linkers with three or 

more different coordinating groups had been synthesized. Of the few instances of metal-

organic frameworks constructed from heterotopic linkers, almost all are made from 

pyrazolecarboxylic acids.39 Since the pyrazolate shares several features with the 

carboxylate, such as its charge, size, and denticity, substitution of one carboxylate for a 

pyrazolate in a dicarboxylate linker does not lead to prohibitive difficulty in identification 

of reaction conditions or prediction of structure. In metal-organic frameworks with a 

mixture of linkages, one coordinating group can direct structure formation for porosity, 

rigidity or flexibility, directional binding, coordination mode, or predetermined secondary 

building units. The other type of coordinating group adds functional properties such as 

proton or electron conduction, chemical and thermal stability, introduction of side chains, 

hydrophilic pore environment, ligand field effects, or open metal sites for gas sorption.40 
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Figure 1.9. Scheme depicting symmetry differences between homotopic (left) and 

heterotopic (right) linkers. 

 

1.7 Functionalization of Linkers 

 

 Another major advantage of metal-organic frameworks in comparison to other 

porous materials stemming from their organic building units is the ability to functionalize 

them without altering their periodic structures. If linker modification does not alter the 

ligand moiety and does not install a reactive group prior to framework synthesis, the same 

structure will often result with a functionalized linker as is obtained from the unmodified 

linker. Many linkers are amendable to substitution of the aromatic rings to install side 

chains.41 This substitution must be performed in a position that does not interfere with 

formation of the secondary building unit, so larger or longer groups must be placed farther 

toward the center of the linker than a smaller, shorter moiety that can reside closer to the 

coordinating groups. Substitution varies in difficulty but often adds a few steps to the 

synthesis of the linker. If groups that impede framework synthesis are desired as side 

chains, a researcher chooses a linker with a smaller or less reactive functional group handle 

and then installs the desired moiety after the metal-organic framework growth by 

transformation of the handle. Chemists in the field termed this strategy post-synthetic 
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modification.42 Several linkers that are identical aside from the type of appended 

functionality can be mixed into a single framework for cooperative effects.43 

 The other typical method of functionalization of metal-organic framework linkers 

is by coordination of a non-structure directing metal. Many metal-organic frameworks 

consist of linkers that coordinate metals in their cores rather than only on their peripheries. 

Examples of linkers in this class include phenanthrolines, bipyiridnes, binols, and 

porphyrins substituted with carboxylates. The carboxylates form secondary building units 

while the other chelating ligands are not involved in supporting the framework structure. 

These ligands are free to bind to metal ions that serve functional purposes.44 Depending on 

the system, the non-structural metal ions are introduced prior or subsequent to framework 

formation. 

 Functionalizing the organic components of metal-organic frameworks imparts a 

wealth of properties that would not otherwise be possible with current metal-organic 

framework building units. Metal-organic frameworks with appended nucleophiles such as 

amines are adept at capturing carbon dioxide by chemisorption.45 Functionalization with 

catalytic metals create more robust and recyclable heterogeneous versions of homogeneous 

catalysts for organic transformations.46 Sensing groups are attached for detection of various 

guests in the gas or liquid phase.47 Additionally, the combination of various functional 

groups in a single metal-organic framework can yield higher order effects that are not 

possible from any single component.48 
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Chapter 2: A Heterotritopic Linker for Metal-Organic Frameworks 

 

2.1 Introduction 

 

 From the initial development of metal-organic frameworks until today, the field has 

enjoyed little diversity with respect to the organic components.1 Most of the elements with 

metallic properties have been incorporated into metal-organic frameworks, yet only a tiny 

fraction of the potential coordinating groups for these metals have been investigated in 

these materials. A wealth of linkers with varying lengths and geometries exist due to efforts 

at targeting isoreticular expansions and various topologies.2 However, nearly all of these 

examples are based on carboxylates as the coordinative functionality.3 Additionally, nearly 

all metal-organic framework linkers belong to a single class of potential organic 

components, that of highly symmetric ligands in which all the coordinating groups are 

identical.  

 Several reasons explain the current dogma for choosing homotopic linkers as the 

organic components of metal-organic frameworks. During a metal-organic synthesis 

reaction, both bond formation and crystallization must proceed. A higher symmetry linker 

facilitates crystallization because its groups are identical and therefore interchangeable. 

Lower demands are placed on the linker occupying a specific position and orientation for 

a periodic structure to grow when the linker possesses greater self-similarity. Additionally, 

differences in acidity between dissimilar coordinating groups could preclude growth of an 

extended structure from a heterotopic linker. A key aspect of successful crystallization 

conditions is the reversibility of bond formation.4 When non-identical coordinative 

functionalities must form bonds at the same time in one-pot synthesis and crystallization 

reactions, as in the case of metal-organic framework construction, differences in acidity 

could impede simultaneous reversibility of metal coordination to all ligand types or yield 

structures in which not all the coordinating groups are bonded to metals. 

 In addition to nearly all metal-organic framework linkers possessing high symmetry 

and uniformity of coordinating group,5 the clear majority employ carboxylates as the metal 

binding moieties. While pyridines were common in the early days of metal-organic 

frameworks,6 they were eventually eclipsed by the carboxylates. Carboxylates have the 

advantage of the ability to form neutral structures with positively charged metal ions. 

Neutral structures are inherently more porous than analogous charged networks since there 

are no charge-balancing counter ions occupying the pore space.7 Carboxylates also yield 

more robust frameworks due to their bidentate binding modes. Also, the hardness of 

oxygen atoms makes frameworks of carboxylates with some of the lightest metals, such as 

Mg(II), Al(III), and Ti(IV), particularly resistant to degradation.  

 Apart from carboxylates, metal-organic frameworks have been built from linkers 

bearing a limited number of other coordinating groups with limited success. The 

phosphonates and sulfonates generally form dense structures with low surface areas due to 

their high degree of connectivity caused by their high charge and many oxygen atoms.8 

Catechols share some characteristics with carboxylates, but a mere handful of metal-
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organic frameworks have been reported based on linkers of this type.9 Outside of the 

carboxylates, the largest class of linkers is that of the azolates, including pyrazolates, 

imidazolates, triazolates, and tetrazolates. The pyrazolates are similar to the carboxylates 

in that they generally bind in bidentate fashions as a monoanions. However, they are much 

more basic than carboxylates which can impeded reversibility and crystallinity. 

 Expansion of the scope of organic components for metal-organic frameworks 

provides the impetus for researching heterotopic linkers. The benefits of metal-organic 

frameworks in comparison to other porous materials, such as zeolites or mesoporous 

silicas, rest in their tunability. In contrast to purely inorganic porous materials, the organic 

building blocks of metal-organic frameworks affect properties of the framework relevant 

for applications ranging from catalysis to gas capture to energy storage. A wider range of 

organic building blocks from which metal-organic frameworks are constructed similarly 

increases the range of possible structures and properties of these materials allowing for 

more specifically tailored frameworks for specific applications. 

 To this end, the heterotriopic linker phenylyne-1-benzoic acid, 3-catechol, 5-

pyridone (PBCP) was designed and subsequently synthesized and characterized. The linker 

bears three distinct coordinating groups, a carboxylic acid, catechol, and pyridone, 

arranged in a pseudo-trigonal arrangement. Pyridone linkers had not been reported in 

metal-organic frameworks previously. A central aromatic ring links the benzoic acid, 

catechol, and pyridone rings together. A metal-organic framework linker with three 

different coordinating groups had never been reported previously. Described here is the 

reasoning behind the choices of coordinating groups and overall structure of this 

heterotritopic linker, strategies for synthesis of this previously unreported compound, and 

full characterization. 

 

2.2 Experimental Methods 

 

Synthesis of protected version of PBCP heterotritopic linker 1. A three-necked 

round bottom flask was charged with 1,3,5-tribromobenzene (5.00 g, 15.9 mmol), 4-

methoxycarbonylphenylboronic acid (3.50 g, 19.4 mmol), tetrabutylammonium bromide 

(1.03 g, 3.18 mmol), and toluene (65.0 mL). To this mixture was added a solution of sodium 

carbonate (13.8 g, 130 mmol) in deionized water for a total volume of 65.0 mL. The 

resulting mixture was degassed with N2 for 15 minutes before 

tetrakis(triphenylphosphine)palladium(0) (3.68 g mg, 3.18 mmol) was added. The reaction 

vessel was then sealed, and the mixture was degassed with N2 for another fifteen minutes. 

After heating at 100 °C for 14 hours under an atmosphere of N2, 3,4-

dimethoxyphenylboronic acid (2.89 g, 15.9 mmol) was added. The reaction vessel was then 

sealed, and the mixture was degassed with N2 for 15 minutes. After heating at 100 °C for 

10 hours under an atmosphere of N2, 2-benzyloxy-5-pyridineboronic acid pinacol ester 

(4.95 g, 15.9 mmol) was added. The reaction vessel was sealed, and the mixture was then 

degassed with N2 for 15 minutes. After heating at 100 °C for 14 hours under an atmosphere 

of N2, the mixture was allowed to cool to room temperature. The toluene layer was set 

aside, and the aqueous layer was washed twice with 50 mL of dichloromethane. The 
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dichloromethane and toluene layers were each washed with brine, dried over anhydrous 

sodium sulfate, and filtered. The organic layers were then combined and concentrated. The 

resulting yellow oil was purified by flash column chromatography on silica gel eluting with 

6:1 petroleum ether / ethyl acetate to obtain 1.46 g (17.3% yield) of the desired compound 

as a white foam: 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 2.4 Hz, 1H), 8.15 (d, J = 8.4 

Hz, 2H), 7.91 (dd, J = 2.4, 8.6 Hz, 1H), 7.75 (m, 3H), 7.70 (d, J = 6.4 Hz, 2H), 7.50 (d, J 

= 9.6 Hz, 2H), 7.40 (t, J = 10.0 Hz, 3H), 7.34 (d, J = 7.4 Hz, 1H), 7.23 (d, J = 2.9 Hz, 1H), 

7.17 (d, J = 2.0 Hz, 1H), 7.00 (d, J = 8.3 Hz, 1H), 6.93 (d, J = 8.6 Hz, 1H) 5.45 (s, 2H), 

3.97 (s, 2H), 3.95 (s, 3H), 3.94 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 163.3, 157.9, 149.3, 

149.0, 145.3,145.1, 142.7, 139.2 137.9, 137.1, 133.6, 132.6, 130.2, 128.4, 128.0, 127.8, 

127.7, 127.3, 125.2, 125.0, 124.3, 119.7, 111.6, 111.3, 110.5, 67.9, 55.9, 52.5, 29.8; IR 

(ATR) ν 3030, 2997, 2948, 1714, 1602, 1490, 1434, 1275, 1244, 1104, 1018, 770, 760, 

698 cm-1; HRMS (ESI) calc. for [C34H30O5N1]
+ 532.2118, found 532.2138. 

 

 

Scheme 2.1. One-pot, four-component Suzuki coupling reaction to afford protected 

version of PBCP heterotritopic linker (1). 

 

Deprotection of 1 to PBCP heterotritopic linker precursor 2. Compound 1 (1.46 

g, 2.75 mmol) was dissolved in a 1:1 mixture of anhydrous toluene and absolute ethanol 

(40.0 mL). The clear solution was placed in a Parr bomb. The solution was degassed with 

N2 for fifteen minutes before palladium on carbon, 10 wt. % (198 mg) was added. The Parr 

bomb was sealed. The bomb was charged with H2 and vented three times before being 

pressurized to 400 psi.  The mixture was stirred at 400 psi for 14 hours at room temperature. 

The solvent was then removed under reduced pressure. The material was re-dissolved in 

dichloromethane and filtered through a plug of Celite. The filtrate was concentrated under 

reduced pressure, and the material was re-dissolved in a 1:1 mixture of hexanes / ethyl 

acetate.  The solution was filtered through a plug of silica gel eluting with 1:1 hexanes / 

ethyl acetate followed by pure ethyl acetate. The filtrate was discarded. Finally, a solution 

of 20% methanol in dichloromethane eluted the desired compound. This filtrate was 
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concentrated to give 1.12 g (92.0% yield) of the desired compound as a brown waxy solid:  
1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.2 Hz, 2H), 7.91 (d, J = 9.2 Hz, 1H), 7.79 (s, 

1H), 7.73 (m, 3H), 7.60 (s, 2H), 7.22 (d, J = 8.4 Hz, 1H), 7.16 (s, 1H), 6.99 (d, J = 11.0 

Hz, 1H), 6.75 (d, J = 11.0 Hz, 1H) 3.99 (s, 3H), 3.96 (s, 3H), 3.95 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 166.8, 149.3, 142.9, 141.8, 141.5, 137.6, 134.6, 132.6, 130.2, 127.2, 125.0, 

124.1, 123.3, 120.3, 119.7, 111.5, 110.5, 107.1, 56.1, 52.2, 29.7; IR (ATR) ν 2950, 2930, 

2835, 1714, 1655, 1275, 1244, 1103, 1024, 760, 701 cm-1; HRMS (ESI) calc. for 

[C27H22O5N1]
- 440.1503, found 440.1504. 

 

 

Scheme 2.2. Hydrogenolysis of benzyl protecting group to afford 2. 

 

Deprotection of 2 to heterotritopic linker PBCP. Compound 2 (1.12 mg, 2.54 

mmol) and aqueous 48% hydrobromic acid (100.0 mL) were combined in a round-bottom 

flask and heated at 140 ºC for 6 hours. After cooling to room temperature, the mixture was 

diluted with deionized water (100.0 mL) and filtered. The filter cake was washed with 

deionized water (300.0 mL), dried, and collected to obtain 990 mg (97.6% yield) of the 

desired compound as a white powder: 1H NMR (400 MHz, DMSO-d6) δ 9.15 (s, 1H), 8.99 

(s, 1H), 8.04 (d, J = 8.4 Hz, 2H), 8.03 (d, J = 9.6 Hz, 1H), 7.97 (d, J = 8.8 Hz, 2H), 7.77 

(s, 1H), 7.73 (s, 1H), 7.70 (s, 1H), 7.21 (d, J = 2.4 Hz, 1H), 7.14 (dd, J = 2.4, 8.0 Hz, 1H), 

6.84 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 167.2, 162.0, 145.7, 145.6, 144.4, 

142.0, 140.5, 140.3, 137.6, 133.5, 131.2, 129.9, 129.8, 127.3, 123.1, 123.0, 122.2, 120.0, 

118.3, 117.8, 116.0, 114.5; IR (ATR) ν 1690, 1654, 1609, 1592, 1548, 1517, 1407, 1318, 

1274, 1179, 1120, 1093, 1017, 1000, 935, 844. 816, 766, 694, 588, 510, 507, 455 cm-1; 

HRMS (ESI) calc. for [C24H16O5N1]
- 398.1034, found 398.1031. 
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Scheme 2.3. Hydrolysis of methyl ester and methyl ether protecting groups to afford 

PBCP. 

 

Nuclear magnetic resonance spectra of heterotritopic linker PBCP. 

 

 

Figure 2.1. 1D 1H NMR spectrum of heterotritopic linker PBCP measured as a DMSO-d6 

solution. 
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Figure 2.2. 1H-1H COSY 2D NMR spectrum of heterotritopic linker PBCP measured as a 

methanol-d4 solution. 
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Figure 2.3. 1H-13C HSQC 2D NMR spectrum of heterotritopic linker PBCP measured as 

a DMSO-d6 solution. 
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Figure 2.4. 1H-13C HMBC 2D NMR spectrum of heterotritopic linker PBCP measured as 

a DMSO-d6 solution. 

 

2.3 Results and Discussion 

 

 Design of the heterotritopic linker aimed to increase complexity compared to 

typical symmetric carboxylate based linkers by incorporating multiple distinct 

coordinating groups while preserving the advantageous structural properties of 

carboxylate-based linkers. The catechol and pyridone were selected for their abilities to 

bind to metal ions in a bidentate fashion.10 Compared to monodentate coordinating groups, 

bidentate moieties were expected to yield structures of greater stability due to the chelate 

effect. Additionally, the catechol and pyridone generally coordinate as anions allowing for 

neutral frameworks upon combination with cationic metal ions. The catechol and pyridone 

were chosen to investigate the suitability of these groups for generating metal-organic 

frameworks. The chemistry of 2-pyridone had not been investigated in the context of metal-

organic frameworks, and the catechol had been studied in a mere handful of structures. The 

wealth of possible binding modes of these structures (Scheme 2.4) indicates their 

complexity and the necessity of determining their behavior as links by experiment. It was 

not possible given their range of binding modes to predict the manner in which they would 

bind to metal ions by modeling. 
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Scheme 2.4. Common coordination modes of carboxylic acids (top), catechols (middle), 

and 2-pyridones (bottom). 

 

 The metrics of the linker were another element of design. Although the idea of three 

distinct coordinating groups might have been testable by functionalization of a single 

benzene ring with ligands as a 1,3,5-substituted compound, the proximity of the 

coordinating groups might preclude binding of all three to metal ions. Spacing out the 

groups allows each to bind independently to metal ions. Additionally, larger linkers lead to 

larger pores and therefore higher surface areas.11 The common linker benzene-1,3,5-triyl-

tribenzoate (BTB) was chosen as a basis for the proposed heterotritopic linker. The PBCP 

linker can be thought of as a derivative of BTB in which one benzoate has been replaced 

by catechol and another benzoate has been replaced by 2-pyridone (Figure 2.5). The 

similarity of the heterotritopic linker PBCP to BTB as far as metrics and geometry allows 

for a comparison of the effect of heterogeneity of links on the extended structure to metal-

organic frameworks supported by homogeneous links. Aromatic rings comprise the linker 

for their rigidity and exceptional stability. Flexible linkers often present an insurmountable 
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barrier to crystallization12 while the harsh reaction conditions of typical metal-organic 

framework syntheses eliminate fragile compounds from the catalog of suitable linkers.13 

 

 

Figure 2.5. Benzene-1,3,5-triyl-tribenzoic acid (BTB, left) and phenylyne-1-benzoic acid, 

3-catechol, 5-pyridone (PBCP, right). 

 

 The PBCP heterotritopic linker had not been reported in the literature. A synthetic 

route to this linker was devised. Commercially available 1,3,5-tribromobenzene was 

chosen as an initial building block for Suzuki-Miyaura couplings to boronic acids or esters 

of the three coordinative moieties. It was presumed that stoichiometric control would 

prevent over reaction to the di- or tri-coupled product. Originally, the three moieties were 

installed separately over three steps. Each coordinating group was coupled to the central 

aromatic ring in a protected version to preclude coordination to the palladium catalyst and 

to make purification on silica gel feasible. The three coordinative moieties were coupled 

in the order of least to most expensive reagent given that the scale of each Suzuki-Miyaura 

coupling decreased in succession since yields were not quantitative. First, 4-

methoxycarbonylphenylboronic acid pinacol ester was coupled to 1,3,5-tribromobenzene 

under typical Suzuki-Miyaura cross coupling conditions. In the next step, 3,4-

dimethoxyphenylboronic acid was coupled. Finally, 2-benzyloxy-5-pyridineboronic acid 

pinacol ester was coupled. Each step required purification by column chromatography. 

After the protected versions of the three coordinating moieties had been installed, they were 

subsequently deprotected. The benzyl ether was removed by hydrogenolysis to liberate the 

free pyridone. The carboxylic acid and alcohols were liberated in a single step by 

hydrolysis with aqueous hydrobromic acid. This synthetic route furnished the PBCP linker 

in five steps (Scheme 2.5). The sequential coupling of the three protected coordinative 

moieties allowed for the success of each Suzuki-Miyaura coupling to be determined and 

for the identities of the products to be easily discerned. Once the synthetic route was found 

to yield the desired product, it was optimized to decrease the number of steps and 

purifications by flash column chromatography. 



30 

 

 

 

Scheme 2.5. Five step synthetic route to PBCP linker. 

 

 The synthetic route to the PBCP heterotritopic linker was shortened to three steps 

from five by identification of conditions for a one-pot four-component Suzuki-Miyaura 

coupling. To generate a large amount of material for testing metal-organic framework 

syntheses, a more time efficient route was desirable. By sequential addition of each boronic 

acid or ester to a single reaction flask, the protected carboxylate, catechol, and pyridone 

moieties were coupled to 1,3,5-tribromobenzene in a single step. Elution through a single 

silica column purified the tri-coupled product. The deprotections can also be achieved in a 

single step by increasing the temperature of the hydrolysis reaction. However, the material 

obtained is slightly purer when the pyridone is deprotected by hydrogenolysis in a separate 

step and subsequently filtered over Celite and silica gel plugs. The two and three step 

synthetic routes allow multigram scale synthesis of the PBCP product. 
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Scheme 2.6. Two step synthetic route to PBCP linker. 

 

 The PCBP heterotritopic linker was studied with several nuclear magnetic 

resonance and spectroscopic techniques. The linker adopts the 2-pyridone rather than the 

2-hydroxypyridine tautomer. This tautomer is preferred outside of the gas phase.14 The 

nuclear magnetic resonances of the catechol protons are resolvable in dry aprotic solvents 

while that of a hydroxypyridine is not. The linker is highly insoluble. Of all solvents tested, 

it only dissolved to a significant degree in amide solvents, such as N,N-dimethylformamide, 

and dimethyl sulfoxide. Such insolubility proved problematic for crystallization. It was not 

possible to crystallize the linker despite a multitude of efforts. The inability to form crystals 

after extensive attempts reflects the irregularity of the linker. The pure material is a white 

powder. However, when a solution of the linker is let stand while exposed to air, the 

colorless solution assumes a reddish hue at room temperature over the course of a few days. 

This change in color is not accessible by addition of acid or base. However, exposure to a 

mild oxidant, such as iodosobenzene diacetate, also transforms a solution of the PBCP 

compound from colorless to red. 

 

2.4 Conclusions and Outlook 

 

 The ease of producing multigram quantities of this heterotritopic linker 

demonstrates its suitability for synthesis of metal-organic frameworks. Although the 

presence of three distinct coordinating groups causes the synthetic route of this linker to be 

slightly more arduous than that of most homotopic linkers of similar size, many of which 

are commercially available, it is comparable to the synthetic routes of other more complex 

linkers such as those functionalized with side chains or employed in isoreticular series with 

large pore sizes. This heterotritopic linker offers the possibility of synthesizing metal-

organic frameworks with high complexity. By linking PBCP with various metal ions into 

porous extended structures, previously unattainable topologies and metal-based secondary 
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building units may be realized. The ability to localize specific metal ions in a mixed metal 

system based on preferential metal-ligand interactions is an exciting area of investigation 

with the PBCP heterotritopic linker. 
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Chapter 3: Synthesis and Structure Elucidation of MOF-910, A Metal-Organic 

Framework Built from Helical One Dimensional Secondary Buildings Units and 

Heterotritopic Linkers 

 

3.1 Introduction  

 

It has been an article of faith in MOF chemistry that symmetric building units 

should be employed for the synthesis of highly symmetric extended structures. However, 

this work demonstrates that infinite secondary building units accommodate irregular 

polytopic linkers into a crystalline extended structure. Incorporation of a polyheterotopic 

linker into a single type of discrete secondary building unit within an extended structure 

imposes high symmetry requirements on the metal cluster because multiple different 

coordinating groups must be satisfied as far as geometric and electronic preferences into a 

single unit. These high symmetry demands are circumvented in the case of coordinating 

groups that are similar enough in binding preference to substitute for each other.1 In these 

cases, a heterotopic linker behaves as a homotopic linker as far as symmetry of the extended 

structure. The two distinct coordinating groups may be randomly distributed in various 

positions throughout the framework. This interchangeability occurs in several 

heteroditopic linkers bearing carboxylates in combination with pyrazolates2 

The coordinating groups employed in the heterotritopic PBCP linker are dissimilar 

to the point that they are not interchangeable when binding to metal ions. The 2-pyridonate 

and carboxylate bind in similar fashions in terms of charge and coordination mode. They 

both act as monoanionic ligands and typically bridge two metal ions rather than chelate to 

a single metal.3 However, the carboxylate is more flexible since neither of its coordinating 

atoms are bound by a ring system as is the case with 2-pyridonate. Finally, the 2-pyridonate 

is itself less symmetric since its two coordinating groups are not identical. Although the 

catecholate is another bidentate coordinating group, its binding preferences are quite 

different from those of the carboxylate and 2-pyridonate since it can adopt a dianonic 

charge state and because the coordinating atoms are vicinal rather than geminal.4 

Catecholate oxygens often adopt µ2 binding and therefore may bind three metal ions as 

opposed to the coordination limit of two metals commonly encountered with carboxylates 

and 2-pyridonates. The larger bite angle of catecholates causes these moieties to be more 

likely to bind in a chelating fashion than carboxylates or 2-pyridonates. For all these 

reasons, the three coordinating groups have unique binding requirements that must be 

individually fulfilled in the secondary building units. 

There has not been a report of a metal-organic framework constructed from an 

organic component with three or more different links. Fewer than one hundred examples 

exist of metal-organic frameworks constructed from two or more different links, and almost 

all of these are based on the same set of a very small number of heteroditopic linkers. 

Nearly all examples employ carboxylates combined with either pyridines5 or azolates.6 

Many of the pyrazolecarboxylic acid linkers form structures not significantly different from 

those that arise from a homotopic linker since often the carboxylates and azolates are 
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interchangeable in the extended structure. These heteroditopic linkers with interchangeable 

coordinating groups do not probe the behavior of organic components with truly distinct 

links nor do they indicate the effect on structure of polyheterotopic linkers. 

The metal-organic framework reported here, MOF-910, is the first example of a 

metal-organic framework built from a heterotritopic linker. The three coordinating groups 

are not interchangeable in the crystal structure. The synthesis did not differ starkly from 

that of typical metal-organic frameworks aside from the requirement of a base. The 

structure was solved by single-crystal X-ray diffraction. All three coordinating groups 

formed bonds to metal ions in the framework. The structure of MOF-910 would not result 

from a homotopic linker with rotational symmetry. This work indicates that highly 

crystalline and symmetric extended structures can be constructed from low symmetry 

linkers that lack uniformity of coordinating group. 

 

3.2 Experimental Methods 

 

Synthesis of MOF-910. Zinc(II) chloride (90.0 mg, 0.660 mmol) and heterotritopic 

linker PBCP (30.0 mg, 0.0751 mmol) were added to a 20 mL scintillation vial and 

dissolved in DMF (12.0 mL).  Deionized water (3.0 mL) was added followed by 

triethylamine (7.5 µL). The vial was capped and the mixture was sonicated for ten minutes 

before being heated at 130 ºC in an oven for 3 days. After cooling to room temperature, the 

solvent was carefully removed by pipette and replaced with anhydrous N,N-

dimethylformamide (DMF). The DMF was replaced with fresh anhydrous DMF once each 

day for 3 days. After sonicating for 30 seconds, the suspension was centrifuged and the 

supernatant removed by pipette and replaced with fresh anhydrous DMF. This process was 

repeated twice. The DMF was then replaced with anhydrous dichloromethane (DCM) by 

pipette. The DCM was replaced with fresh anhydrous DCM once each day for 3 days.  The 

DCM was decanted, and the MOF crystals were placed in a Tousimis Samdri PVT-30 

critical point dryer equipped with bone-dry CO2. The chamber was filled with supercritical 

CO2, purged, and refilled 10 times. Finally, the chamber was filled with supercritical CO2, 

heated to 40 ºC, and bled over 14 hours until atmospheric pressure was reached. The 

material was then heated at 120 ºC for 48 hours under 30 mTorr dynamic vacuum to give 

38 mg (48% yield) of activated MOF-910 [Zn3(PBSP)2, Zn3C48H26O10N2] as colorless 

needle-shaped crystals: 1H NMR (500 MHz, DMSO-d6) δ 8.25 (dd, J = 2.4 Hz, J = 9.2 Hz, 

1H), 8.19 (d, J = 2.4 Hz, 1H), 8.04 (d, J = 8.4 Hz, 2H), 7.97 (d, J = 8.4 Hz, 2H), 7.81 (s, 

1H), 7.77 (s, 1H), 7.75 (s, 1H), 7.22 (d, J = 2.4 Hz, 1H), 7.15 (dd, J = 2.4, J = 8.4 Hz, 1H), 

6.86 (d, J = 8.0 Hz, 1H), 6.71 (d, J = 9.2 Hz, 1H). Anal. calc. for Zn1.5C24H13O5N·2H2O C: 

56.36%, H: 2.96%, N: 2.74%, found C: 54.48%, H: 2.77%, N: 3.09%. 
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Scheme 3.1. Solvothermal synthesis of MOF-910 from heterotritopic linker PBCP and 

zinc(II) chloride. 

 

 

Figure 3.1. 1H NMR spectrum of MOF-910 after dissolution in a mixture of DCl in 

DMSO-d6. 

 

Proton NMR spectroscopy of a sample of MOF-910 post-digestion agrees with the 

structure solved by X-ray diffraction. For solution phase NMR spectroscopy analysis, 

MOF-910 (5.0 mg) was dissolved in a solution of DCl (10 µL) in DMSO-d6 (500 µL). 

Since the resonances of the heteroatom protons are not visible in this acidic solvent 

mixture, all protons of the linker appear in the aromatic region (6.5 to 8.5 ppm) of the 
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spectrum. The only significant peaks not originating from the linker result from the 

resonances of water and dimethyl sulfoxide (DMSO). The absence of any species in the 

NMR spectrum that might serve as counterions, such as triethylammonium or 

dimethylammonium, confirms the chemical composition as a neutral framework with a 

fully deprotonated trianionic linker. The two most downfield resonances appear at lower 

field in this spectrum than in the PBCP linker spectrum. 2D NMR experiments established 

these two resonances as the vicinal protons of the pyridone moiety. The shift toward higher 

ppm is explained by protonation of the pyridone moiety by the DCl. The 1H NMR spectrum 

of as-synthesized PBCP linker measured in the 10 µL DCl / 500 µL DMSO solvent mixture 

corresponds with the above spectrum regarding chemical shift of the pyridone protons. 

  

Scanning electron microscopy. Scanning electron microscope (SEM) images 

were obtained with a FEI Quanta 3D FEG scanning electron microscope. SEM samples 

were prepared by direct deposition of a DCM dispersion of MOF-910 onto a silicon wafer. 

 

Figure 3.2. SEM image of MOF-910 crystals. 

 

Single-crystal X-ray diffraction. Single-crystal X-ray diffraction data were 

collected with synchrotron radiation at Beamline 11.3.1 of the Advanced Light Source at 

Lawrence Berkeley National Laboratory. Single-crystal samples were mounted on 

MiTeGen® kapton loops and placed in a 260(2) K nitrogen cold stream provided by an 

Oxford Cryostream 700 Plus low temperature apparatus on the goniometer head of a 

Bruker D8 diffractometer equipped with a PHOTON100 CMOS detector operating in 
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shutterless mode. Diffraction data were collected using synchrotron radiation 

monochromated with a silicon (111) reflection to a wavelength of 0.7749(1) Å. Semi-

empirical absorption correction as well as scaling of the datasets was performed with 

SADABS.7 Structure solution was successful with intrinsic phasing using SHELXT8 as 

implemented in APEX3.9 Least-squares structure refinements were performed using 

SHELXL10 as implemented in Olex2.11 For the disordered benzoate fragment of the 

structure, interatomic distances were restrained to their ideal values.12 One isotropic 

displacement parameter was refined for all atoms in the disordered fragment. Due to the 

resolution of the data (1.2 Å), a free refinement of the disordered benzoate fragment did 

not converge. Initial test refinement yielded a ratio between the two possible conformations 

of the benzoate moiety that was not significantly different from the ideal value of 0.5, so 

the value was fixed at 0.5 for the final refinement. During structure refinement, 

contributions of the solvent to the diffraction intensities were masked with the method 

implemented in Olex2.13 The solvent-accessible portion of the structure was determined to 

be 71.7% of the volume; the contribution of 3002 electrons was masked. Crystallographic 

data for MOF-910 are summarized in Table S1. 

 

Table 3.1. Crystallographic data for MOF-910. 

Identification code 

Formula 

MOF-910 

Zn1.5C24H13O5N 

Formula weight /gmol-1 

Temperature / K 

493.41 

260(2) 

Lattice parameter /Å a = 47.239(2) 

b = 47.239(2) 

c = 27.1216(12) 

Cell volume / Å3 52414(5) 

Crystal system trigonal 

Space group R-3c (no. 167) 

ρcalcd. /gcm-3  0.563 

Z 36 

F(000) 8964 

λ / Å 0.7749 

Reflections (independent) 95434 (3583) 

Rint / Rσ 0.1213 / 0.0293 

μ / mm-1 0.802 

Max. sinθ/λ / Å-1 0.4196 
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Absorption correction semi-empirical 

Parameters / restraints 236 / 177 

Weighting scheme w = 1/[σ2(Fo
2) + (0.1427P)2 + 146.7548P], where 

P = (Fo
2 + 2Fc

2)/3 

R1 [I > 2σ(I)] 0.0738 

R1 (all) 0.0897 

wR2 [I > 2σ(I)] 0.2186 

wR2 (all) 0.2322 

GooF (all) 1.113 

ρmax. / ρmin. /eÅ-3 0.514 / -0.789 

 

 

Powder X-ray diffraction. Powder X-ray diffraction (PXRD) patterns were 

collected with a scan speed of 0.5 s / step and a step size of 0.030º in 2θ on a Bruker D8-

Advance θ-θ diffractometer in reflectance geometry employing Cu Kα line radiation and 

parallel focusing Gobel mirrors operated at 1600 W (40 kV, 40 mA) power and equipped 

with a Lynxeye PSD detector. Slight differences in the intensities between the experimental 

bulk phase pattern and the pattern calculated from the single-crystal model likely result 

from the preferred orientation of the long needle-shaped crystals measured for the bulk 

phase experimental pattern and the contribution of the solvent in the pores of the bulk 

experimental sample which were not accounted for in the simulated pattern. 
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Figure 3.3. Powder X-ray diffraction patterns of MOF-910. Experimental pattern (red) 

and pattern simulated from single-crystal X-ray data (blue). 
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Figure 3.4. Powder X-ray diffraction patterns of MOF-910 after 24 hours of immersion in 

various solvents. 

 

Infrared spectra. Attenuated total reflectance (ATR) Fourier transform infrared 

(IR) spectra of neat samples were performed on a Bruker ALPHA Platinum ATR-FTI 

Spectrometer equipped with a single reflection diamond ATR module. Fourier-transform 

infrared spectroscopy verifies each of MOF-910’s six ligating atoms is deprotonated.14 

Specifically, absorption at 3530 cm-1 for the catechol O-H stretch is absent from the 

spectrum of the MOF as is the absorption at 3120 cm-1 for the pyridone N-H stretch. The 

absorption at 3070 cm-1 corresponding to the carboxylic acid O-H stretch is also 

significantly reduced in intensity in the MOF spectrum compared to that of the linker. The 

absence of the absorption at 1700 cm-1 originating from the pyridone C=O stretch in the 

spectrum of the MOF suggests the pyridone moiety is coordinated. The strong absorption 

at 1500 cm-1 in the spectrum of MOF-910 yet absent in that of the linker is attributable to 

the C=O stretch of a semiquinonate15 and indicates oxidation of the linker occurs during 

the MOF synthesis. 
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Figure 3.5. Infrared spectra of activated MOF-910 (blue) and heterotritopic linker PBCP 

(red) at room temperature. 

 

Electron paramagnetic resonance spectroscopy. The electron paramagnetic 

resonance (EPR) spectrum was collected at 9.26 GHz (X-band) at room temperature with 

a Varian E-109 spectrometer equipped with an E-102 microwave bridge. Measurements 

were taken with 100 kHz magnetic field modulation. 

 

Figure 3.6. Solid-state electron paramagnetic resonance spectrum of MOF-910 measured 

at room temperature. 
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Thermogravimetric Analysis. Thermogravimetric analysis (TGA) was performed 

with a TGA Q500 under an air flow of 60 mL min-1. Measurement in air demonstrates 

MOF-910’s high thermal stability and supports the structural assignment. The weight loss 

of 6% that begins near 100 °C corresponds with the chemical formula determined by 

elemental analysis in which two water molecules are present for each linker. The presence 

of a minimal amount of water is expected based on the observation of electron density 

within the hydrogen bonding distance of the free carboxylate oxygen of the disordered 

benzoate in the asymmetric unit. This electron density likely belongs to a water molecule 

but could not be modeled due to the resolution of the data. After liberation of water, no 

significant weight loss occurs until 320 °C which suggests the material contains no guests 

within the pores. The residual metal oxide weight of 23.6% agrees well with the expected 

value of 23.1% based on the chemical formula. 

 

 

Figure 3.7. TGA trace of MOF-910 with a heating rate of 5 °C per minute measured in air.  

 

Surface area analysis. The low-pressure N2 adsorption isotherm was recorded on 

a Quantachrome Quadrasorb Evo gas sorption analyzer. A liquid nitrogen bath was used 

for measurements at 77 K. Helium provided estimation of dead space for gas adsorption 

measurements. Ultra-high-purity grade N2 and He gases (Praxair, 99.999% purity) were 

used throughout the adsorption experiment. The type H4 hysteresis loop likely results from 

interparticle voids present in the MOF-910 bulk powder sample.16 
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Figure 3.8. N2 sorption isotherm of MOF-910 at 77 K. 

 

 

Figure 3.9. Pore size distribution calculated from N2 adsorption isotherm data points 

measured at 77 K based on the quenched solid state density functional theory model for 

cylindrical pores. 
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Figure 3.10. Multi-point plot of Brunauer-Emmett-Teller (BET) equation (line) and 

experimental N2 adsorption isotherm data points chosen for BET surface area calculation 

(circles). From this plot was derived a BET surface area of 2,123 m2 / g. The correlation 

coefficient, r, for the fit is 0.9941. 

 

3.3 Results and Discussion 

 

 Identification of suitable reaction conditions to crystallize the PBCP linker into an 

extended network by linking metal ions began with reaction conditions typical for metal-

organic framework syntheses: dissolving the neutral linker with a simple metal salt in N,N-

dimethylformamide and heating in a sealed vessel under solvothermal conditions. This 

strategy yielded a broad peak at low angle of 2θ of low intensity indicating a large unit 

cell but poor crystallinity (Scheme 3.2). Additional peaks at higher angles of 2θ indicated 

a second phase with a smaller unit cell was present. 
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Scheme 3.2. Initial conditions for synthesis of a zinc framework with PBCP heterotritopic 

linker. 

 

Addition of base yielded a product in which diffraction attributable to widely-

spaced lattice planes was higher in intensity than that attributable to closely-spaced lattice 

planes (Scheme 3.3). All amine bases tested yielded comparable results. However, the 

diffraction peaks were broad necessitating further optimization to improve crystal quality. 

 

 

Scheme 3.3. Alkaline conditions for synthesis of a zinc framework with PBCP 

heterotritopic linker. 

 

A series of experiments with various counter ions and temperatures revealed 

zinc(II) chloride as the ideal metal source. The powder X-ray diffraction pattern with the 

greatest number of peaks and narrowest peak widths corresponded to heating at 85 °C 

(Scheme 3.4). This powder X-ray diffraction pattern resembled that of typical metal-

organic frameworks. The material was found to be insoluble in common solvents 
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suggesting an extended structure. However, no crystals were visible by eye or optical 

microscope. Structure solution from powder was not possible given the unprecedented 

nature of the heterotritopic linker in metal-organic frameworks. The coordination of 

catechols is not widely explored in metal-organic frameworks, and 2-pyridones had not 

never been explored. Thus, no prior examples were available for prediction of a structure 

model to match to the observed powder X-ray diffraction pattern.  

 

Scheme 3.4. Variations in counter ion and temperature for synthesis of a zinc framework 

with PBCP heterotritopic linker. Zinc(II) chloride at 85 °C yielded the sample with highest 

crystallinity, the powder pattern of which is depicted. 

 

The reaction conditions were then modified sequentially in a systematic manner to 

isolate larger crystals for structure solution by single-crystal X-ray diffraction. The 

identity of the amide solvent, amount of solvent, ratio of linker to metal source, amount 

of base, and temperature were varied during this investigation until visible crystals grew 

(Figure 3.11). The crystals diffracted, but not enough diffractions spots could be 

harvested for a structure solution. Desolvation contributed to a decrease in diffraction as 

the data collection progressed. 
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Figure 3.11. Scanning electron microscope image of small crystals of MOF-910 prior to 

optimization of crystal growth conditions. 

 

Adding water to the metal-organic framework synthesis reaction (Scheme 3.1) 

induced growth of much larger crystals (Figure 3.2). The protic solvent likely increased 

the reversibility of the reaction leading to high quality crystals. These larger crystals 

exhibited the same powder X-ray diffraction pattern and maintained the needle 

morphology as the smaller crystals but measured 100 μm along the long axis. Collecting 

data at 260 K rather than 100 K and leaving the crystals immersed in a high boiling point 

amide solvent rather than Paratone oil greatly improved diffraction. The combination of 

this technique with the larger crystal size provided a data set of sufficient quality for 

structure elucidation. The single-crystal X-ray diffraction revealed MOF-910 belongs to 

the space group R3̅c (No. 167) with lattice parameters a = b = 47.239(2) Å and c = 

27.122(1) Å. The heterotritopic linker crystallizes in a space group belonging to the Laue 

class 3̅m despite the lack of symmetry usually imparted by the linker in MOF syntheses.17 

Disorder in the structure caused diffuse scattering in the diffraction images (Figure 3.12). 

30 µm 
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Figure 3.12. hk0 reconstruction image from single-crystal X-ray diffraction of MOF-910. 

 

Although the three ligating groups are quite different in acidity and metal-organic 

framework synthesis commences with the linker in its neutral, protonated form, each of the 

three coordinating groups forms bonds to metal ions in the extended structure (Figure 

3.13). The asymmetric unit includes one linker molecule and two distinct Zn atoms (Figure 

3.14), one on a general position in the unit cell and the other on a two-fold rotational axis. 

This composition corresponds to the chemical formula Zn3(PBSP)2. The metal to linker 

molar ratio and the knowledge that +2 is the only common oxidation state of Zn imply the 

linker exists as a trianion in the MOF structure.  
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Figure 3.13. Asymmetric unit of MOF-910 solved in the R3̅c space group. Zn, pale violet; 

C, gray; O, red; N, pale blue; H, white. 

 

 

 

Figure 3.14. MOF-910 viewed along c-axis in direction of helical channels. Zn, blue; C, 

black; O, red; N, green. Hydrogen atoms are omitted for clarity. 

 

There are several possible combinations of protonation state and oxidation state 

that correspond with a trianionic charge for the heterotritopic linker after it has polymerized 

into the framework (Figure 3.15). There are four potentially ionizable protons, one on the 

carboxylic acid oxygen, two on the catechol oxygens, and one on the pyridone nitrogen. 

The catechol and pyridone protons are not very acidic,18 so it possible not all would be 

deprotonated. If one of the four protons were to remain on the linker, this would yield a 

trianionic species. However, comparison of the infrared spectrum of MOF-910 to the 

spectrum of the neutral linker reveals there are no N-H or O-H stretches in the framework 

(Figure 3.5). Hydrogen atoms are generally not detectable by single-crystal X-ray 



51 

 

diffraction, so spectroscopy is a more useful tool in this case.19 If four protons were lost 

from the PBCP linker yet the linker is a trianion, single electron oxidation must occur 

during the metal-organic framework synthesis. This conclusion is reasonable given that 

catechol-based linkers undergo aerobic oxidation to semiquinone radicals under similar 

metal-organic framework synthesis conditions.20 The symmetric resonance reflecting 

a g factor of 2.050 in the solid-state electron paramagnetic resonance spectrum is consistent 

with the characterization of the linker as a monoradical semiquinonate species (Figure 

3.6). The linker then bears a carboxylate, pyridonate, and semiquinonate in the extended 

structure. The quadruply deprotonated, monoradical form of the linker is termed 

phenylyne-1-benzoate, 3-benzosemiquinonate, 5-oxidopyridine (PBSP).  

 

 

 

Figure 3.15. Possible protonation and oxidation states of the heterotritopic linker 

corresponding with a trianionic charge. On the right, the linker as it exists in MOF-910 is 

boxed. 

 

MOF-910 comprises helical one-dimensional secondary building units that form 

hexagonal channels 21 Å in diameter (Figure 3.16b). The channels are lined with a double 

wall built from pairs of closely associated linkers. Gaps between each pair of linkers create 

4.1 Å windows in the double wall. The one-dimensional secondary building units exist in 

equal populations of left- and right-handed helical conformations such that the overall 

structure is centrosymmetric. The linker is low enough in symmetry that the three 

coordinating groups are non-interchangeable in the MOF structure. Within each closely 

stacked pair of linkers that lines the channels, the pyridonate and benzosemiquinonate 

moieties of one linker align with the pyridonate and benzosemiquinonate moieties of the 

partner linker, while benzoate moieties of the two linkers align together (Figure 3.16c). 

This preferential association could bring cooperative side chains on linkers together in 

space in a controllable manner to direct segregation of functionalities in multivariate MOF 

systems.21 
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Figure 3.16. (a) PBSP heterotritopic linker. (b) Structure of MOF-910 viewed along the 

c-axis in the direction of hexagonal channels. Disorder in benzoate moieties is omitted for 

clarity. (c) Coordination of PBSP heterotritopic linker to Zn ions viewed perpendicular to 

channels. Zn, light blue; C, black; O, red; N, green; benzoate rings, purple; 

semiquinonate rings, yellow; pyridonate rings, dark blue. Hydrogen atoms are omitted for 

clarity. 
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Preferential alignment of certain coordinating groups also instills disparate rigidity. 

While the pyridonate and benzosemiquinonate moieties are inflexible since they form two 

points of attachment to the same SBU, the benzoate moiety of each linker is disordered 

because it is the single point of attachment to the opposing secondary building unit. 

Specifically, each benzoate moiety adopts one of two equally likely conformations. In one 

conformation, the benzoate ring is coplanar with the central aromatic ring to which it is 

bonded, and the carboxylate binds to two Zn ions in a bridging fashion. In the other 

conformation, the benzoate ring is tilted with respect to the central aromatic ring, and a 

single carboxylate oxygen is coordinated to a Zn ion (Figure 3.17).  

 

      

Figure 3.17. Disorder of benzoate in MOF-910 crystal structure. Two conformations 

superimposed (left) and alternating (right). Zn, light blue; C, black; O, red; N, green. 

Hydrogen atoms are omitted for clarity. 

 

The presence of three distinct bidentate coordinating groups in the linker makes it 

unlikely that all metal ions in the structure would exist in a single type of coordination 

environment. Indeed, the zinc ions of this metal-organic framework adopt two 

configurations distinct in the metal–link bonds involved (Figure 3.18). In two-thirds of the 

cases, each zinc ion has three benzosemiquinonate oxygens, one carboxylate oxygen, and 

one pyridonate nitrogen in its inner coordination sphere. The other third of the zinc ions 

are each bound by two benzosemiquinonate oxygens, two pyridonate oxygens, and one 

carboxylate oxygen. 
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Figure 3.18. Two distinct coordination environments of zinc ions in MOF-910. Zn, light 

blue; C, black; O, red; N, green; benzoate rings, purple; semiquinonate rings, yellow; 

pyridonate rings, dark blue. Hydrogen atoms are omitted for clarity. 

 

Additional analytical techniques performed on MOF-910 corroborate the structure 

solved by single-crystal X-ray diffraction. Powder X-ray diffraction substantiates the bulk 

phase purity (Figure 3.3). Elemental analysis of MOF-910 after activation to remove 

guests from the pores supports the chemical formula as Zn1.5(PBSP)·2H2O (calcd. C, 

56.36%; H, 2.96%; N, 2.74%; found C, 54.48%; H, 2.77%; N, 3.09%). The 1H NMR 

spectrum of MOF-910 post-digestion exclusively exhibits resonances attributable to the 

linker (Figure 3.1). The absence of any resonances due to counterions, such as 

triethylammonium or dimethylammonium, confirms the chemical composition as a neutral 

framework with a fully deprotonated trianionic linker. Thermogravimetric analysis 

measured in air establishes the high thermal stability of MOF-910. The residual wt% of 

ZnO reflects the chemical formula (Figure 3.7). Framework decomposition does not begin 

until 320 °C. The greater basicity of benzosemiquinonate and 2-pyridonate compared to 

that of carboxylates of typical linkers likely contributes to the high thermal stability of 

MOF-910.22 Maintenance of crystallinity after suspension in pH 4 and pH 8 aqueous 

solutions and a number of organic solvents (Figure 3.4) demonstrates the good chemical 

stability of MOF-910. 

The N2 adsorption isotherm at 77 K confirms the permanent porosity of MOF-910 

and that its pores are free of counterions. The type IV profile and step at a relative pressure 

of P/P0 = 0.075 verifies the presence of a mesopore (Figure 3.8).23 A Brunauer–Emmett–

Teller surface area of 2120 m2 g–1 was derived from the sorption isotherm (Figue 3.10) and 

matches the expected value of 2100 m2 g–1determined from the single-crystal structure. The 

calculated pore size distribution indicates a single pore width that matches the van der 

Waals pore diameter of 21 Å determined by single-crystal X-ray diffraction (Figure 3.9). 

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07267/suppl_file/ja6b07267_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07267/suppl_file/ja6b07267_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07267/suppl_file/ja6b07267_si_001.pdf
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3.4 Conclusions and Outlook 

 

This study suggests that simple, symmetric linkers are not a necessity for formation 

of crystalline extended structures. The successful construction of a metal-organic 

framework from an organic component with no symmetry elements and multiple distinct 

types of coordinating groups illustrates the diversity of linkers suitable for connecting 

metal ions into crystalline porous structures. This work also demonstrates the behavior of 

catechol and 2-pyridone in metal-organic frameworks. Each of these groups forms two or 

more bonds to metal ions and can be polymerized under solvothermal conditions. The 

higher basicity of these groups compared to carboxylates leads to a framework of greater 

chemical and thermal stability than typical for zinc(II) frameworks. The redox non-

innocence of the catechol group is a consideration when designing frameworks from this 

ligand. The success of crystallizing the PBCP heterotritopic linker disproves the notion that 

highly symmetric building units are required for constructing metal-organic frameworks. 

Additionally, starkly different pKa’s do not preclude linkage of the three groups under a 

single one-pot reaction nor do these differences in acidity limit crystallinity of the 

framework. Expansion of the set of organic molecules incorporated into metal-organic 

frameworks will increase the ability to tailor these materials for specific purposes. The 

reason for the achievements of metal-organic frameworks in so many areas is their 

tunability. A wider array of organic molecules from which to choose when designing a 

metal-organic framework will improve the performance of these materials in existing 

applications and open new areas for their application. 
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Chapter 4: Reticular Chemistry and Applications of MOF-910 

 

4.1 Introduction 

 

 The heterogeneous nature of MOF-910, as the first metal-organic framework built 

from three distinct links, leads to unique properties. Most metal-organic frameworks are 

simple in terms of building units.1 This simplicity of composition translates to simplicity 

in the underlying connectivity of the framework.2 The nets to which metal-organic 

frameworks belong generally consist of one to three types of vertices and one to ten types 

of edge.3 While determination of the underlying net of a metal-organic framework at times 

presents difficulty, tremendous value comes from this endeavor. Knowledge of the 

connectivity of a metal-organic framework is key to comparing metal-organic frameworks 

to each other or to similar materials such as zeolites. Additionally, examining the 

connectivity of a metal-organic framework or similar material provides insight into 

possible applications based on structure.4 Finally, an understanding of the connectivity of 

frameworks is perhaps the single most important piece of information for design and 

prediction of structure. 

 Topological analysis of a metal-organic frameworks refers to the abstraction of the 

molecular structure to the vertices and edges that represent the connectivity.5 

Deconstruction of a metal-organic framework to its net is straightforward for many simple 

metal-organic frameworks in which the metal and organic components are both 

symmetric.6 However, the process is more ambiguous with more complex building units 

of lower symmetry and with infinite rather than discrete secondary building units. Although 

the theoretical possibility exists for the formation of thousands of distinct nets from even 

simple building blocks, in practice only a few default nets marked by high symmetry and 

simplicity are easily attainable. Targeting more complex nets that are generally not 

accessible remains a challenge in the field.7 A major advance in this area was the 

introduction of the modular building unit strategy. In this way, metal containing secondary 

building units and organic linker primary building units with rigid geometries combine in 

a predictable manner to form a desired net. However, limitations in the kinds of building 

units available translate into limitations in the nets that can be generated. To tap the wealth 

of more complex network structures, more complex building units must be employed. 

Since metal building units are almost always generated in situ during the metal-

organic framework synthesis itself, hence the term secondary building unit, control over 

their structures is limited.8 This is a clear area for improvement in the metal-organic 

framework field. Investigations into methods to control the structures of secondary 

building units would increase topological control as well as control of molecular structure. 

The organic building units are better candidates as tools for increasing topological diversity 

since they emerge from a metal-organic framework synthesis reaction in the same form in 

which they entered aside from minor non-structural changes such as deprotonation.9 For 

this reason, it is feasible to design the organic components of metal-organic frameworks 
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and conceivable to select for complex topological structures by construction with complex 

linkers.  

Other aspects related to a lack of complexity and diversity in metal-organic 

frameworks stem from the lack of innovation in links. New structural types, reactivity, and 

properties such as conductivity or chemical stability arise when frameworks are 

constructed from linkers of appropriate coordinating groups. However, much remains to 

be explored in this area since many coordinative functionalities have not been 

investigated.10 The dearth of diversity in links limits the potential utility of metal-organic 

frameworks. At the inception of the metal-organic framework field, research into linkage 

type emphasized links that produced porous crystalline structures. The links were chosen 

for structural rather than functional purposes.11 However, the linkage group affects a wealth 

of aspects of a metal-organic framework, including its stability, conductivity, 

hydrophilicity, and electronic structure.12 In particular, research indicates linkers featuring 

basic coordinating groups are desirable for enhancement of chemical and thermal stability13 

and that redox active coordinating groups impart electronic conductivity.14 For these 

reasons, the 2-pyridone and catechol were investigated in this work. 

 

4.2 Experimental Methods 

 

Deconstruction of MOF-910 linker for topological analysis. Branching points 

were identified in the PBSP linker. Each of the three links is a different branching point. 

The specific points of extension were located on the linker between the coordinating atoms 

of each of the three ligating groups. The carboxylate carbon between the two oxygens, 

pyridonate carbon between the oxygen and nitrogen, and midpoint of the two alcohol 

substituted carbons on the semiquinonate are points of extension. Three branching points 

also exist within the central ring of the linker. The first, third, and fifth carbons of the 

substituted central aromatic ring are the specific points of extension. After identification of 

all points of extension, they were connected to their nearest neighbors. Each point of 

extension (POE) located on a coordinating group was connected to the nearest point of 

extension on the central aromatic ring. Each point of extension on the central aromatic ring 

was additionally connected to its two phenylyne neighboring points of extension. The 

resulting shape is a triangle. Six total points of extension were identified on the PBSP linker 

of MOF-910. 
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Figure 4.1 Deconstruction of PBSP linker for topological analysis. Line-angle structure of 

PBSP heterotritopic linker (left). Ball and stick structure of PBSP heterotritopic linker with 

large colored spheres occupying points of extension (middle). Triangle generated from 

connection of points of extension (right). 

 

Deconstruction of MOF-910 secondary building units for topological analysis. 

Points of extension identified on the linker coordinating groups were placed along the 

secondary building unit through the length of the unit cell. The points of extension were 

connected to their nearest neighbors. Each connection spanned a distance between two 

points of extensions of 4.5 to 6.0 Å. Connection of the points of extension generated a 

pattern of points of extension composed of pairs of tetrahedra alternating with octahedra. 

The tetrahedra share faces with the octahedra and edges with other tetrahedra. 
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Figure 4.2. Deconstruction of MOF-910 secondary building unit for topological analysis. 

a) Unit cell length of secondary building unit. b) Points of extension (large spheres) 

connected to nearest neighbors. c) Pattern of points of extension. d) Pairs of tetrahedra 

alternating with octahedra generated by pattern of points of extension. 

 

Abstraction of MOF-910 to underlying topological network. Replacing the 

atomic structure of MOF-910 with the series of nodes and edges generated by connecting 

the points of extension yields a network of helices spanned by triangles with 6 types of 

vertices and 16 types of edges. This network was entered into the Reticular Chemistry 

Structure Resource as the tto network (triangles, tetrahedra, octahedra). The network 

belongs to the space group R3̅c (space group number 167). 
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Figure 4.3. Unit cell of tto network viewed along c-axis. Triangles are abstracted from 

linker. Helical rods of pairs of tetrahedra alternating with octahedra are abstracted from 

secondary building units. 
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Figure 4.4. View along a-axis of two helices with bridging triangular linkers of tto 

network. Struts are color coded to represent linkage type in MOF-910: carboxylate, purple; 

pyridonate, blue; semiquinonate, yellow. 

 

 Gas adsorption. MOF-910 was synthesized and activated as described in Chapter 

Three. Adsorption isotherms were recorded with an Autosorb-1 volumetric gas adsorption 

analyzer. Liquid nitrogen and liquid argon baths were used for measurements at 77 K and 

87 K respectively. A water circulator was used for measurements at 273, 283, and 298 K. 
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Figure 4.5. Carbon dioxide adsorption (filled circles) and desorption (hollow circles) 

isotherms of MOF-910. 
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Figure 4.6. Methane adsorption (filled circles) and desorption (hollow circles) isotherms 

of MOF-910.  
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Figure 4.7. Hydrogen adsorption (filled circles) and desorption (hollow circles) isotherms 

of MOF-910. 
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Figure 4.8. Benzene adsorption (filled circles) and desorption (hollow circles) isotherms 

of MOF-910. 

 

Synthesis of colorless and red MOF-910 crystals. Colorless MOF-910 crystals 

were obtained by heating the metal-organic synthesis reaction mixture described in 

Chapter Three at 130 °C for 3 or fewer days. Red MOF-910 crystals were obtained by 

heating the MOF synthesis reaction mixture described in Chapter Three at 130 °C for 4 or 

more days. Red and colorless crystals were indistinguishable by single-crystal X-ray 

diffraction, powder X-ray diffraction, NMR spectroscopy post-digestion, IR spectroscopy, 

N2 adsorption, and elemental analysis. The color of the crystals remained unchanged by 

activation to remove guests from the pores and by immersion in various solvents. 

 

Procedure for oxidation of colorless crystals to red crystals. Colorless MOF-

910 crystals (5.0 mg) were immersed in a 0.020 M solution of iodosobenzene diacetate in 

anhydrous methanol (7.5 mL). After 1 minute, all crystals appeared red to the naked eye 

and under magnification with an optical microscope. The iodosobenzene diacetate solution 

was decanted and the crystals were immersed in anhydrous methanol. The methanol was 

decanted and replaced with fresh anhydrous methanol twice. The methanol was decanted 

and replaced with anhydrous dichloromethane. The dichloromethane was decanted and 

replaced with fresh anhydrous dichloromethane twice. The crystals were allowed to sit for 

24 hours. To the naked eye and under magnification with an optical microscope, the red 

color remained as vibrant as when first apparent. 
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Scheme 4.1. Oxidation of MOF-910 crystals and associated color change. 

 

Procedure for reduction of red crystals to colorless crystals. Red MOF-910 

crystals (5.0 mg) were immersed in a 0.050 M solution of aqueous sodium dithionite (7.5 

mL). After 1 minute, all crystals appeared very pale yellow to the naked eye and under 

magnification with an optical microscope. The sodium dithionite solution was decanted 

and the crystals were immersed in water. The water was decanted and replaced with fresh 

water twice. The water was then decanted and replaced with anhydrous methanol. The 

methanol was decanted and replaced with fresh anhydrous methanol twice. The methanol 

was then decanted and replaced with anhydrous dichloromethane. The dichloromethane 

was decanted and replaced with fresh anhydrous dichloromethane twice. The crystals were 

allowed to sit for 24 hours. To the naked eye and under magnification with an optical 

microscope, the very pale yellow color remained as faint as when the color first 

diminished. 

 

 

Scheme 4.2. Reduction of MOF-910 crystals and associated color change. 
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Procedure for MOF-910 redox-activated color cycling. The colorless MOF-910 

crystals were converted to red MOF-910 crystals and back to very pale yellow MOF-910 

crystals by applying the procedure for oxidation of colorless crystals, decanting and rinsing 

with methanol three times, followed by the procedure for reduction of red crystals. 

 

Scheme 4.3 Oxidation followed by reduction of MOF-910 crystals and associated color 

changes. 

 

 

Figure 4.9. Solid-state absorption spectra of MOF-910 crystals in colorless state (black) 

and red state (red). 
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Figure 4.10. Red crystals (left) and colorless crystals (right) of MOF-910 after completion 

of metal-organic framework synthesis. 

 

 

Figure 4.11. Optical microscope images of red crystals (left) and colorless crystals (right) 

of MOF-910. 

 

4.3 Results and Discussion 

 

 The high surface area and mesoporous channels of MOF-910 motivated study of 

its gas adsorption behavior. Unfortunately, the material was not found to be stable enough 

for repeated adsorption and desorption of water or ammonia. However, it was quite stable 

to adsorption and desorption cycling of benzene. The low-pressure carbon dioxide, 
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methane, and hydrogen adsorption isotherms were all measured at multiple temperatures. 

The material was stable to impregnation with these gases and showed no hysteresis. 

Adsorption values for these gases were respectable but not above those of other metal-

organic frameworks.15 All available coordinating sites of the MOF-910 zinc ions are bound 

by coordinating groups of the linker. There are no terminal ligands bound to any of the zinc 

ions. The lack of sites of coordinative unsaturation in MOF-910 as well as the lack of 

reactive groups on the linker removes the possibility of chemisorption. Although the 

mesoporosity of the material suggests much space is available to store gas molecules, it 

also implies much of the interior space is not adjacent to the walls of the metal-organic 

framework where attractive intermolecular interactions take place. Additionally, the pore 

space is lined with aromatic rings. These groups are relatively nonpolar making MOF-910 

a poor candidate for binding gas molecules through polar interactions. 

MOF-910 uncovers two principles of reticular chemistry. Topologically, MOF-910 

is an embedding of a new net with the RCSR symbol tto (triangles, tetrahedra, 

octahedra).16 The structure has six points of extension: three located within the central 

aromatic ring of the linker and three located at the branching points of each bidentate 

coordinating group. Connecting the three points of extension within the central ring of each 

linker reduces this part of each linker to a triangle. Connecting the points of extension 

within each coordinating group to those of neighboring linkers reduces the secondary 

building units to helices in which octahedra share faces with the neighboring tetrahedra 

and tetrahedra share edges with other tetrahedra. MOF-910 is the first structure with a 

topology based on a secondary building unit of this kind. Although the high number of 

nodes makes this net complex, it has high symmetry (R3̅c, space group number 167). 

 Despite two decades of research, the field of MOFs remains lacking in the ability 

to predict and target structures based on building units.17 In contrast to the organic 

constituents of MOFs, which are based on linkers that serve as preformed building units 

that remain largely unchanged during MOF synthesis, a major challenge is control of the 

metal-based components of MOFs. Recent efforts to target MOFs based on a specific 

discrete secondary building unit rely on the pre-synthetic growth of metal clusters prior to 

linkage into an extended structure.18 However, such a strategy is not possible with infinite 

secondary building units. Selectivity for a metal-organic framework built from a particular 

type of infinite secondary building unit is an unsolved problem. 
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Analysis of MOF-910 provides insights to address these challenges. The metrics 

and coordination modes of the three ligating groups of the PBSP linker are markedly 

dissimilar, yet the linker reticulates into a symmetric, porous, and crystalline extended 

structure by way of infinite secondary building units. The structure consists of a single type 

of infinite secondary building unit that satisfies the disparate requirements of the three 

links. Due to the lack of trigonal symmetry in the PBSP linker, the distance between the 

semiquinonate and pyridonate coordinating groups is shorter than that from either moiety 

to the carboxylate (Table 4.1). For this reason, the semiquinonate and pyridonate bond to 

zinc ions of the same one-dimensional secondary building unit. This two-point attachment 

of the linker to a single secondary building unit directs the formation of helical rather than 

straight rods. The coordination behavior of this heterotritopic linker contrasts with that of 

benzene-1,3,5-triyltribenzoate (BTB), a higher symmetry tritopic linker with a three-fold 

rotational axis. BTB forms straight rods rather than helices since no two coordinating 

groups bind to the same secondary building unit (Figure 4.12).19  

 

Table 4.1 PBSP linker metrics. 

Linker Metrics Distance of POE to Midpoint Angles between POEs 

Carboxylate 7.1 Å 123 ° 

Semiquinonate 5.3 Å 114 ° 

Pyridonate 5.6 Å 122 ° 
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Figure 4.12. Trigonally symmetric BTB linker predisposes formation of infinite secondary 

building units as straight rods. Deconstruction of secondary building unit to underlying 

topological features (top). MIL-103 molecular structure (bottom left). Topological 

representation of MIL-103 as the tpr net (bottom right). 

 

The PBSP heterotritopic linker reported here is more similar to biphenyl-3,4′,5-

tricarboxylate (BPT), a desymmetrized derivative of BTB that forms straight rods when 

each of the three carboxylates coordinates to a different secondary building unit (Figure 

4.13)20 and helical rods when the two proximal carboxylates bind to the same secondary 

building unit (Figure 4.14).21 Both PBSP and BPT are tritopic linkers that lack trigonal 

rotational symmetry. The absence of a C3 axis means the three links are not equally spaced. 

This unequal distribution of coordinating groups implies two coordinating groups must be 

closer together than either is to the third. For both PBSP and BPT, when the two proximal 

coordinating groups bind to the same secondary building unit, a helix results rather than a 

straight rod. 
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Figure 4.13. Tritopic linker BPT lacking a C3 axis of rotational symmetry predisposes 

formation of infinite secondary building units as straight rods when each of the three 

coordinating groups binds to a different secondary building unit. Deconstruction of 

secondary building unit to underlying topological features (left). Molecular structures of 

two polymorphs of Cd3(BPT)2 (middle). Topological representations of Cd3(BPT)2 

polymorphs as zbu and abv nets (right). 
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Figure 4.14. Tritopic linker BPT lacking a C3 axis of rotational symmetry predisposes 

formation of infinite secondary building units as helices when two coordinating groups 

bind to the same secondary building unit. Deconstruction of secondary building unit to 

underlying topological features (top). Molecular structure of Yb(BPT) (bottom left). 

Topological representations of Yb(BPT) as zcd net (bottom right). 

 

Only two other MOFs, Fe(BDC) (BDC = 1,4-benzenedicarboxylate) and MOF-73, 

feature secondary building units similar to those of MOF-910 comprising pairs of 

tetrahedra alternating with octahedra (Figure 4.15). These secondary building units are 

straight rather than helical rods because the linkers are ditopic rather than nontrigonal 

tritopic, as with the PBSP heterotritopic linker.22 We identify a tenet of reticular chemistry 

from this work in the context of the metal-organic framework literature: choice of a 

polytopic linker in which the distances between the coordinating groups are nonuniform 

facilitates formation of helical over straight rod secondary building units. 
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Figure 4.15. Two metal-organic frameworks composed of secondary building units that 

deconstruct to pairs of tetrahedra alternating with octahedra for topological analysis. Linker 

(left), secondary building unit (left middle), topological representations of metal-organic 

frameworks (right middle and right). 

 

Another design element of frameworks with one-dimensional secondary building 

units is the pitch of helices. The intramolecular distance between the coordinating atoms 

of the semiquinonate and pyridonate defines the pitch of the MOF-910 secondary building 

units as 27.122(1) Å or the length of the unit cell along the c-axis (Figure 4.16). The helices 

are three-fold symmetric because the six linkers that provide the 12 coordinating groups 

present in one complete turn propagate in three directions. Four-fold helices would be 

possible with a greater semiquinonate to pyridonate distance. A shorter distance between 

the semiquinonate and pyridonate could yield a single-walled structure with three- or four-

fold symmetry. This realization elucidates a second guiding principle of reticular 

chemistry: the distance between the two proximal coordinating groups of a polyheterotopic 

linker defines the pitch of a helical secondary building unit. The two principles of reticular 

chemistry exposed by MOF-910 and described here are supported by a comprehensive 

analysis of metal-organic frameworks featuring one-dimensional secondary building 

units.23 
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Figure 4.16. Relation between helical pitch and linker metrics in helical secondary 

building units of MOF-910. Zn, light blue; C, black; O, red; N, green; benzoate rings, 

purple; semiquinonate rings, yellow; pyridonate rings, dark blue. Hydrogen atoms are 

omitted for clarity. 

 

After determination that the catechol PBCP linker is oxidized to the semiquinone 

PBSP linker during synthesis of MOF-910, the redox properties of the material were 

investigated. The facility with which the linker could be oxidized, which occurred 

aerobically during the metal-organic framework synthesis without added oxidant, 

suggested MOF-910 might exhibit linker based redox behavior. Since +2 is the only 

common oxidation state of zinc due to the full d10 shell of electrons this configuration 

corresponds with, redox activity at the linkers is unlikely. Choice of a redox inactive metal 

allowed an isolated investigation of the redox changes within the linker.  

Quinones are excellent chromophores while catechols generally do not absorb 

radiation in the visible spectrum.24 The two molecules differ by two protons and two 
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electrons with the semiquinone as an intermediate between these two redox states (Scheme 

4.4) Altering the rigor with which air was excluded from the MOF-910 synthesis reaction 

mixture led to reproducible control of the color of the MOF-910 crystals. When reaction 

vials were tightly sealed, MOF-910 consistently grew as colorless crystals. When the 

reaction vials were not hermetically sealed, MOF-910 grew as bright reddish-orange 

crystals. The color of either set of crystals, whether colorless or red, did not change over 

time or after copious washing with solvent. The two sets of crystals were analyzed with a 

host of techniques to determine any differences corresponding with the difference in color. 

By infrared spectroscopy, solution phase 1H NMR spectroscopy post-digestion, 

porosimetry, and powder and single-crystal X-ray diffraction, the red and colorless MOF-

910 crystals were indistinguishable. These results suggest that the differences in color were 

not related to significant differences in structure. It is possible that only a small percentage 

of the linkers in the red crystals exist in an oxidized state while the majority exist in an 

oxidation state equivalent to that of the colorless crystals. However, the UV-visible spectra 

for the two sets of crystals were distinct reflecting the difference in their appearances. The 

reddish-orange crystals have much stronger absorption in the blue region of the 

electromagnetic spectrum centered at 500 nm. This difference in absorption matches the 

observed difference in color of the crystals. The free PBCP linker slowly converts from 

white to red upon exposure to air when left standing as a solution over 48 hours.  

 

 

Scheme 4.4. Conversion of catechol to quinone. 

 

Treatment with mild oxidant or reductant caused permanent color change between 

the red and colorless states in MOF-910 crystals. Solid-state materials with controllable 

and reversible color changes are of interest in commercial applications, such as smart 

windows and dynamic displays. Electrochromic and redox active materials are the most 

practical for these applications since the change in color is easily effected with input of 

electrons making them amenable to incorporation into electronic devices.25 Few examples 

of electrochromic metal-organic frameworks exist. Merely two reports feature redox-active 

linkers rather than metal centers.26 To investigate MOF-910’s potential in this arena, 

crystals were washed with a soluble oxidant or reductant and subsequently rinsed with 

solvent to remove any residual redox agent. A solution of the mild oxidant iodosobenzene 

diacetate in methanol caused colorless crystals to turn reddish orange while a solution of 

the mild reductant sodium dithionite in water caused reddish-orange crystals to become 

near colorless. The color of the crystals persisted. Neither the oxidant nor the reductant 

solutions were colored indicating the color change did not stem from incorporation of 

colored species within the pores of MOF-910. The color changes could be accomplished 
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in sequence by converting colorless crystals to red crystals by washing with oxidant 

followed by returning the red crystals to colorless by washing with reductant. For 

investigation by cyclic voltammetry, thin films of colorless and red MOF-910 were grown 

on FTO-glass substrates placed in the metal-organic framework synthesis reaction mixture 

prior to heating. These results indicate MOF-910 has promise as an electrochromic 

material. 

 

4.4 Conclusions and Outlook 

An exceptionally porous and chemically and thermally robust metal-organic 

framework was obtained from a low symmetry linker (C1) bearing three distinct 

coordinating groups with vastly different acidities. The material was found to crystallize in 

a high-symmetry space group (R3̅c). MOF-910 is the first example of the tto net. This work 

encourages the construction of MOFs from more complex organic molecules that may have 

originally seemed unfit as metal-organic framework linkers and showcases how new 

topological networks may be accessed through linkers of greater complexity. Successful 

metal-organic framework construction from this heterotritopic linker suggests that rather 

than limiting the scope of potential linkers to those that seem amenable to crystallization, 

researchers may choose from a much wider array of organic units than previously thought. 

In this way, previously unattainable networks can be realized with the knowledge that 

extended crystalline frameworks may be constructed with more irregular linkers. The 

electrochromic properties of this material merit further investigation. Collecting cyclic 

voltammetry and spectroelectrochemical data would give more information about the 

suitability of this metal-organic framework as an electrochromic material for practical 

purposes. 
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Chapter 5: MOF-525 and MOF-545 Featuring Metalated Porphyrin Cores 

 

5.1 Introduction 

 A conceptually straightforward strategy to impart a desired property to a metal-

organic framework is to derivatize the organic components without interfering with their 

structure directing abilities.1 In this way, a researcher can repurpose a metal-organic 

framework with desirable structural features, such as large pores or high thermal stability, 

for a new application based on the functionality imparted. This process converts a simple 

metal-organic framework to one with greater complexity. The benefit of this approach is 

that it allows metal-organic frameworks well-studied in terms of structure and stability to 

be optimized for specific purposes. In contrast, generation of a completely novel metal-

organic framework requires much time and effort toward determining synthesis conditions 

and characterizing the structure and porosity. For these reasons, linker functionalization, 

both pre- and post-synthetically, is a crucial tool for production of metal-organic 

frameworks specifically tailored to functions ranging from catalysis2 to gas capture.3 

 One of the most promising methods of linker functionalization is metalation with 

non-framework supporting ions.4 When metal ions are incorporated at sites outside of the 

secondary building units, they are generally more accessible. Also, metals that are 

commonly not employed as structural metals in metal-organic frameworks, such as third 

row transition metals, can be included. Finally, better control over the properties of the 

metal ions are achievable since the ligand field can be more finely tuned than as part of the 

secondary building units. Researchers perform metalation of linkers before they undergo 

the metal-organic synthesis reaction or post-synthetically.5 These strategies necessitate a 

bifunctional linker with binding sites for two distinct types of metal ions: those of the 

secondary building units and those added for functionality. If the functional metal ions are 

installed pre-synthetically, the binding must be sufficient such that the non-structure 

directing metal ions will not be displaced by the metal-organic framework conditions, 

which often involve heating between 100 and 200 °C and often require acid or base. 

Chelating ligands prove advantageous due to their lower dissociation constants compared 

to analogous monodentate ligands. If the metal ions are incorporated post-synthetically, the 

ligand for the additional metal ions need not be present during the metal-organic framework 

synthesis. Instead, researchers appended a ligand to the linker in the form of a side chain 

by modification of an intact metal-organic framework bearing a reactive handle.6 Both pre- 

and post-synthetic methods have been reported for metalation of linkers. 

 Porphyrins have emerged as ideal candidates for metalation with non-framework 

directing ions.7 Their tetradentate chelation inside of a large ring system provides strong 

binding to many different metals. Metalated molecular porphyrins are popular for 

catalysis,8 photodynamic therapy,9 and light harvesting.10 Researchers have undertaken 

efforts to include metalated porphyrins in metal-organic frameworks for these purposes, 

and for others in areas such as gas capture. The porphyrins are converted to linkers by 

substitution of the porphyrin methines with pyridines11 or benzoic acids.12 Both ditopic and 

tetratopic versions are reported. Investigations into porphyrin metal-organic frameworks 
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have largely centered on catalysis with most examples in the field of oxidation of small 

molecules13 or reduction of carbon dioxide.14 

 Despite the aptness of metal-organic frameworks in capture and storage of gases, 

there is a dearth of investigation into porphyrin based metal-organic frameworks in these 

areas. Metalated porphyrin metal-organic frameworks hold great promise for gas 

adsorption since they feature coordinatively unsaturated metal ions exposed to the pore 

space. Interaction between exposed metal ions in the secondary building units of many 

metal-organic frameworks contributes to their high gas uptake at low pressure.15 Few 

porphyrin-based metal-organic frameworks feature metal ions in high oxidation states. 

Strong Lewis acids such as these exhibit formidable interactions with polar molecules. A 

worthwhile goal is the production of metal-organic frameworks bearing metal ions in the 

porphyrin cores, including high valent Lewis acidic metals.  

 MOF-545 and MOF-525 were chosen as porphyrin-based frameworks for 

metalation due to their high surface areas and exceptional chemical and thermal 

stabilities.16 MOF-545 is a three-dimensional framework material constructed by 

connecting square-like tetratopic porphyrin linkers to cube-like, 8-connector Zr6 clusters 

(Figure 5.1). The structure is an embedding of the csq net. It contains large hexagonal 

channels measuring 36 Å in diameter. Brunauer-Emmett-Teller (BET) calculation 

indicates a surface area of 2260 m2 / g. MOF-525 is a three-dimensional framework 

material constructed from the same linker as that of MOF-545 but connected to a 12- rather 

than 8-connector version of the Zr6 cluster secondary building unit (Figure 5.2). The 

resulting structure adopts the ftw net. Like MOF-545, MOF-525 is mesoporous. The 

framework contains pores 20 Å in diameter with a BET surface area of 2620 m2 / g. Both 

metal-organic frameworks demonstrate stability in aqueous and acidic solutions. The 

porphyrin is accessible and offers the possibility of incorporation of non-structure-directing 

metal ions. 

 

 

Figure 5.1. MOF-545 (right) with Zr6O8(H2O)8(-CO2)8 secondary building units (top left) 

and tetrakis(4-carboxyphenyl)porphyrin linker (bottom left). 
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Figure 5.2. MOF-525 (right) with Zr6O4(OH)4(-CO2)6 secondary building units (top left) 

and tetrakis(4-carboxyphenyl)porphyrin linker (bottom left). 

 

5.2 Experimental Methods 

 

Synthesis of MOF-545-M (M = MnCl, FeCl, CoCl, Cu, Ni, Zn). Zirconium(IV) 

oxychloride octahydrate (17.9 mg, 0.101 mmol) and the metalated tetrakis(4-

carboxyphenyl)porphyrin (see Table 5.1 for amounts) were added to a 20 mL scintillation 

vial and dissolved in N,N-dimethylformamide (DMF) (5.0 mL). Formic acid was then 

added, and the solution was sonicated for 10 minutes before being heated at 130 °C in an 

oven for 3 days. After cooling to room temperature, the precipitate was collected by 

vacuum filtration. MOF-545-M (M = MnCl, CoCl, Cu, Ni, Zn) was then suspended in 

deionized water for 4 hours. The water was carefully removed by pipette and replaced with 

anhydrous DMF once each day for 5 days. The DMF was then replaced with acetone once 

each day for 3 days. The acetone was decanted, and the crystals were then heated at 120 

°C for 48 hours under 30 mTorr dynamic vacuum to give the activated material. MOF-545-

FeCl was activated as described but was not suspended in water and instead was placed 

directly in DMF. 



85 

 

 

Scheme 5.1. Solvothermal synthesis of MOF-545-M (M = MnCl, FeCl, CoCl, Ni, Cu, Zn) 

from M-TCPP and zirconium(IV) oxychloride octahydrate.  

 

Table 5.1. Synthesis conditions for metalated MOF-545 series. 

MOF-545-M  M-TCPP (mg) Formic Acid (mL) 

MnCl 16.3 1.5 

FeCl 17.9 2.5 

CoCl 16.2 0.5 

Ni 15.9 1.5 

Cu 15.8 3.0 

Zn 15.8  2.4 

 

Synthesis of AlOMe-TCPP. The metalated porphyrin linker AlOMe-TCPP was 

prepared by a slightly modified version of the procedure reported by Farha et. al.17 After 

completion of the hydrolysis reaction, the reaction mixture was returned to room 

temperature. The methanol was removed under reduced pressure. The resulting solid was 

suspended in deionized water and acidified to pH 5 by gradual addition of aqueous 

hydrochloric acid (8.0 M). The precipitate was then collected via vacuum filtration, washed 

with deionized water (3 ✕ 30 mL), and dried to obtain 282 mg (90.2% yield) of AlOMe-

TCPP as a dark purple powder: IR (ATR) ν 3040, 1602, 1381, 1249, 1206, 1007, 768, 721, 

485; UV/Vis (MeOH) λmax = 417, 554, 593 nm; HRMS (ESI) calc. for [C49H30AlN4O9]
-
  

845.1834, found 845.1811. 



86 

 

 

Scheme 5.2. Synthesis of AlOMe-TCPP by metalation of protected H4TCPP with 

trimethylaluminum(III) followed by deprotection via hydrolysis.   

 

 

Figure 5.3. Infrared spectrum of AlOMe-TCPP measured as a pure solid at room 

temperature. 

 

Synthesis of MOF-525-AlOMe. Zirconium(IV) oxychloride octahydrate (48.9 

mg, 0.152 mmol) and AlOMe-TCPP (42.6 mg, 0.0503 mmol) were added to a 20 mL 

scintillation vial and dissolved in DMF (13.6 mL). Formic acid (2.0 mL) was then added. 

The vial was capped and the mixture was sonicated for 5 minutes before being heated at 

130 °C in an oven for 3 days. After cooling to room temperature, the precipitate was 

collected by vacuum filtration. The material was then activated by acid treatment. In a 20 

mL scintillation vial, the crystals were suspended in 6 mL of a 25:1 mixture of n-butanol 

and 8 M aqueous hydrochloric acid and heated at 85 °C for 12 hours. The supernatant was 

carefully removed by pipette and replaced with fresh n-butanol. The n-butanol was then 

replaced with anhydrous DMF 3 times each day for 3 days followed with anhydrous 

acetone 3 times each day for 3 days. The acetone was decanted.  The crystals were then 

placed in a Tousimis Samdri PVT-30 critical point dryer equipped with bone-dry CO2. The 
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chamber was filled with supercritical CO2, purged, and refilled 10 times. Finally, the 

chamber was filled with supercritical CO2, heated to 40 ºC, and bled over 14 hours until 

atmospheric pressure was reached. The material was then heated at 120 ºC for 36 hours 

under 30 mTorr dynamic vacuum give activated MOF-525-AlOMe. 

 

 

Scheme 5.3. Solvothermal synthesis of MOF-525-AlOMe from AlOMe-TCPP and 

zirconium(IV) oxychloride octahydrate. 

 

Synthesis of MOF-545-AlOMe. Zirconium(IV) oxychloride octahydrate (30.9 

mg, 0.0959 mmol) and AlOMe-TCPP (61.8 mg, 0.0730 mmol) were added to a 20 mL 

scintillation vial and dissolved in DMF (8.6 mL). Formic acid (5.0 mL) was then added. 

The vial was capped and the mixture was sonicated for five minutes before being heated at 

130 °C in an oven for 3 days. After cooling to room temperature, the precipitate was 

collected by vacuum filtration. The material was then activated by acid treatment. In a 20 

mL scintillation vial, the crystals were suspended in 6 mL of a 25:1 mixture of n-butanol 

and 8 M aqueous hydrochloric acid and heated at 85 °C for 13.5 hours. The supernatant 

was carefully removed by pipette and replaced with fresh n-butanol. The n-butanol was 

then replaced with anhydrous DMF 3 times each day for 3 days followed with anhydrous 

acetone 3 times each day for 3 days. The acetone was decanted. The crystals were then 

placed in a Tousimis Samdri PVT-30 critical point dryer equipped with bone-dry CO2. The 

chamber was filled with supercritical CO2, purged, and refilled 10 times. Finally, the 

chamber was filled with supercritical CO2, heated to 40 ºC, and bled over 14 hours until 

atmospheric pressure was reached. The crystals were then heated at 120 ºC for 36 hours 

under 30 mTorr dynamic vacuum to give activated MOF-545-AlOMe. 
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Scheme 5.4. Solvothermal synthesis of MOF-545-AlOMe from AlOMe-TCPP and 

zirconium(IV) oxychloride octahydrate. 

 

Metalation of TCPP tetramethyl ester with chromium(III). A three-necked 

round bottom flask equipped with a reflux condenser was charged with meso-tetra(4-

carboxyphenyl)porphine tetramethyl ester (650 mg, 0.768 mmol) and DMF (71.7 mL). The 

mixture was heated at reflux under N2. Anhydrous chromium(II) chloride (0.478 mg, 

0.00389 mmol) was separated into 5 portions and added to the solution every 10 minutes 

under N2. After completion of the reaction, the solution was cooled to 0 °C and a saturated 

sodium chloride solution (75 mL) was added. The mixture was stored at -15 °C overnight, 

and the resulting precipitate was washed with deionized water (3 ✕ 30 mL) and collected 

by vacuum filtration. The crude product was then purified by flash column chromatography 

on neutral alumina eluting with a mixture of 2:1 petroleum ether to ethyl acetate. Residual 

meso-tetra(4-carboxyphenyl)porphine tetramethyl ester starting material was eluted as a 

red band with the solvent front. The slower-moving green band was then eluted with 2:1 

ethyl acetate to petroleum ether and monitored by UV-visible spectroscopy to obtain 401 

mg (56.0% yield) of the desired compound as a dark purple powder: IR (ATR) ν 2919, 

1720, 1605, 1433, 1271, 1177, 1099, 1007, 821, 795, 763, 708, 491; UV/Vis (MeOH) λmax 

= 446, 560, 597 nm; HRMS (ESI) calc. for [C53H40CrN4O9]
+

  928.2195, found 928.2185. 
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Scheme 5.5. Metalation of TCPP tetramethyl ester with chromium(III) chloride to afford 

CrCl-TCPP tetramethyl ester. 

 

Hydrolysis of CrCl-TCPP tetramethyl ester to CrCl-TCPP. In a round-bottom 

flask, CrCl-TCPP tetramethyl ester (401 mg, 0.442 mmol) was dissolved in methanol (46.3 

mL). An aqueous solution of sodium hydroxide (2.5 M, 11.6 mL) was added. The flask 

was fitted with a reflux condenser. The solution was heated and stirred for 15 hours at 65 

°C. After cooling to room temperature, the solution was acidified to pH 5 by careful 

addition of aqueous hydrochloric acid (8.0 M). The precipitate was collected by vacuum 

filtration, washed with deionized water (3 ✕ 30 mL), and dried to obtain 364 mg (94.0% 

yield) of CrCl-TPP as a dark purple powder: IR (ATR) ν 2919, 1681, 1602, 1203, 1098, 

866, 766, 716, 481; UV/Vis (MeOH) λmax (ε) = 447, 562, 598 nm; HRMS (ESI) calc. for 

[C49H32CrN4O9]
+

  872.1569, found 872.1550. 

 

 

Scheme 5.6. Hydrolysis of methyl ester protecting groups to afford CrCl-TCPP. 
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Figure 5.4. Infrared spectra of protected CrCl-TCPP methyl ester (red) and CrCl-TCPP 

linker (blue) as pure solids at room temperature. 

 

Synthesis of MOF-545-CrCl. Zirconium(IV) oxychloride octahydrate (48.9 mg, 

0.152 mmol) and CrCl-TCPP (44.7 mg, 0.0510 mmol) were added to a 20 mL scintillation 

vial and dissolved in DMF (13.6 mL). Formic acid (2.2 mL) was then added. The vial was 

capped and the mixture was sonicated for 5 minutes before being heated at 130 °C in an 

oven for 3 days. After cooling to room temperature, the precipitate was collected by 

vacuum filtration. The material was then activated by acid treatment. In a 20 mL 

scintillation vial, the crystals were suspended in 6 mL of a 25:1 mixture of acetonitrile and 

8 M aqueous hydrochloric acid and heated at 120 °C for 3.5 hours. The supernatant was 

carefully removed by pipette and replaced with fresh acetonitrile. The acetonitrile was then 

replaced with anhydrous DMF 3 times each day for 3 days followed with anhydrous 

acetone 3 times each day for 3 days. The acetone was decanted. The crystals were placed 

in a Tousimis Samdri PVT-30 critical point dryer equipped with bone-dry CO2. The 

chamber was filled with supercritical CO2, purged, and refilled 10 times. Finally, the 

chamber was filled with supercritical CO2, heated to 40 ºC, and bled over 14 hours until 

atmospheric pressure was reached. The crystals were then heated at 120 °C for 36 hours 

under 30 mTorr dynamic vacuum to give activated MOF-545-CrCl. 
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Scheme 5.7. Solvothermal synthesis of MOF-545-CrCl from CrCl-TCPP and 

zirconium(IV) chloride octahydrate. 

 

5.3 Results and Discussion. 

 

 Metalation of the MOF-545 porphyrin cores was accomplished with 

manganese(III), iron(III), cobalt(III), nickel(II), copper(II) and zinc(II) from the 

appropriate commercially available metalated versions of the tetrakis(4-

carboxyphenyl)porphyrin (TCPP) linker. The trivalent metal ions carried chloride as the 

counter ions. The resulting MOF-545-M (M = MnCl, FeCl, CoCl, Ni, Cu Zn) series shared 

the same framework structure as the original, pristine MOF-545. Unfortunately, the 

synthetic conditions for pristine MOF-545 did not yield crystalline, phase pure products 

from the metalated derivatives of the linker. Suitable synthesis conditions were 

investigated individually for each metal coordinated to the porphyrin core. The amount of 

formic acid influenced the yield of the desired phase considerably. Each member of the 

series of metalated MOF-545 materials required a unique amount of formic acid during 

synthesis. The powder X-ray diffraction patterns of each were compared to that of pristine 

MOF-545 to confirm purity (Figure 5.5). 
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Figure 5.5. Powder X-ray diffraction patterns for MOF-545-M (M = MnCl, Cu, Zn, FeCl, 

CoCl, Ni) indicate good crystallinity, phase purity, and peak alignment with non-metalated 

MOF-545. Miller indices are labeled above peaks. 

  

The crystals of the MOF-545-M series were examined by optical microscopy to 

confirm phase purity and ensure no amorphous material was present (Figure 5.6). MOF-

545-MnCl, -FeCl, -Cu, and -Zn all displayed needle morphologies just as MOF-545. 

Interestingly, the MOF-545-CoCl crystals grew as cubes. 
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Figure 5.6. Optical microscope images for MOF-545-M under light field (left) and dark 

field (right). From top to bottom: M = MnCl, FeCl, Cu, Zn, CoCl. 
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Since the activation procedure for pristine MOF-545 failed to sufficiently evacuate 

the metalated versions, a harsher set of conditions were investigated in order to achieve the 

expected surface areas for the MOF-545-M series. The optimal activation conditions for 

MOF-545-MnCl, -CoCl, -Ni, -Cu, -Zn, involved an initial suspension in water followed by 

solvent exchange with DMF and then acetone. The samples were then heated under 

dynamic vacuum to remove the volatile acetone. However, MOF-545-FeCl was found to 

be unstable in water, so the sample was instead directly suspended in DMF followed by 

exchange with acetone. Low-pressure N2 adsorption isotherms were subsequently 

measured to determine porosity. The adsorption data was collected at 77 K with liquid N2 

sample baths. The Brunauer-Emmett-Teller (BET) surface area calculation method was 

applied to the adsorption branches of the N2 isotherms. The porosimetry measurements 

indicate that the metalated derivatives each achieved at least 50% of the expected uptake 

of pristine MOF-545 (Figure 5.7). 

 

 

Figure 5.7. N2 adsorption (filled circles) and desorption (hollow circles) isotherms of 

MOF-545-M conducted at 77 K. 

 

After permanent porosity was established, the series of metalated MOF-545 

derivatives were tested for their affinity for toxic gases. The breakthrough experiment 

measured each material individually against ammonia, sulfur dioxide, methyl bromide, 

hydrogen sulfide, chlorine, and phosphine. The saturation time was measured with longer 

times corresponding to better adsorbents. Remarkably, for each toxic gas tested, the 

performance of at least one member of the metalated series exceeded that of pristine MOF-

545. Also noteworthy is the variation in performance between the metal-organic 

frameworks featuring different metal ions. MOF-545-Zn demonstrated the highest 
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saturation loading of ammonia, hydrogen sulfide, and chlorine, MOF-545-FeCl of sulfur 

dioxide, MOF-545-MnCl of methyl bromide, and MOF-545-CoCl of phosphine (Table 

5.2). MOF-545-Zn exhibited the greatest versatility while MOF-545-CoCl demonstrated 

the highest affinity for any individual toxic gas.  

 

Table 5.2. Ammonia, sulfur dioxide, methyl bromide, hydrogen sulfide, chlorine, and 

phosphine breakthrough data performed with MOF-545-M series. Wet gases were tested 

at 50% relative humidity. 

 

 

M =  

Breakthrough test - saturation loading (mol / kg) (no desorption) 

NH3 SO2 MeBr H2S Cl2 PH3 

Wet Wet Wet* Wet Dry Wet 

(no metal) 3.73 0.28 n.d. 0.05 2.50 0.06 

MnCl 3.25 0.02 0.33 0.06 0.65 0.45 

FeCl 5.03 0.56 n.d. 0.08 1.50 0.08 

CoCl 2.66 0.48 n.d. 0.06 2.71 5.20 

Cu 3.51 0.23 n.d. 0.10 0.13 0.34 

Ni 2.43 0.11 0.01 0.04 0.55 0.06 

Zn 7.59 0.28 n.d. 0.11 5.05 0.03 

  

Materials that adsorb toxic gases are desired as protective technology from 

chemical warfare and cleaning agents.18 Adsorbents of this type are the active components 

of protective gas masks, filters, hazardous material suits, and spill kits.19 The promising 

results from the manganese(III), iron(III), cobalt(III), nickel(II), copper(II), and zinc(II) 

series show that incorporation of metal ions increases the gas adsorption of porphyrin 

metal-organic framework materials. To further improve the performance of these materials, 

metal ions of greater Lewis acidity were targeted for incorporation. 

Synthetic routes to access aluminum(III) and chromium(III) TCPP linkers were 

established. TCPP with aluminum(III) or chromium(III) coordinated in the core are not 

available commercially. AlOMe-TCPP was synthesized from meso-tetra(4-

carboxyphenyl)porphine tetramethyl ester and trimethylaluminum following a modified 

procedure published by Farha, et. al. In this report, a metal-organic framework was 
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produced by mixing AlOMe-TCPP with a second porphyrin linker bearing pyridines in 

place of carboxylates. The secondary building units consist of 6-connected dimeric zinc(II) 

paddlewheels. However, the lack of water stability of these materials limits their utility. 

The higher connectivity of the MOF-525 and -545 secondary building units, the exclusive 

presence of carboxylate linkers, and the exceptionally strong bonding between the 

carboxylate oxygens and the zirconium(IV) metal ions confers much greater robustness to 

these materials compared to those based on pyridine linkages. To verify the success of the 

metalation reaction, UV-visible spectra of the starting material, intermediate, and final 

product were measured. Distinct shifts in the Soret band and Q peaks of the porphyrin 

following metalation and hydrolysis to the free carboxylic acid provide evidence for the 

successful synthesis of AlOMe-TCCP (Figure 5.8). 

 

 

Figure 5.8. UV-visible spectra of TCPP methyl ester starting material, AlOMe-TCPP 

methyl ester intermediate, and AlOMe-TCPP linker. 

 

 With the AlOMe-TCPP linker in hand, synthesis conditions for MOF-545-AlOMe 

and MOF-525-AlOMe were identified and optimized. It was found that the conditions 

suitable for production of pristine MOF-525 and MOF-545 were unsuccessful with the 

aluminated version of the linker. Some difficulty was met in selecting for MOF-545-

AlOMe over MOF-525-AlOMe since these frameworks are synthesized from the same 

linker and metal source. A phase matching MOF-525 in terms of powder X-ray diffraction 

peak profile was discovered first. To improve purity and crystallinity, the ratio of formic 

acid to DMF solvent was varied incrementally. Once a reliable preparation of MOF-525-

AlOMe was determined, a synthesis selective for MOF-545-AlOMe was explored. Non-

metalated MOF-545 is produced under harsher conditions than MOF-525. Specifically, 
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MOF-545 requires a 2:1 DMF to formic acid ratio as opposed to a 4:1 DMF to acetic acid 

ratio. For this reason, to target MOF-545, larger ratios of acid to DMF and more 

concentrated solutions were tested. Ultimately, it was necessary to vary both the acid to 

solvent ratio and the ratio of AlOMe-TCPP linker to zirconyl chloride octahydrate metal 

source. Powder X-ray diffraction confirmed MOF-525-AlOMe and MOF-545-AlOMe 

adopted the same structures as their corresponding non-metalated versions (Figure 5.9). 

Optical microscopy of MOF-525-AlOMe and MOF-545-AlOMe show cubic morphologies 

for both and little amorphous material (Figure 5.10). 
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Figure 5.9. Powder X-ray diffraction patterns for MOF-525-AlOMe (top) and MOF-545-

AlOMe (bottom) indicate crystallinity, phase purity, and peak alignment with 

corresponding non-metalated parent metal-organic frameworks.  
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Figure 5.10. Optical microscope images of MOF-525-AlOMe (top) and MOF-545-AlOMe 

(bottom) under light field (left) and dark field (right).  

  

 The chromium(III) analog of MOF-545 was produced as well. Like aluminum(III), 

chromium(III) is another highly Lewis acidic metal ion.20 No instance of a metal-organic 

framework bearing a chromium(III) porphyrin was reported in the literature. A derivative 

of TCPP metalated with chromium(III) was not known, so a synthetic route was developed. 

CrCl-TCPP was synthesized by metalation of TCPP methyl ester with chromium(II) 

chloride under reflux in DMF solvent. The methyl esters were hydrolyzed to free 

carboxylic acids by saponification with sodium hydroxide in a water / methanol mixture 

followed by gradual acidification. UV-visible spectra of the free base porphyrin starting 

material, CrCl-TCPP methyl ester, and final product demonstrate shifts in the Soret band 

and Q peaks as the reactions proceed (Figure 5.11).  
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Figure 5.11. UV-visible spectra of TCPP methyl ester starting material, CrCl-TCPP 

methyl ester intermediate, and CrCl-TCPP final product. 

 

As with other metalated analogs of MOF-545, the original synthesis conditions for 

non-metalated MOF-545 were not successful with the chromium(III) porphyrin linker. 

Again, varying the amount of the formic acid modulator was key to identification of 

successful synthetic conditions. A range of acid concentrations was tested until powder X-

ray diffraction of a crystalline sample that demonstrated good alignment with the pristine 

MOF-545 pattern was obtained (Figure 5.12). Maintaining a low amount of formic acid 

was crucial to synthesis of MOF-545-CrCl. Optical microscopy confirmed phase purity 

and indicated a cubic morphology similar to that of MOF-545-AlOMe and MOF-525-

AlOMe (Figure 5.13). 
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Figure 5.12. Powder X-ray diffraction pattern of MOF-545-CrCl aligns well with that of 

non-metalated MOF-545 and demonstrates good phase purity and crystallinity. 

 

 

 

Figure 5.13. Optical microscope images of MOF-545-CrCl under light field (left) and dark 

field (right). 

 

 Relatively harsh conditions were necessary for activation of the chromium(III) and 

aluminum(III) functionalized metal-organic frameworks. Simple solvent exchange, even 

with water, was found to be insufficient despite the success of this process with the other 

metalated versions of MOF-545. To degrade any molecular species that might be trapped 

inside the large pores of these materials, a more acidic activation procedure was carried 

out. The optimal activation conditions were identified by adding various amounts of 8.0 M 
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aqueous hydrochloric acid to suspensions of the metal-organic frameworks in various 

solvents, such as DMF, dimethyl sulfoxide (DMSO), ethanol, acetonitrile, water, n-

propanol, or n-butanol. These suspensions were then heated between 3.5 to 12 hours at 

temperatures ranging from 85 to 120 °C. Their powder X-ray diffraction patterns were 

measured to confirm degradation had not occurred. For MOF-545-AlOMe, the optimal 

conditions consisted of heating the material in a mixture of aqueous hydrochloric acid and 

n-butanol at 85 °C for 13.5 hours. In contrast, the most effective activation procedure for 

MOF-545-CrCl entailed heating the sample in a mixture of aqueous hydrochloric acid and 

acetonitrile at 120 °C for 3.5 hours. After acid treatment, the suspensions cooled and were 

subsequently exchanged with DMF and acetone. The acetone was then exchanged with 

supercritical carbon dioxide. A slow decrease in pressure and increase in temperature 

vaporized the carbon dioxide leaving a dry sample that was subsequently placed under 

dynamic vacuum at 120 °C for 36 hours. The N2 adsorption isotherms confirmed the 

activations were successful and established the permanent porosity of MOF-545-AlOMe 

and MOF-545-CrCl. (Figures 5.14 and 5.15).  

 

 

Figure 5.14. N2 adsorption (filled circles) and desorption (hollow circles) isotherms of 

MOF-545-AlOMe conducted at 77 K. 
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Figure 5.15. N2 adsorption (filled circles) and desorption (hollow circles) isotherms of 

MOF-545-CrCl conducted at 77 K. 

 

5.4 Conclusions and Outlook 

 

 Reliable and scalable synthetic routes as well as activation conditions for a large 

set of metal-organic frameworks featuring metalated porphyrin linkers were identified, and 

the gas adsorption properties of these materials were studied. Synthetic conditions for 

MOF-545-MnCl, -FeCl, -CoCl, -Cu, -Ni, and -Zn from the corresponding commercially 

available metalated porphyrin TCPP linkers were identified. These materials were found 

to have increased affinity for toxic gases compared to the parent non-metalated material. 

Methods for the synthesis of the aluminum(III) and chromium(III) coordinated TCPP 

linkers were determined to obtain these commercially unavailable compounds. Metal-

organic framework synthesis conditions from these linkers were fine-tuned to generate 

phase pure and crystalline products. 

Their mesoporosity makes these materials notoriously difficult to activate.21 

Procedures to remove guests from the pore spaces of these metal-organic frameworks were 

identified yielding materials with high surfaces areas. Now that they are easily synthesized 

and activated, further gas adsorption studies with toxic gases are possible. An exciting 

experiment would determine if the increased Lewis acidity of the chromium(III) and 

aluminum(III) functionalized MOF-545 translates into higher affinity for toxic adsorbates. 

Breakthrough tests of MOF-545-AlOMe and -CrCl with the gases measured against the 

MOF-545-M (M = MnCl, FeCl, CoCl, Cu, Ni, Zn) series would provide information for 

comparison. Additionally, testing against stronger chemical warfare agents, such as 
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phosphonate esters, is important since this class of compounds includes the most dangerous 

chemical weapons. 
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