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ABSTRACT 

MOFs Exploration: From Synthesis and Thin Film Fabrication to Separation 

and Sensing Applications  

Valeriya Chernikova 

 

The never-ending quest to design and produce bespoke materials optimized for specific 

purposes has recently led to the discovery of a rapidly expanding subclass of porous 

materials known as Metal-Organic Frameworks (MOFs). The potential of MOFs appears 

to be immense due to the accessibility of a nearly-infinite number of both organic and 

inorganic components – building blocks that can be easily self-assembled in extended 

networks. Taking advantage of modular composition, high surface areas, adjustable pore 

sizes, and tunable surface properties, MOFs are emerging as one of the most promising 

materials for energy and environmental applications.  

The main objective of this thesis is to explore different aspects concerning MOF materials, 

building on the knowledge from several subtypes of MOFs developed primarily in Prof. 

Eddaoudi’s group. In particular, this dissertation expands the diversity within and utility 

of the following MOF subtypes: MOFs comprised of sql supermolecular building layers 

(SBL), MOFs based on fluorometalates, and zeolite-like MOFs (ZMOFs).  

Whenever feasible, emphasis was placed on the synthesis and application of MOFs as 

supported thin films, particularly as the sensitive element of capacitive gas sensors or as 

a selective layer of composite membranes for gas separation. 

Some of the highlights from the results obtained in the course of this study include:  
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- Introduction of MOFs to the field of reverse selective (CO2/H2) membranes for 

hydrogen purification. Notably, despite the challenges associated with the preparation of 

continuous “defect-free” MOF membranes, three different types of adsorption-driven 

MOF membranes have been synthesized and have shown a preferential permeation of 

CO2 over H2. In addition, the diffusion driven butane isomers separation was realized in 

ana-ZMOF membrane, being close to or even overperforming benchmark materials 

reported in the literature for the separation of both gas pairs. 

- Identification of an appropriate MOF compatible with the developed capacitive-

based sensor system and capable of the detection of sulfur dioxide in ppb level.  

- Discovery of a ZMOF material with a new unprecedented zeolitic topology and its 

ability to separate propylene from propane upon the difference in diffusion of the 

adsorbates. 
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Chapter 1: Introduction 

1.1 The Basics of Reticular Chemistry 

One of the ultimate goals of chemists is to be able to make materials beneficial to 

humanity, preferably by design. Thus, significant research efforts, from a computational 

and experimental point of view put emphasis on the understanding of structure-

properties relationship. As often functionality is linked to the structural complexity of the 

material, the ability to identify structural features responsible for a certain property and 

the ability to deliberately insert them into new compounds are some of the major 

challenges in material development. One straightforward way to address these 

challenges is by using molecular building blocks (MBB) approach which consists of well-

defined molecules or molecular fragments with the integrated structural and functional 

information that is preserved through the synthesis. Reticular chemistry(1) is a branch of 

chemistry dealing with the rational assembly of those MBBs into periodic structures. Over 

the past two decades, reticular chemistry has rapidly evolved from an academic curiosity 

to an extremely powerful tool for the synthesis of new functional solid-state materials for 

diverse applications.(2-5) The interest in this chemistry was triggered with the report of 

the first adsorption isotherm of a hybrid metal-organic coordination polymer, which 

provided a solid evidence of structural firmness and permanent porosity of this type of 

materials.(6) These qualities at that time staged coordination polymers to the level of 

inorganic zeolites, already implemented in industry, because of alluring application 

prospects it could offer due to the hybrid nature of the components. The same discovery 



22 
 

marks the nascent of the field of metal–organic frameworks (MOFs) in their modern 

interpretation.(7)  

MOF is a coordination network, comprised of metals or metal-containing clusters 

connected by organic ligands and bearing potential voids. The most renowned and explicit 

example of a MOF is MOF-5.(8, 9) MOF-5 consists of tetranuclear zinc clusters (ZnO4) 

connected by terephthalic acid linkers (Fig. 1.1). The μ4-oxo-tetranuclear zinc cluster 

represents 6-connected inorganic MBB, where zinc metal ions are locked in their positions 

by oxygen atoms of carboxylates. Likewise, terephthalic acid molecules correspond to 

rigid 2-connected organic MBBs, acting as struts which hold inorganic MBBs together. 

From the geometrical perspective, considering carbon atoms from carboxylates as a point 

of extension for both MBBs, MOF-5 consists of octahedral and linear MBBs. The MBB 

simplified to a geometrical form is called a secondary building unit (SBU). 

 

Figure 1.1 The structure and chemical composition of MOF-5. 
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SBU with polynuclear coordination (>2) can be further topologically simplified to a node. 

The resulting simplification represents an underlying net, in which nodes are connected 

through linkers with indefinite lengths. Such deconstructive analysis provides a platform 

for MOF study, comparison and development.(10, 11) Figure 1.2 shows the geometric 

abstraction of MOF-5 atomic arrangement, from MBB to SBU and the underlying net. Net 

is usually named with three bold letters and characterized by 4 parameters: p, q, r, s. 

 

Figure 1.2 The simplification of the MOF-5 framework from molecular representation to 
the underlying net.(10) The transitivity (complexity) of nbo net. 
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The p, q, r, s parameters serve as a measure of net complexity and set of these parameters 

is defined as transitivity of the net.(12, 13) In a minimum transitivity representation (Fig. 

1.2), the 3D-net space is completely filled with s kinds of tiles (geometrical unit of space), 

sharing r kinds faces, formed from q kinds of edges, which connects p kind of vertices. 

The tiling representation often helps to understand the dimensions, directions and 

connectivity of the MOF pores. The nbo-net of MOF-5 possesses natural tiling with [1111] 

transitivity and represents one of the 5 existing regular nets. The 3D-nets are classified in 

accordance with their complexity as follows: [1111] regular, [1112] quasiregular, [11rs] 

(r>1) semiregular, and [pqrs] non-regular nets. Nets with one of the parameters equal to 

1 are called transitive nets. For example, if p=1, the net is referred to as a vertex transitive 

net, and if q=1, as an edge transitive net. The edge transitive nets are of special 

importance in crystal chemistry, since they represent the group of materials constructed 

from one type of linkers and, hence, can be synthetically targeted. The Reticular 

Chemistry Structure Resource (RCSR) database contains up to date information about the 

known 3D-nets, 2-periodic layers and polyhedra. The entities can be searched by various 

attributes, such as name, coordination, p, q, r, s parameters, etc.(11)  

The knowledge of topology provides a basis not only for MOF classification, but also for 

MOF isoreticular design.(14) MOFs based on the same net are called isoreticular. Simple 

nets can be used as a blueprint for the rational MOF synthesis. For instance, as the length 

of the net linker is not defined, the original organic ligand can be replaced during synthesis 

with another organic moiety of different length and/or functionality. However, the 

geometrical shape and connectivity of a new linker must be equivalent to the original 
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linker. In other words, MBBs can be predetermined to guide the formation of targeted 

structures.(15) The power of isoreticular chemistry was firstly demonstrated by Eddaoudi 

et al. (14) with the synthesis of sixteen isoreticular analogs of MOF-5 using exactly the 

same synthetic conditions (changing only organic linker). An implication of this discovery 

is the possibility to construct a compositionally diverse array of materials based on a single 

net. In addition, the properties of isoreticular materials can be systematically studied and 

altered. The Figure 1.3 demonstrates the representative examples from the mentioned 

study,(14) where the pore size and functionality of MOF-5 were tuned by using the 

extended/bulky and amino-functionalized ligands, respectively.  

 

 

Figure 1.3 Reticular chemistry in action: the control over pore size and functionality of 
MOF-5 based on nbo net. 
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Due to the advances in organic and coordination chemistry, a limitless number of building 

blocks can be created (Fig. 1.4). As a consequence, in the past two decades, the 

combination of various building blocks led to the discovery of more than 70 thousand 

MOFs and many more can be envisioned.(16) Undoubtfully, the current speed of the 

discovery of new MOFs surpasses the speed with which they can be appropriately 

analyzed (from every scientific angle) and tested (for all possible applications). 

Nevertheless, up to now, the gained knowledge in MOFs was sufficient to stimulate 

industrial interest and, thus, break their academic laboratory boundaries. Currently, both 

industrial and academic researchers are trying to approach MOF chemistry in order to 

fully exploit their application potential.(17) 

 

Figure 1.4 The selected examples of inorganic and organic building blocks for MOF 
synthesis with different complexity levels. 
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1.2 Landscape of MOF Research Areas 

The MOF research field is rapidly expanding, going through all the aspects of material 

science from discovery and property analysis to application and implementation. An 

enormous number of articles have been published on MOFs and, thus, it is difficult to 

perceive the complete picture of the research taking place in this area.(18) Most of the 

literature reviews are now focused on deliberately specific topics while the scale of 

integrity and interconnectivity of the MOF field as a whole is somehow missing. Figure 1.5 

shows the proposed simplified scheme, which summarizes all the research areas in metal-

organic frameworks. 

As can be concluded from the previous subchapter, the beauty of MOFs lies in the fact 

that their deceptively sophisticated structures can be easily simplified and chemically 

tuned. As a consequence, among the 70 thousand reported structures the vast majority 

are isoreticular analogs. As a matter of fact, from 2785 3D nets reported in RCSR only 25 

are edge- and vertex-transitive and, thus, are potentially easy to target for isoreticular 

design.(11) Among them, only less than a dozen nets have been heavily investigated.(16) 

From one net, dense or porous structurally regular (crystalline) materials can be obtained. 

From the same net a researcher acquires a control over the chemical composition of 

geometrically coded material, which can be manipulated through knowledge of 

coordination and organic chemistry. According to the principles of coordination 

chemistry, MOFs can accommodate almost all metals in the periodic table, alone or 

organized in clusters. The organic part can also be modulated in infinite ways by 

incorporation of functional fragments, including chiral and redox centers.  
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Every compositional alteration can lead to a change in the material properties (such as 

optical,(19) magnetic,(20) electronic,(21) chemical,(22) mechanical,(23) etc.). In addition, 

the symbiotic combination of two distinct components allows not only to access 

properties similar to organic or metallic compounds, but also to introduce unique 

properties which were not previously available in the individual types of materials. Such 

design flexibility anticipates a wide range of potential applications even for dense 

materials or those in which the pores are not accessible. Such applications may include 

conductivity,(21, 24) light harvesting,(25) and luminescence(26), to name a few. 

Nevertheless, porosity in MOFs is one of the most desirable properties. That is because 

porosity brings an extra level of complexity and design flexibility, as pores can be tuned 

and used in many different ways. For example, the pore and window size of MOFs can be 

adjusted to allow only certain molecules to pass or to be encapsulated. The engineering 

of pore environment, such as modification of charge, hydrophobicity, etc., can alter 

specific interaction of species within the pores of the framework. The additional 

functional moieties can be either encapsulated inside the pores or attached to the 

framework. Due to these outstanding fine-tuning possibilities, porous MOFs have become 

a focus of research in the areas of gas storage,(27, 28) gas separation,(29) drug 

delivery,(30) sensing(31) and other porosity-related applications. 

Besides the chemical composition, the diverse properties of MOFs rely on other factors. 

The presence of defects within the structure, occurring naturally or introduced artificially, 

often affects the properties of the material.(32) In addition, most of industrial 

applications require a certain MOFs formulation (pellets, thin films, hollow structures, 
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gels, etc.) as powders are generally not suitable. Shaping process my impact the 

performance as well.(33) The other factor is allied with a particle size. As with many other 

materials scaling down to nano-size can be used to tune their physical properties.(34, 35) 

As a consequence, these complex multistage processes lead to the development of MOFs 

with unique features and objectives. The as-prepared MOFs can be used either as pure 

substances, or can be modified, often annealed to obtained derived carbonized 

materials,(36) or can be mixed with other materials to obtain composite structures.(37) 

In order for this assortment of MOF-based materials to meet the manufactured and 

industrial demands, the end product should be produced in a simple, economical, scalable 

and green way.(38) 

To conclude this sub-chapter: 

- Topology in MOFs drives material design and development and, therefore, it is 

necessary to highlight the importance of the discovery of new topologies. 

- The unique net can provide infinite possibilities for the design and development.  

- Alteration of the structure and composition of MOFs affects material properties.  

- The wide diversity of the properties opens the door to an infinite number of 

applications.  

- There is a lot more beyond structural and compositional elucidation to perform 

academia-to-industry transition for MOF or MOF-based materials, and research at 

all the stages of the process is important. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Landscape of MOF research areas. 
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1.3 Dissertation Structure and Objectives 

The main objective of this thesis is to explore different aspects of research in the area 

concerning porous MOF materials. Apart from general introduction and conclusion, the 

thesis is divided into five experimental chapters.  

Scientific community often allocates MOFs into sub-classes based on different features. 

For example, it can be based on the type of metal (Ti-MOFs,(39) Titanium MOFs; Ln-

MOFs,(40) Lanthanide MOFs), ligand (ZIFs,(41) zeolitic imidazolate frameworks), topology 

(ZMOFs,(42) zeolite-like MOFs), property (CMOFs,(43) chiral MOFs; F-MOFs,(44) flexible 

MOFs), etc. The overwhelming number of potential synthetic alterations and applications 

for a single MOF (or a particular subclass of MOFs) results in difficulty in restraining the 

dissertation study to a specific application or specific chemical modification. Thus, in this 

dissertation, different types of MOFs are explored in the terms of synthesis of their new 

structurally related compounds and applications in sensing, sorption and membrane-

based separations. As the use of MOFs in sensor devices and membranes depends on the 

effective fabrication and deployment of desired MOFs as thin films, the area of thin film 

synthesis is also covered in this thesis. 

Each experimental sub-chapter contains distinct goals, original scientific contributions, 

conclusions and outlook. 

1. Chapter 1. The focus of the introduction chapter up till this point has been on the 

overview of MOFs, basic terminology, principles of reticular chemistry and variety of 

MOF research areas. The following sub-chapters focus on the use of MOFs in the 

specific applications. The basic principles of the processes and the advantages of 

31 
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porous MOFs are discussed for sensing, sorption and membrane-based separations. 

Common methods and instrumentations used along this study are also mentioned. 

2. Chapter 2. Chapter two covers the development of thin films and their use as sensitive 

layers in the capacitive sensors for gas detection. The new approach for the 

preparation of thin films using spin coating technique is proposed and the limitations 

of the methods are discussed. The second subchapter describes the development of 

a highly sensitive and selective sensor for SO2 detection. 

3. Chapter 3, 4, 5. These chapters are divided according to the specific type of MOFs: 

MOFs constructed from sql supermolecular building layer (SBL), MOFs based on 

fluorosilicates, and zeolite-like MOFs. The new discoveries, chemistry, structural 

features and potential applications for specific materials are discussed. 

4. Chapter 6. The last experimental chapter describes the synthetic exploration of 

structurally related 8-connected porphyrin-based ligands with carboxylic reactive 

groups for the synthesis of new MOFs. 

5. Chapter 7. General conclusions are given in chapter 7.  
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1.4 Sensing  

Sensor is a device that can measure the change of a physical or chemical quantity and 

instantaneously translate (transduce) the detected values into a readable signal.(45) 

Thus, the basic sensor consists of the two key elements: sensitive component and 

transducer. Sensor qualities such as sensitivity and selectivity are often the most 

important performance criteria, but other criteria such as reliability, stability, 

response/recovery time, life time, low cost, miniaturization and power consumption need 

to be considered as well.  

Due to their diverse and tunable properties, the porous MOFs offer unique prospects for 

sensing applications and had already made significant strides in this field.(31, 46-54) The 

sorption and diffusion properties predetermined for specific analytes govern the sensing 

process. Adsorption of the analyte reflects its selective pre-concentration inside the 

pores, which causes the increase of sensitivity. The pore windows provide size exclusion 

or diffusion assistance to smaller molecules by blocking the molecules bigger than 

accessible entrance dimensions or slowing down those which barely fit, which is reflected 

in the high selectivity for smaller molecules. The desorption of analyte allows to reuse 

material, thus, enabling recyclability. 

MOFs can be used as a sensitive element in either a crystalline powder form or 

alternatively a thin film of MOFs can be integrated into a device (Fig. 1.6). MOF sensors 

(and sensors in general) are commonly classified according to their transduction 

mechanism or a type of analyte. The types of analytes frequently mentioned in scientific 

articles describing MOF-based sensors are presented in Figure 1.6. 



34 
 

 

Figure 1.6 Different types of MOF-based sensors, analytes of interest and the 
transduction modes reported in the literature. 

 

For MOFs applied in a powder form the most abundant transduction mechanism 

described for MOFs in the literature is optical.(46, 48-53) Solvatochromism and 

vapochromism are considered the most basic and straightforward ways of analyte 

detection. It refers to the change of material color (in a visible region) upon interaction 

with solvent or vapor with particular polarity. Other possible mechanisms include 

luminescence. Luminescence generally originates from inorganic or organic moieties. 

Fluorophore molecule or cluster can play a role of a building block or can be encapsulated 

inside the framework (as a guest). In general, there are two possible mechanisms of 
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detection, quenching and enhancement of fluorescence by the presence of analyte. The 

solid-state fluorophore rigidified in/within the framework usually possess higher 

fluorescence signal compared to the free fluorophore due to the nearly absent non-

radiative relaxations. The presence of certain analytes decreases this signal. In contrast, 

free-rotating fluorescent molecules in MOFs emit practically no light and, thus, the 

analyte can “turn-on” the fluorescence by restricting these rotations. 

Integration of MOFs as thin films in sensor devices paves the way for many attractive and 

convenient transduction modes, optical, gravimetrical and electrical, among others. 

Several research studies reported the development of optical MOF-based sensor devices, 

in which the change of the refractive index of MOF film upon adsorption of analyte is 

detected with localized surface plasmon resonance spectroscopy or interferometry.(53) 

In the gravimetric mode, the mass uptake of adsorbed analyte in MOF film is transduced 

via various microelectromechanical systems, including quartz crystal microbalance 

(QCM), surface acoustic wave (SAW), micro-cantilevers and microresonators. Notably, the 

electrical transduction mode has become one of the most attractive areas of the 

development of MOF-based sensors. Different electrical transduction mechanisms are 

considered. The analyte-induced change in conductive properties (conductivity, 

resistance) of a MOF film can be monitored through the variation of the direct current 

flowing through the system. However, as the majority of MOFs are not conductive, often 

the change of dielectric properties upon adsorption is used as a transduction signal. In 

this case, the change of impedance or capacitance is measured. In potentiometry and 
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chemitransistors the change of a potential in a MOF coated between two electrodes is 

monitored and transduced upon interaction with analyte. 

With this plethora of methods, the remaining challenge is to find the material highly 

selective for the specific analyte, and, not least important, to determine appropriate 

transduction mechanism, which will track, amplify and transduce the change in a MOF 

property, caused by this selective interaction.  

Furthermore, in general, the current research in MOF-based sensors are focused on study 

of the sensors, which can only target single specific analyte and be effective only in 

oversimplified environments (simple mixtures). Therefore, in order to take the academic 

study to the next implementation level, the development of an array of sensors 

functionalized with different MOFs, aiming diverse analytes and possibly using various 

transduction mechanism, is necessary. 

 

Methods and Instrumentation 

In this dissertation, MOF sensors based on three different transduction mechanisms are 

mentioned. The specific instrumentation used for the tests is listed in the experimental 

section of the particular subchapter. Please refer to: (I) subchapter 2.1 for QCM based 

sensor for NH3 detection, (II) subchapter 2.2 for capacitive sensor for detection of 

humidity, volatile organic solvents and SO2, and (III) subchapter 5.2 for “turn on” 

fluorescent sensing of inorganic anions. 
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1.5 Adsorption-based Gas Separation 

Energy intensive distillation processes are accounted for more than 90% of all separation 

processes in the chemical industry. One of the prospective alternative solutions to reduce 

this energy consumption is to use porous adsorbents, such as zeolites and MOFs, which 

possess structural requisites for molecular separation.(55) Great diversity of pore 

environments and geometries in MOFs, in particular, affords various types of adsorption-

based separations. In an excellent recent review Adil et al. have highlighted major 

achievements made in the field of adsorption-based separation with MOF materials and 

have categorized the possible driving mechanisms as follows:(29) 

i. thermodynamic (enthalpic) - based on the difference of adsorbate/MOF affinity; 

ii. kinetic - based on the size/flexibility of pore opening and its surroundings, which 

induces the difference in a diffusion of different adsorbates; 

iii. the combination of i and ii; 

iv. conformation (entropic) - driven by the steric differences of the molecules, which 

governs more efficient packing (uptake) in a confined pore system; 

v. molecular sieving - can be considered as an ultimate case of kinetic separation (ii), 

in which practically the infinite selectivities can be achieved with the appropriate 

size of the pore opening.  

The discovery of new ZMOF material suitable for separation of olefin/paraffin molecules 

via “ii” mechanism is described in subchapter 5.6. In addition, the screening sorption 

experiments are often conducted to assess the availability of pores in MOFs and would 

be shown along this dissertation.   
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Methods and Instrumentation 

Low-pressure gas sorption measurements were performed on either an Autosorb-iQ gas 

adsorption analyzer (Quantachrome Instruments) or a 3-Flex Surface Characterization 

Analyzer (Micromeritics) at pressures up to 1 atm. The cryogenic temperatures were 

controlled using liquid nitrogen and argon baths at 77 K and 87 K, respectively.  

Sorption Kinetic. A VSTAR volumetric adsorption analyzer from Quantachrome 

instruments was used for propane and propylene adsorption studies. The activated 

sample was exposed to different amounts of the adsorbate and the associated 

equilibrium points were recorded, constituting the corresponding gas adsorption 

isotherm. The adsorption experiments for the evaluated hydrocarbons were carried out 

at 20°C sample temperature. Recorded adsorption data were processed by using 

Helmholtz equation of state. 

High Pressure Gas Adsorption Measurements. Adsorption equilibrium measurements of 

pure gases were performed using a Rubotherm gravimetric-densiometric apparatus 

(Bochum, Germany), composed mainly of a magnetic suspension balance and a network 

of valves, mass flow meters, and temperature and pressure sensors. In a typical 

adsorption experiment, the adsorbent is precisely weighed and placed in a basket 

suspended by a permanent magnet through an electromagnet. The cell in which the 

basket is housed is then closed and vacuum or high pressure is applied. The gravimetric 

method allows the direct measurement of the reduced gas adsorbed amount. Correction 

for the buoyancy effect is required to determine the excess and absolute adsorbed 

amount. 
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1.6 Membrane-based Gas Separation  

A membrane-based gas separation is recognized as a cost-saving alternative to the 

conventionally used separation processes.(56) The successful implementation of 

membrane technology relies on synergetic advances in module fabrication and material 

design.(57) Thus, various materials, including polymers, inorganic compounds, hybrids, as 

well as their chemically and physically blended combinations, have been developed and 

explored for the fabrication of advanced membranes. Despite the advances in material 

science and diversity of available materials, polymers have dominated more than 95% of 

the current industrial gas separation market. This is due to the fact that polymers are 

simply processed, have low cost and are easily scalable.(58) However, the separation 

market using polymer membranes addresses primarily the separation of non-

condensable gases.  

The foremost limitation preventing the use of polymers in the area of carbon dioxide and 

hydrocarbon separation is plasticization.(59) This process refers to a change of polymer 

structure and, thus, a loss in separation performance, caused by the swelling of the space 

between polymer chains by CO2 and other heavy hydrocarbons. Another major 

disadvantage associated to gas separations using polymers is that their performance is 

confined under the permeability-selectivity trade-off.(60, 61) The polymers owning high 

permeability, i.e. rate of gas transport through the membrane, suffer from low selectivity, 

i.e. the ability to permeate some kind of molecules but not others, and vice versa (Fig. 

1.7). 
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Figure 1.7 The schematic representation of selectivity permeability trade-off for 
polymeric membranes. 

 

Although the trade-off concept is originally formulated for polymer membranes, 

comparing permeability and selectivity data for a specific gas pair on upper bound plots 

(60, 61), it remains a popular way to gauge membrane material performance. It is 

important to highlight the difference between permeance and permeability. The 

permeance is used in industry and academia to compare the performance of the 

membranes as the end-products and does not depend on their thickness. Thus, 

membranes with smaller thickness outperform the thicker membranes made from the 

same material in terms of the rate of gas transport. Consequently, to prepare a high 

performance membranes with reduced cost, researchers concentrate their efforts on 

developing composite membranes, containing a very thin layer of “working” (selective) 

material on top of the cheap and highly porous substrate, which is used for mechanical 

stability and does not contribute to the performance. Permeability on the other hand is 
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used to compare properties of a materials, and, therefore, it is normalized to the thickness 

of the membrane.  

One of the goals of this dissertation is to estimate the performance of certain MOFs in a 

form of membranes and to compare the estimated values with the values found for other 

membranes based on other types of materials. Therefore, only the values of permeability 

are used throughout this dissertation and optimization studies to obtain thinner 

membranes were not performed.  

Both weaknesses, plasticization and trade-off limitation, arise from the polymer chain 

mobility. Conversely, the rigid inorganic or hybrid microporous membrane materials do 

not encounter these problems.(62) Practically, the rigid membranes with uniform pore 

structures are poised to be more effective than polymers in any gas separation related 

operation (have higher permeability and selectivity). However, as for now the estimated 

profit from the implementation of these type of membranes over its production costs is 

still not competitive with a relatively cheap and easily produced polymers.(60) Thus, there 

is a tremendous need for the development of better materials, which can inverse the 

tendency in favor of the rigid materials. Particularly, for hydrocarbons separations, in 

which polymer membranes are completely impractical, microporous membranes have 

the potential to completely or partially substitute energy intensive distillation process. A 

recent study by Tula and coworkers (63) showed that in a hybrid scheme, where 

distillation and membrane modules are joint in one system, the use of microporous 

membrane can be feasible even with currently available materials. 
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Generally, microporous membranes obey solution-diffusion theory,(64) where a surface 

adsorption (S), governed by gas molecule interactions with frameworks, and a free 

volume diffusion (D) governed by molecular size of the gas, determine the gas 

permeability (P) through microporous membranes (P = S∙D). As such, membranes can be 

classified as solubility and diffusion driven, depending on which component prevails. 

Currently most of membranes developed for gas separation obey the mechanism of size 

exclusion, or molecular sieving, in which smaller molecules permeate exclusively or faster 

than the ones with larger size. However, due to the operational gas stream conditions, 

some specific applications require solubility driven membranes. For example, the 

reversed selective membranes, in which larger CO2 molecules permeates faster than 

smaller hydrogen, are more preferable in the purification process of raw hydrogen 

produced from synthetic gas in order to obtain high purity hydrogen (99.99% H2 from 60-

80% mixture balanced by CO2).(65, 66)  

Therefore, the accurate control of pore size, shape and adsorption strength of membrane 

material is a key issue to completely direct the nature of separation process.(65-67)  

MOFs, among other microporous materials, possess high degree of structural design. As 

explained in the subchapters 1.1-1.2, the availability of building blocks and its hybrid 

nature allows to smartly design materials with different pore sizes and various 

functionalities. Microporous MOF membranes have been extensively studied for gas and 

liquid separations. However, despite the recent progress in the preparation of pure MOF 

membranes,(62, 68-74) the use of MOFs as membranes is still in its early stages and 
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remains challenging. This is mainly due to the difficulty in fabricating continuous, fully 

intergrown defect-free MOF thin-films with optimal attachment to the support.(72, 73)  

As an alternative, due to the more convenient and reliable preparation methods for bulk 

MOFs, there is an increasing interest in the use of MOFs as fillers in mixed matrix 

membranes (MMM), which was reported to potentially enhance gas permeabilities and 

selectivities compared to the pure polymeric membranes.(75-77) In theory, according to 

the simple Maxwell model,(78) the performance of MMM depends on the volumetric 

ratio of two components, as superposition of its integral properties contributing to the 

effective permeability. As the rigid microcrystalline materials are assumed to have a 

higher permeability and selectivity compared to that of polymers, the higher loading of 

the MOF is predicted to reflect in a better performance of the MMM. However, the direct 

measure of pure MOF permeabilities is not possible and the particle size, particle 

distribution, loading, interfacial defects between filler and a matrix, etc., bring major 

uncertainties in the understanding and predicting of MMM systems. Nevertheless, even 

though the preparation of MOF-based MMMs currently boils down to nearly random 

mixing and matching of two components, a substantial knowledge was acquired and a 

few highly performing membranes were obtained during such explorative studies.(75-77) 

The fundamental understanding of the transport properties of pure MOF membranes is 

vital to further build the knowledge necessary to develop better MMM membranes and 

to assess the applicability of both pure and MMM membranes for industrially relevant 

applications. Interestingly, up to date more than a half of all the publications covering the 

preparation of pure MOF and MMM membranes involve the use of ZIF-8 MOF. This is 
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mostly due to its easy fabrication, high stability, and the pore size suitable for gas 

separation.(79) Another half of membrane-related articles concern the use of handful of 

other MOFs, such as MOF-5, HKUST-1, UiO-66, and MOF-74.(62, 68-74) Thus, it is 

apparent that scientific community does not take full advantage of MOF diversity for 

membrane preparation. In this study, therefore, the new materials (not reported as 

membranes) were prepared in a form of polycrystalline films on alumina supports and 

were investigated for particular gas separations.  

 

Methods and Instrumentation 

Single and mixed gas permeation systems, used in this study, were previously used for 

testing the reported MOF membranes and described elsewhere.(80-82)  

Single gas permeation. A constant-volume/variable-pressure (CV/VP) apparatus was used 

to determine the pure gas permeability, diffusion and sorption coefficients of the thin 

films via the time-lag analysis. A custom cell was used to mount the film and sealed with 

O-rings on both surfaces. Modified with two lines from upstream and downstream, each 

of which is possible to use as inlet or outlet lines, the cell enabled both pure and mixed 

gas testing without relocation of the membrane, as well as the experiments where sweep 

gas is required. In pure gas experiments with the CV/VP technique, the retentate line was 

closed. Before each run, the entire system was evacuated under high vacuum at 35ºC until 

any downstream pressure rise (“virtual leak rate”) was less than 2% of the rate of steady-

state pressure rise for any penetrant gas. Different feed pressures were used for certain 
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experiments. The downstream pressure rise during permeation was monitored with a 10 

Torr MKS Baratron transducer and the experiment was stopped at least ten time-lags 

elapsed to ensure steady-state. The schematic representation of the experimental set-up 

along with the equation used for estimation of pure gas permeability, diffusion and 

sorption coefficients, and ideal (single gas) selectivity is given in Figure 1.8. The 

permeability coefficient is expressed in Barrers.  

 

Figure 1.8 The schematic representation of CV/VP technique. 
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Gas mixture permeation. The variable pressure-continuous permeate composition 

analysis technique was used to test the permeation of the gas mixture for the fabricated 

membrane. The permeate gas composition was monitored continuously until steady-

state was achieved, as indicated when no change in the mass spectrometer (MS) signal is 

observed. The membrane was activated for permeation studies using vacuum and 

flushing with helium gas until no residual gases were detected downstream using MS. The 

binary gas mixture, having a desired composition aup, bup of CO2:H2 (20:80), was applied 

upstream. This was performed all the while monitoring the composition of the permeate 

downstream, that is, adown, bdown. The system was considered in a steady state when no 

change in the signal of the MS is observed. The permeation selectivity was calculated 

using the following equation: a = (aup/bup)/(adown/adown). 

 
 

 

Figure 1.9 The schematic representation of variable pressure-continuous permeate 
technique. 
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1.7 General notes regarding methods and instrumentation  

Starting materials: All the starting materials for synthesis were purchased commercially 

(from Acros, Fisher Scientific, City Chemicals, Sigma-Aldrich or TCI chemicals) and were 

used without further purification. 

Alumina substrates for membrane preparation (22 mm diameter, 2 mm thickness) were 

purchased from Cobra Technologies BV. Gold, silica, glass substrates were also purchased 

from commercial sources.  

Single Crystal X-ray Diffraction Data (SCXRD) were collected using a Bruker X8 

PROSPECTOR APEX2 CCD diffractometer (Cu Kα, λ = 1.54178 Å). Indexing was performed 

using APEX2 (Difference Vectors method). Data integration and reduction were 

performed using SaintPlus 6.01. Absorption correction was performed by multi-scan 

method implemented in SADABS. Structure was solved using SHELXS-97 (direct methods) 

and refined using SHELXL-2014 (full-matrix least-squares on F2) contained in WinGX and 

Olex2 program packages. Crystal data and refinement conditions are shown in Tables A.1–

A.20. All the SCXRD work was performed by Dr. Shkurenko. 

Powder X-ray Diffraction (PXRD) measurements were carried out at room temperature 

on a PANalytical X’Pert PRO diffractometer 40kV, 40mA for CuKα (λ = 1.5418 Å), typically 

with a scan speed of 1.0° min-1 and a step size of 0.02° in 2θ. 

1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance 

III 600 MHz spectrometer, the chemical shifts for 1H NMR spectra are reported in ppm (δ, 

relative to TMS) using DMSO residual peak (δ= 2.50 ppm) in DMSO-d6 as an internal 

standard, and for 13C NMR spectra solvent peaks at 39.52 ppm. 
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Software for Topologycal Analysis: Topos software packages were used to determine the 

coordination sequence, point symbol and topology of all reported compounds based on 

their crystal structures.  

Scanning electron microscope (SEM) Quanta 600 was used to acquire SEM images of 

MOFs and MOFs thin films.  

Scanning Electron Microscopy (SEM) images and Energy Dispersive X-ray Spectroscopy 

(EDX) were performed on FEI Quanta 600 and NovaNano electron microscopes equipped 

with X-ray mapping with acceleration voltage of 30 kV. 

Inductively coupled plasma-Optical emission spectroscopy (ICP-OES) was carried out 

using a Varian 720 ICP-OES Spectrometer. 

Fourier-transform infrared (FT-IR) spectra (4000-650 cm-1) were collected in a solid state 

on a Nicolet 700 FT-IR spectrometer. 

Software for simulating and modeling materials: Accelrys Materials Studio 8.0. 

Software for drawing figures: Diamond 4.5 (crystal and molecular structure visualization) 

software with POV-Ray 3.7 (the persistence of vision raytracer) was used to draw most of 

the figures from crystallographic data. PowerPoint and Inscape were used for schemes. 

OriginPro (2015) was used for data analysis and plotting. 

The Cambridge Structural Database (CSD) (2018) was used for assessing the novelty of the 

materials.   
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Chapter 2: MOF Thin Films Preparation and Gas Sensing  

2.1 Liquid-Phase Epitaxy Approach Meets Spin Coating Method 

2.1.1 Introduction  

 One of the ongoing challenges facing successful implementation of MOFs in advanced 

application areas is the development of the methods allowing for an effective growth and 

deposition of MOFs as thin films.(69, 70, 72) It is important to highlight that crystalline 

inorganic and MOF materials are generally characterized by high brittleness and fragility 

in the form of self-supported (free-standing) films.(74) Therefore, these materials must 

be attached to a mechanically strong and rigid substrates. Markedly, MOF thin films 

prepared on functional substrates can play a role of an integral part of solid-state 

microelectronic devices.(31) The thickness, crystallinity and crystal orientation of the film 

will affect the properties of the final product. In addition, a controlled growth of MOFs on 

the highly permeable substrates offers potential to obtain a very thin MOF membrane 

layer with the requisite mechanical strength. These composite membranes comprised 

from selective MOF layers deposited on an inexpensive substrate can serve as highly 

productive and affordable membranes for a range of energy and environmental 

applications.(72, 74, 83) 

The formation of supported MOF thin films can be broadly divided into two groups: (I) an 

in situ framework growth and (II) subsequent deposition of already prepared film or 

particles on a substrate. The thin films prepared by deposition suffer from the absence of 

chemical intergrowth and fine attachment to the support. Thus, such thin films are used 
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only in the application areas where these qualities are not critical, for example, in 

phosphors coating for white light-emitting diodes.(84) Among the first group, original (to 

the growth of MOF crystals) solvothermal method, in which a substrate is placed in a vial 

with the precursor solution and subsequently heated in the oven, is by far the most 

common and widely reported.(72, 74, 83) However, this method possesses limited 

control over the thickness of the films. The liquid phase epitaxy (LPE) or layer-by-layer 

(LbL) method introduced in 2007 for the synthesis of highly oriented MOF layers with 

controllable thickness represents a significant development in the area of thin film 

synthesis (Fig. 2.1)(85-87) In the former LPE method the metal and organic precursors are 

sequentially deposited onto functionalized support interface where MOF formation takes 

place. The cycles steps include dipping substrates into: 1) metal precursor solution, 2) 

solvent for washing, 3) ligand precursor solution, 4) solvent. The washing steps are 

essential for removing the residual unreacted starting materials.(82, 87, 88) 

Nevertheless, the dipping method suffers from several intrinsic limitations.(82, 87, 88) 

These include: (i) a prolonged growth process, for example, as it takes approximately 1 

day to grow 100 layers, which is the result of 400 different immersion steps. In addition, 

(ii) there is an increased cost associated with a large quantity of chemicals and solvents 

needed to complete the process. These drawbacks will certainly hinder the scale up of 

this method for some important applications. The first successful high-throughput 

approach was recently introduced to grow MOF thin layers on solid substrates using a 

spray coating method (Fig. 2.1)(89, 90) Here, “high-throughput” was used to express the 

time frame needed to prepare the MOF thin films, which was reduced by at least 2 orders 
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of magnitude. The spray method is based on applying a nozzle system, through which the 

reactants solutions and solvents, are deposited onto the targeted surface in the form of 

an aerosol. The main principle of this approach is governed by the fact that the droplets 

within the aerosol (<10 μm) are impinged on the substrate and thereby coat the surface 

with a thin film comprised of the desired reactant.  

 

 

 

Figure 2.1 Different approaches of LbL method. 
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Nevertheless, up until recently,(91) through the use of spray method it was difficult to 

produce homogeneous coatings on large-scale supports due to the limitation of the 

nozzle size adjustment and the substantial amounts of consumed chemicals and solvents. 

The addition of movement to spray nozzles overcame the mentioned issue. 

In this subchapter, the new facile approach for the high-throughput fabrication of 

homogeneous and highly crystalline MOFs coatings is demonstrated by adapting the spin 

coating approach to the LbL method (Fig 2.1).  

 

2.1.2 Experimental Section 

Spin Coating. The spin coating process for all the thin films fabricated in this work was 

conducted at room temperature. Notably, the success of the spin coating procedure is 

governed by several critical parameters: speed, spinning time, injection volume and 

concentration. In this study, each parameter was systematically fine-tuned to obtain high-

purity MOF thin films in a timely fashion. Accordingly, typical values for these parameters 

were found to be 500 rpm, 5–10 s, and 50 μL, respectively. 

LbL Synthesis of Cu2(bdc)2·xH2O MOF Thin Films. Variety of substrates including glass, 

functionalized gold (with −COOH groups), silicon wafer, and stainless steel served as a 

support for the thin film growth. The substrates were first rinsed with ethanol and then 

dried at 150 °C to remove any contaminants from the surface. The gold substrates (i.e. 

200 nm Au/2 nm Ti evaporated on Si wafers) were functionalized with self-assembled 

monolayers (SAMs),(85) consisting of 16-Mercaptohexadecanoic acid (MHDA), according 

to a published procedure.(85) The pretreated substrates were placed on a vacuum chuck 
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and subsequently spin coated in a continuous mode during the addition of 50 μL of 0.1 

mM Cu2(CH3COO)4·xH2O ethanolic solution for 5 s followed by 50 μL of 0.1 mM of 

terephthalic acid (H2bdc) ethanolic solution for 8 s. The substrates were washed with 50 

μL of pure solvent (ethanol) between each step. 

Growth of ZIF-8 Thin Films. Thin films were grown on a commercial alumina substrate, 

which was first washed with water and dried at 150°C for 24 h. The cleaned substrate was 

placed on a vacuum chuck and subsequently spin coated with 50 μL of 0.2 mM 

Zn(NO3)2·6H2O methanolic solution for 5 s and then with a 50 μL of 0.4 mM 2-

methylimidazole methanolic solution for 8 s at room temperature. 

Growth of HKUST-1 Thin Films. The films were grown on a commercial alumina substrate 

in a similar way as in the method described above for ZIF-8. The substrates were placed 

on a vacuum chuck and subsequently spin coated with 50 μL of 1.5 mM 

Cu2(CH3COO)4·xH2O ethanolic solution for 5 s and then with a 50 μL of 3 mM 1,3,5-

benzenetricarboxylic acid (H3btc) ethanol solution for 10 s. 

Quartz crystal microbalance (QCM) measurements were completed using a Q-Sense E4 

instrument from LOT Quantum Design.  
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2.1.3 Results and Discussion 

The spin coating process is a fast and easy method, which is used to generate thin and 

homogeneous films out of solutions on flat substrates. In this study, the facile and uniform 

fabrication of coatings using the spin approach was adapted to LbL method to fabricate 

highly oriented, crystalline and homogeneous MOF thin films. The main advantage of LbL 

is the control of the thin film thickness with the number of deposited cycles. Fully 

automated spin coating machine equipped with four microsyringes was used to achieve 

the multistep deposition. In this process, the micro-drops of a metal cation precursor 

solution are placed for a certain duration of time on the substrate, while spinning at a 

speed of 500 rpm in a continuous mode. The centrifugal force allows all the fluid to be 

homogeneously spread on the substrate. Next, the substrate is cleaned via the injection 

of microdrops of solvent. The same procedure is repeated for the organic precursor 

solution. The described procedure, consisting of four steps, is considered one cycle and is 

repeated a required number of times to generate thicker thin films (Fig. 2.1).  

To confirm the feasibility of this method the synthesis of different types of common 

representative of MOFs on different substrates was investigated. Among them were: (I) 

MOF-2,(6) comprised of two dimensional sql layers, made from terephthalic acid and 

copper (or zinc) paddle-wheel, (II) ZIF-8,(92) based on sod topology, built from 2-

methylimidazole and zinc metal ions, (III) HKUST-1,(93) based on tbo topology, made from 

1,3,5-benzenetricarboxylic acid and copper paddle-wheels (Fig. 2.2).  
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Figure 2.2 The structure, MBB and SBU of MOF-2, ZIF-8, and HKUST-1 MOFs. 

 

Figure 2.3 shows PXRD patterns and optical images of MOF-2 (Cu) grown on a range of 

substrates (sizes around 2.5 × 2.5 cm2) with 20–75 growth cycles. The presence of MOF-

2 thin film is confirmed by the agreement between the experimental and calculated from 

single crystal data PXRD patterns. Deliberately, the sample fabricated on a gold substrate 

was functionalized with 16-MHDA SAM to guide an orientation and, therefore, the PXRD 

pattern shows preferential MOF-2 growth along the [100] faces (Fig. 2.3, a). 
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Figure 2.3 MOF-2 thin films grown by spin coating LbL method on different substrates: 
(a) gold, (b) stainless steel, (c) glass, (d) silicon. 

 

The homogeneity and thickness of the deposited MOFs were investigated using SEM (Fig. 

2.4, a and b). Continuous coating of the 140 nm crystalline thin film of MOF-2 over a large 

gold area (depicted area 50 × 50 μm2) is observed after deposition of 10 cycles. Notably, 

the thickness is similar to the one obtained using the spray coating method under 

analogous conditions.(94) To study the rate of the MOF thin film growth by spin coating, 

the thickness of MOF-2 thin film was estimated from the SEM cross-section images after 
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a different number of growth cycles (Fig. 2.4, c). The increase of MOF-2 film thickness per 

deposition cycle is larger than that reported for the conventional dipping LbL and similar 

to the one reported for spray method.(5, 69, 74, 94) This evidence suggests and complies 

with previously reported results for spray method that states that the additional amounts 

of reactants, copper acetate and ligand, can be stored in the already deposited MOF due 

to insufficient solvent rinsing. The amount of reactants which can be removed by rinsing 

in spin or spray method is substantially lower than that of dipping method. Possibly the 

additional washing steps in the cycle can further improve the process. 

Notably, the time needed to successfully deposit 100 cycles is only 50 min, which is 

significantly shorter in comparison to 25 hours needed for a conventional LPE process. 

Yet, it is very close to the time needed for the spray method, which was 30 min.(5, 69, 74, 

94) Interestingly, although the time needed to grow MOF thin film was found to be much 

faster than the conventional LPE-method, the high degree of film orientation is still 

comparable to previously reported results.  

To further prove the selectivity of spin coating method, MOF-2 was grown on SAM 

substrates prepatterned with MHDA via microcontact printing (μCP) (Fig. 2.4, c).(95) 

MOF-2 grew on the area where gold was patterned with COOH-terminated SAM squares, 

while the area patterned with CH3-terminated SAM remained unchanged.  
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Figure 2.4 MOF-2 thin films grown by spin coating LbL method on gold substrate: (a), (b) 
cross-section and top view SEM images, (c) the growth rate of MOF-2 with the number 

of cycles, (d) top view of MOF-2 grown on SAM patterned gold. 
 
 

As mentioned earlier the spin method was also applied for different types of MOF to grow 

thicker films. The SEM and diffraction data for the growth of 2D Zn isoreticular analogue 

of MOF-2 grown on gold substrate and 3D ZIF-8 and HKUST-1 MOFs grown on the porous 

alumina support are presented in Figures 2.5-2.7, respectively. The consistent results 

suggest that different types of MOF can be synthesized with spin coating LbL method up 

to the thickness of few micrometers. 
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Figure 2.5 MOF-2 (Zn) thin films on gold substrate: (a), (b), (d) cross-section and top 
view SEM images, (c) PXRD pattern. 
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Figure 2.6 ZIF-8 thin films on porous Al2O3: (a), (b), (d) cross-section and top view SEM 
images, (c) PXRD pattern. 

 
Significantly, the spin coating method provides a more efficient and effective pathway for 

the fabrication of MOF thin films. In fact, the synthesis of a ZIF-8 film with a thickness of 

3.0 μm can be performed in 80 minutes (200 cycles), while it takes more than 30 hours to 

grow 2.5 μm thick film with conventional LbL (300 cycles).(81) In order to confirm the 

quality and applicability of fabricated ZIF-8 to serve as a membrane for gas separation, 

the as-prepared ZIF-8 film was tested for separation of H2/CO2 mixture. 
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 The fully activated membrane (soaked in methanol for three days, refreshing solvent 

twice a day) was tested using variable pressure-continuous permeate composition 

analysis technique at 308 K with 2.0 bar as a feed pressure. The gas mixture permeation 

results showed that ZIF-8 can selectively permeate H2 over CO2 with a selectivity factor of 

4.6, which is in a good agreement with the previously reported studies (Fig. 2.8).(81) 

 

 

Figure 2.7 HKUST-1 thin films on porous Al2O3: (a), (b), (d) cross-section and top view 
SEM images, (c) PXRD pattern. 
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Figure 2.8 ZIF-8 membrane CO2/H2: 20/80 gas mixture permeation results. 

 
 

 
 

Figure 2.9 Ammonia sensing in humid conditions with MOF-2(Cu) coated QCM. 
 

To further confirm the applicability of MOF thin films prepared via spin coating method 

the QCM substrates were coated with MOF-2 (Cu) to assess the sensing properties of the 

film. The coated QCM electrodes were tested for the sensing of ammonia in humid 

conditions (Fig. 2.8, b). The mass uptake for the pure water vapors was first measured as 
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a reference. In comparison to the low water vapor uptake, the addition of 1% of NH3 in 

solution reflected in a very rapid uptake. This indicates the high selectivity of this MOF 

towards this gas, which can be explained by the stronger affinity of the ammonia 

molecules toward the copper centers in MOF-2 framework.(96) 

 

2.1.4 Conclusion and Outlook  

A new facile approach for the growth of MOF thin films was successfully developed based 

on adapting the LbL technique to the spin coating method. Current studies confirmed 

effectiveness of this method in growing homogeneous, crystalline MOFs, as exemplified 

using both 2D and 3D benchmark MOF materials. This new approach offers substantial 

advantages and a great prospective due to its associated shorter growth time and 

lessened chemicals consumption over the previously employed conventional LPE 

approaches.  

However, in a current set-up the number of MOFs compatible with this method is 

significantly limited to those which can be synthesized at RT or relatively low 

temperatures. Therefore, the heating elements appropriate for spin coating should be 

designed and be installed in the system in order to increase the applicability of developed 

method.  

Notably, the results described in the subchapter 2.1 were recently published in “ACS 

Applied Materials & Interfaces” journal and most of the text was taken verbatim from the 

published manuscipt with the permission of the publisher.(82)  
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2.2 MOF-based Capacitive Sensors 

2.2.1 Introduction  

As elaborated in the introduction chapter (subchapter 1.4), development of MOF-

based sensors is a dynamic and cutting-edge research area that envisions bringing 

MOFs into the industrial market rather sooner than later. Despite the maturity of 

the area, the development of miniaturized low-cost and low-power consumption 

platforms remains beyond the latest research developments.  

Many studies have investigated compact gas sensors based on different classes of 

gas-sensing materials, such as solid electrolytes,(97) conducting polymers,(98, 99) 

metal oxide semiconductors,(100, 101) and piezoelectric crystals,(102) which are 

applied on a variety of transduction units. Among these materials, metal oxide 

semiconductors are considered to be among the most promising candidates due 

to their low cost, high sensitivity, and reliability.(100, 101) These materials operate 

based on a change of resistance when the targeted analyte reacts with the 

chemisorbed oxygen from air.(103) However, the device response and sensitivity 

are greatly influenced by the exposed surface area and high operating 

temperatures, which regulate the amount of oxygen adsorbed and thus, the 

amount of surface ionic species formed and needed for the reaction with the 

analyte. These sensors suffer from evident disadvantages such as high-power 

consumption and complex process. Therefore, the need for room-temperature 

stable and sensitive gas sensors has inspired researchers to consider alternative 
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materials. For instance, reversible physisorption within porous materials with 

highly accessible pore system prompting effective and selective interactions with 

the analyte, can be detected with simple capacitive device.(104) Capacitive 

sensors, based on MOF selective layers coated on an inexpensive interdigitated 

electrodes (IDEs), meet the predetermined criteria of miniaturized low-cost and 

low-power consumption platforms.(31, 47) 

In this study, the sensing system was assessed with the sensor device based on 

prototypical 2D porous MOF-2. The detection of humidity and volatile organic 

compounds (VOCs) was evaluated. Nevertheless, as MOF-2 lacks a pronounced 

selectivity towards any specific molecule, the quest for finding selective MOFs for 

the detection of particular toxic gases was launched. The fcu-MOFs based on 

fumaric acid and naphthalene dicarboxylic acid were suggested (and later studied) 

for the selective detection of hydrogen sulfide (105) and ammonia (106), 

respectively, by Dr. Shekhah and Mr. Assen from FMD3 group at KAUST. It became 

evident, that the MOF pore size and shape is not sufficient to achieve the requisite 

effective detection of hazardous gases/vapors, and a more specific interaction 

between the targeted harmful adsorbates and the host framework is 

required.(105, 107) Accordingly, we opted to select a MOF with predefined 

requisites for highly sensitive and selective SO2 sensor.  

Sulfur dioxide (SO2) analyte was chosen as it is considered as one of the most toxic 

and problematic anthropogenic air pollutants.(108) It is to be noted that major 

health concerns are associated with a prolonged exposure to SO2, with a primary 



66 
 

one-hour acceptable limit set at 75 parts per billion (ppb)(109). Certainly, it is 

necessary to continuously monitor the concentration of SO2 in the ambient air, 

particularly near the emission sources. 

Although a substantial number of MOFs have been studied for potential SO2 

sorption,(110-115) based on the literature, there have been no MOF-based SO2 

sensors has been reported so far. MOFs have not been applied for SO2 detection, 

probably since the majority are not stable upon exposure to SO2.(116) In this 

subchapter, the choice of MFM-300 (In) MOF to be applied as a sensitive layer 

highly selective for SO2 is justified and performance of the sensor is evaluated.  

 

2.2.2 Experimental Section 

The IDE. The electrodes were provided by Prof. Khaled Salama from “Sensor Lab” 

at KAUST. The detailed fabrication is described in the literature (107). 

LbL Synthesis of MOF-2 Thin Films on IDE. Before performing MOF growth, IDE was 

functionalized with COOH terminated MHDA SAM according to a published 

procedure.(85) MOF-2 thin film was synthesized by dipping LbL method (75 cycles), 

alternatively immersing the modified IDE into 0.1 mM Cu2(CH3COO)4·xH2O and 0.1 

mM terephthalic acid (H2bdc) ethanolic solutions, and rinsing with pure ethanol in 

between. 

Solvothermal Synthesis of MFM-300 (In) MOF Thin Films on IDE: Before performing 

MOF growth, IDE was functionalized with OH terminated MHDA SAM according to 

a published procedure.(85) Thin films of the MFN-300 MOF were prepared 
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solvothermally. Biphenyl-3,3′,5,5′-tetracarboxylic acid (1.6 mg, 5 μmol), In(NO3)3 

(2.9 mg, 7.5 μmol), DMF (1.7 mL), CH3CN (0.8 mL) and Nitric acid (0.09 mL of 3.5M 

solution in DMF) were combined in a 5 mL scintillation vial. After sonication, 

solution was divided in 3 equal parts and placed in 5 mL vials. Pre-functionalized 

IDE chips were placed inside the vials containing a freshly prepared solution, 

sealed, and heated to 85°C overnight and then cooled to RT. The IDE chip was 

collected and washed with about 10 mL of DMF and immersed in 10 mL of ethanol 

for 3 days, and the solvent was replaced three times per day. 

Testing set-up. Gas testing was performed using the LabVIEW fully automated 

measurement system. The coated sensor was placed inside the detection chamber 

and connected to the LCR meter (measures the inductance (L), capacitance (C), and 

resistance (R)) to detect the capacitive change. The samples were first activated 

under vacuum for one hour; the chamber was later purged with pure nitrogen. 

Nitrogen gas was used as a carrier gas to adjust humidity and dilute VOCs and SO2 

to the desired concentrations; the measured ranges: from 10 ppb to ppm. The 

detailed scheme can be found in the original article.(107) 

2.2.3 Results and Discussion 

To assess the applicability of MOFs to serve as a sensitive layer in capacitive sensor, 

the MOF-2 thin film was formed by dipping LbL method on IDE (refer to Fig. 2.2 for 

the structure). The formation of MOF was confirmed by PXRD and morphology was 

studied with SEM analysis (Fig 2.10). 75 LbL cycles led to a formation of 1.5 µm thick 

film. 
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Figure 2.10 (a) Calculated and experimental PXRD patterns and (2) SEM cross section 
image of MOF-2(Cu) coated on IDE. 

 

Open metal sites in MOF-2 material are accessible for the adsorption of analytes. 

Thus, a MOF-2 based sensor possesses high sensitivity for the detection of the 

amount of gas adsorbed and stored in MOF, which is determined by the size of the 

pores and a number of accessible metal sites. The water and other VOCs vapors 

can permeate inside the film and become adsorbed. Figure 2.11 (a) indicates linear 

increase of humidity until 65% RH (relative humidity), which can be attributed to 

gradual occupation of open metal sites. Over 65% RH water vapors interact by 

coordinating to the open metal sites as shown by the exponentially growth of 

capacitance with increasing RH as pores get saturated. As an indication of 

reproducibility of such behavior, three repeated measurements are shown in 

Figure 2.11 (b). All the tests were performed at room temperature.  
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The VOCs analytes, including acetone, ethanol, methanol and toluene were tested 

in a wide variation of concentrations (Fig 2.11, (b) and (c)). The chemical nature 

and size of the first three analytes are similar, which is reflected in the similarity of 

response (linearity and rate). Contrarily, the slower diffusion of toluene (due to the 

size) and the π-π interaction with the benzene ring of terephthalic acid, is reflected 

by a slower response and high sensitivity at low concentration (125-500 ppm). All 

the performed experiments showed good reproducibility. 

 
Figure 2.11 Evaluation of MOF-2 based capacitive sensor for vapor sensing.  

(a) Capacitance changes vs different level of humidity, (b) reproducibility of humidity 
experiment, (c) and (d) capacitance changes in presence of different analytes. 
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After the analysis of MOF-2 based sensor, a partial conclusion can be drawn. This 

study represents a proof of concept of the effectiveness of MOF-based capacitive 

sensor in the detection of analytes upon their adsorption in the framework. 

Nevertheless, the lack of specific interaction of MOF-2 with the tested analytes 

reflects its irrelevance for practical applications. Therefore, a further evaluation of 

highly adsorption-selective materials for specific gas/vapor is needed to confirm 

the applicability of MOFs for capacitance-based sensors.  

For the development of a highly selective SO2 sensor, the recently introduced 

indium based MFM-300(In) MOF(117) was chosen among others MOFs, such as 

MFM-300 (Al),(111) MFM-202-a,(112) M3[Co(CN)6]2 (M=Zn,Co),(113) Mg-MOF-

74,(114) and Ni(bdc)(ted)0.5,(114) due to its high SO2 sorption capacity of 8.28 

mmol/g (298 K and 1 bar), and compatible (mild) synthetic conditions with sensor 

circuit stability during the thin film deposition (Table 2.1). MFM-300 (In) MOF is a 

3-periodic open framework, isostructural to aluminum(111) and gallium(118) 

analogs, and comprises of infinite cis InO4(OH)2 octahedra chains bridged by 

tetradentate ligands (biphenyl-3,3′,5,5′-tetracarboxylic acid) (Fig. 2.12). Structural 

analysis of MFM-300 revealed the decoration of the pore system with -OH groups 

along the metal chains in the helical direction, thereby creating a periodic array of 

exposed free -OH groups on the surface of the pores. Markedly, the exposed -OH 

groups along with four neighboring C-H bonds from benzene rings provide “pocket-

like” adsorption sites suitable for SO2 binding, governing its adsorption selectivity 

toward SO2 (Fig. 2.12).(117) 
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Table 2.1 The comparison of potential MOFs for a base material for SO2 sensing. 

MOF 
SO2 

capacity* 
(mmol/g) 

CO2 

capacity* 
(mmol/g.) 

BET 
 

(m2/g) 

pore 
volume 
(cc/g) 

Synthetic conditions 
Ref. 

Solvent mixture Temp./Time 

MFM-300 (In) 8.3 3.6 1071 0.42 
DMF, CH3CN, 

HNO3 
85°C/12 hours (117) 

MFM-300 (Al) 7.5 4.4 1370 0.38 
Piperazine, H2O, 

HNO3 
210°C/3 days (111) 

MFM-202-a 
10.2 

(irreversible) 
2.5 2220 0.95 

DMF, CH3CN, 
HNO3 

90°C/1 day (112) 

Zn3[Co(CN)6]2 1.8 1.5 700 0.30 H2O RT/1 day (113) 

Co3[Co(CN)6]2 2.5 1.4 712 0.31 H2O RT/1 day (113) 

Mg-MOF-74 8.6 8.5 1640 0.57 H2O/EtOH 125°C/1 day (114) 

Ni(bdc)(ted)0.5 9.97 2.3 1701 0.74 DMF 120°C/2 days (114) 

* at 298 K and 1 bar 

 
 

 

 

Figure 2.12 Schematic representation of the optimized solovothermal preparation of 
MFM-300 (In) MOF thin film on the IDE and SO2 adsorption site in MFM-300. 
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To evaluate the sensing properties of MFM-300 (In), analogously to a MOF-2, a 

MOF thin film was coated on IDEs and changes in capacitance as a response to the 

presence of a given analyte were directly measured.(105, 107, 119) The successful 

fabrication of a highly crystaline, suitably intergrown crystals, and homogenous 

MFM-300 (In) MOF thin film was performed solvothermally (Fig. 2.12) and was 

confirmed using PXRD and SEM analysis (Fig. 2.13). 

 The MFM-300 (In) MOF sensor performance was found to be exceptional. SO2 was 

detected on a ppb range down to 75 ppb with a linear response from 75 to 1000 

ppb (Fig. 2.14) with a detection limit as low as 5 ppb. The remarkable detection is 

plausibly governed by the associated changes in the film permittivity upon 

adsorption of SO2 molecules. 

 

 

Figure 2.13 (a) Comparison of calculated PXRD patterns of MFM-300-MOF (In) and its 
thin film grown on IDE. (b) Top view SEM image of MFM-300-MOF (In) layer. 
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Figure 2.14 (a) Detection of SO2 in 75 to 1000 ppb concentration range, (b) linear 
response for the corresponding range. 
 

Apparently, two types of interactions regulated the adsorption process:(111) (i) 

Analyte-framework interaction, in which the oxygen centers from SO2 (Oδ−) form 

hydrogen bonds with the exposed hydrogen (Hδ+) centers from free hydroxyl 

groups and four aromatic C–H bonds from the ligand respectively; and (ii) Analyte-

analyte interaction, in which the adsorbed SO2 interacts with another SO2 through 

dipole-dipole interactions. These electrostatic changes in the film are reflected in 

the observed change of capacitance.  

The stability of the MFM-300 (In) MOF capacitive sensor for SO2 detection at room 

temperature was further confirmed using reproducibility tests. The performance of the 

sensor in detecting two concentrations of SO2, 500 and 1000 ppb, over a testing period of 

more than three weeks remained constant (Fig. 2.15).  
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Figure 2.15 (a) MOF-based sensor upon exposure to 500 and 1000 ppb of SO2 over a 24-
days period; (b) reproducibility cycles for detection of 1000 ppb of SO2. 

 

Subsequently, the effect of relative humidity (RH) on the performance of the MOF sensor 

was also investigated. The capacitance change was recorded at each RH level in a 

presence of SO2 at 350 and 1000 ppb. Noticeably, distinctive signals for both SO2 

concentrations (Fig. 2.16, a), similar to “dry” conditions (Fig. 2.15, a), confirm the strong 

affinity of the MFM-300 (In) MOF sensor toward SO2 and attest its practical applicability 

in the presence of water molecules. The noted sensor performance under humid 

conditions suggests the possibility of competitive adsorption on hydroxyl groups between 

water and SO2 at low humidity level, and therefore, negligible change is observed up to 

30% RH.(120) At higher humidity level, the adsorbed water in the MOF can increase the 

sorption uptake of the analyte with water compared to the sorption uptake of the same 

analyte adsorbed in dry framework, and, thus, increases the effect on capacitance 

change. With the increase of humidity, SO2 interacts with the adsorbed water by forming 

additional hydrogen bond interactions.(106, 120)  
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Figure 2.16 Effects of the (a) relative humidity and (b) temperature on the MFM-300 (In) 
MOF sensor performance. 

 

The temperature dependence of SO2 sensitivity for the MFM-300 (In) MOF sensor was 

also evaluated in the range of 22-100°C (Fig. 16, b). The sensitivity response logically 

decreases with the temperature increase, because, in MFM-300 (In) MOF, as in most 

porous sorbents, equilibrium sorption decreases along with increasing the temperature. 

The best sensitivity was obtained at 22°C. Further, upon increasing the temperature from 

22°C to 80°C, the sensitivity drops by almost 35%, which can be attributed to the 

weakened analyte interactions with the exposed active sites, resulting in the increased 

molecular diffusion and a decrease in the adsorbed amount of the analyte.  
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Finally, the selectivity of MFM-300 (In) MOF sensor in the presence of various 

gases/vapors, including methane (CH4), hydrogen (H2), carbon dioxide (CO2), nitrogen 

dioxide (NO2), propane (C3H8) and toluene (C7H8) at 1000 ppb level was analyzed (Fig 

2.17). The response of MFM-300 (In) MOF films to these gases was recorded using the 

same testing protocol, and the study revealed an excellent selectivity for SO2 compared 

to the other gases/vapors, with slight cross-sensitivity with CO2. Hovewer, the response 

signal of MFM-300 (In) MOF to SO2 was almost four times higher than for CO2 and more 

than 20 times higher than other gases/vapors, which clearly corroborates the exceptional 

sensing selectivity of MFM-300 (In) MOF sensor towards SO2. 

 

 

Figure 2.17 MFM-300 MOF sensor sensitivity to other gases/vapors at 1000 ppb. 
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Table 2.2 A comparison of the SO2 sensing properties of the reported materials compared 
with those of the MOF material used in the present study. 

 
Sensor 

materials 
Sensing 

mechanism 
Conc. 
ppm 

Temp. °C Ref. 

Zeolites 
Zeolite A QCM 50 170 (121) 

Faujasite QCM 300 150 (122) 

Metal 
oxides 

Pt-Doped TiO2 conductivity 5 200 (123) 

SnO2/MgO/V2O5 conductivity 1 400 (124) 

Pd-doped WO3 conductivity 1 200 (125) 

Polymers 
Polypyrrole QCM 10 (vol.%) RT (126) 

Polyaniline conductivity 10 RT (99) 

Composites 

Mn-Zeolite Y/ 
PEDOT-PSS 

conductivity 1000 RT (127) 

SnO2/polyaniline conductivity 2 RT (128) 

TiO2/rGO* conductivity 5 RT (129) 

MOFs MFM-300 capacitance 0.075 RT 
current 
study 

* reduced graphene oxide 

Table 2.2 presents a comparison of the performance of our MFM-300 (In) MOF-based 

capacitor sensor with the selected benchmark material-based sensors. Currently, more 

than 90% of all reported material-based sensors for toxic gases represents a combination 

of two or more different type of materials, namely composites.(127-129) For example, a 

metal oxide/polymer composite allows SO2 detection at room temperature, while a metal 

oxide on its own requires heating. On the contrary, in this study, a pure MOF-based SO2 

sensor that shows a similar/improved performance compared to the best reported 

materials so far is described.  
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2.2.4 Conclusion and Outlook  

In conclusion, this study attests to the applicability of the IDE electrodes to be used 

as effective capacitive sensors. The study also reveals the excellent performance 

and stability of the first MOF-based SO2 sensor and its superior detection limit, 

which is considered to be the lowest reported sensitivity at room temperature, by 

an order of magnitude in comparison to the other sensors. Principally, MFM-300 

(In) MOF offers a distinctive SO2 detection at concentrations down to 75 ppb with a limit 

of detection down to 5 ppb. The exceptional stability of MFM-300 (In) MOF sensor was 

supported and demonstrated using the reproducibility tests. Moreover, the presented 

results attest to the distinctive and remarkable sensing selectivity of the prepared MOF 

sensor towards SO2, as shown from the signal intensity associated with MFM-300 (In) 

MOF for SO2 detection compared to the associated signal intensities for other evaluated 

gases/vapors like NO2, CH4, H2 and others. This unique sensing feature of the MFM-300 

(In) MOF paves the way for the deployment of MOF-based sensors in various key sensing 

applications.  

In order to take the academic study to the next implementation level, the development 

of an array of sensors functionalized with different MOFs, aiming diverse analytes and 

possibly using various transduction mechanisms, is necessary.  

Notably, the results described in the subchapter 2.2 was recently published and 

most of the text was taken verbatim from published manuscripts with the 

permission of the publisher.(107, 130)  

  



79 
 

Chapter 3: Further Complication of Simple but Deceptively Complex 

Materials Based on sql Supermolecular Building Layer (SBL) 

3.1 SBL Approach 

In the continuing quest for rational design and construction of MOFs, the synthetic 

strategy based on MMB was further enriched with the introduction of the so-called net-

coded building units (net-cBUs), including supermolecular building blocks (SBBs) and 

supermolecular building layers (SBLs).(131) SBBs and SBLs are deliberately designed 

building entities based on edge-transitive metal-organic polyhedra (MOPs) and metal-

organic layers respectively, intended for the construction of MOFs with specific 

topologies. SBB approach is generally used to obtain MOFs based on nets with high 

connectivity (node connectivity higher than 8) while SBL approach is used to design 

pillared layer-based MOFs with a high degree of pillar complexity. Picture 3.1 depicts the 

representative example of octahedral SBB, which can be assembled by linear bipyridine 

ligands into MOF-5 like structure.(132) 

 

Figure 3.1 Octahedral SBUs: MBB made from zinc tetranuclear cluster and SBB 
constructed from from 9H-carbazole-3,6-dicarboxylate. 
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Figure 3.2 Deconstruction of a mix-ligand 3D MOF-5-like MOF based on copper paddle-

wheel. Layer perspective. 
 
A substantial percentage of the reported MOFs can be looked at from a layer perspective. 

In this case, 3D MOF is considered as layers inter-connected by pillars (Fig.3.2).(131, 133) 

The elaborate analysis of such MOF structures allowed to identify various routes for the 

rational design of new pillared MOFs. Figure 3.2 depicts the most straightforward pillaring 

strategy of connecting open metal sites available in SBL by bipyridine ligands. 

As mentioned earlier, layers based on 2D edge transitive nets can be easily targeted. 

There are only five edge-transitive 2D nets in crystal chemistry: sql, hcb, hex, kgm, and kgd 

(Fig. 3.3). Among these nets, only sql and kgm are based on square SBUs connected by linear 

ligands, as can be seen from sql and kgm augmented forms (Fig.3.4). Often, both SBB and SBL 

approaches to take advantage of a well-established procedure for in situ formation of 

various metal-based (Cu, Zn are most used) square paddle-wheel clusters (Fig 3.1-4).(131) 

The geometrical information obtained from the layer is employed to design and to 

develop a particular pillar, which can be modified later to practice reticular chemistry. 
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Figure 3.3 Edge-transitive layers with their augmented forms (…-a). 

 

 

 
 

Figure 3.4 Copper paddle-wheel based SBLs. 
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Figure 3.5 Existing pillaring types for SBLs. 

 

Two types of bridging sites in paddle-wheel-based layers are available for materials design, 

namely open-metal site and the position of the organic linker accessible for functional design 

(e.g., at position 5 of 1,3-dicarboxylic acid). This gives a rise to three possible 2-connected 

bridging combinations, axial-to-axial (A-A, metal-to-metal), ligand to ligand (L-L), and axial-to-

ligand (A-L) (fig.3.5).  

More complex 4-connected L-L pillaring strategy of sql SBL was later developed by Eddaoudi 

et al. and evolved from the deconstructive analyses of another prototypical MOF - HKUST-1 

(Fig. 3.6, also mentioned in subchapter 2.1).(134) The analysis revealed that HKUST-1 consists 

of sql paddle-wheel layers pillared by complex organic-inorganic octatopic moiety, comprised 

of one paddle-wheel and four benzene-tricarboxylic acid ligands (H3BTC). The substitution 

of this complex 4-connected pillar with carefully designed pure organic octatopic ligands 

allowed to obtain new MOFs based on tbo topology with extended pore dimensions and/or 

additional functionalities.(135-137) 
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Figure 3.6 Deconstructive analysis of HKUST-1 MOF. 
 

The chapter three is devoted to extending the number of different routes for MOF structural 

design based on L-L pillaring strategy for paddle-wheel sql layers. The development of new 8-

connected L-L pillaring and heterostructural MOF-on-MOF thin films is elaborated. 
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3.2 Deformation of sql Caused by New 8-connected L-L Pillar 

3.2.1 Introduction  

The paddle-wheel-based sql layers with the prospect of isoreticular extension and 

modification by L-L pillaring approach are generally formed from bent dicarboxylic organic 

ligands, such as isophthalates or their extended versions. In this case, binding site of the ligand 

is available for modification. Due to non-linearity of the layer-forming ligands, the square 

paddle-wheel is inclined diagonally to the node of the flat layer. It reflects in the appearance 

of two distinct edges with alternating functional groups pointing either up or down. Such dual 

nodes can be arranged in highly symmetrically way (minimal unit cell) in three different types 

of sql layers, two of which can be found in experimental CSD database and termed sql-1 and 

sql-2 in a recent review (Fig. 3.7).(131) Type I, II, III sqls in three-dimensional form possess 

tetragonal P4/mmm and orthorhombic Pmmm and Pmma space group structures 

respectively. Logically, the frequency of occurrence of certain sql layer is consistent with its 

degree of symmetry as MOF MBBs prefer to be assembled in situ in a more symmetric way. 

Therefore, as sql-1 is the most symmetrical among sql layers, it is an ideal blueprint for the 

targeted design and synthesis of MOFs based on SBLs. 

 
Figure 3.7 From left to right: incline of square paddle-wheel, resulted in alternating 

edges and possible types of highly symmetrical sqls (dashed line represents unit cell). 
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Figure 3.8 L-L pillaring approach for sql-1 SBL: existing 2-,4- connected and proposed 8-
connected pillaring types.  

 

There are two L-L pillaring types reported in the literature for sql-1 layer, namely 2- and 4- 

connected pillaring. The aim of this subchapter is to assess the possibility of designing new 

MOFs, based on the envisioned 8-connected L-L pillaring type, which would permit a more 

open framework structure. The proposed pillaring strategy is evolved from 4-connected pillar 

arrangement (dashed line) and shown in Figure 3.8 along with the existing pillaring types. 

The modularity of this approach is aligned with the advances in organic chemistry. A judicious 

design of the ligand consisting from the modular core (which allows extension and 

modification) and 2, 4, or 8 ditopic bridging moieties covalently linked to the core, capable of 

directing the formation of sql-1 net, is required.  



86 
 

  
Figure 3.9 L-L sql existing 2-,4- connected and proposed 8-connected pillaring types. 

 

Interestingly, from a topological point of view, due to the high coordination of the 8-connected 

pillaring ligand (sixteen), the potential framework can also be interpreted as 8-connected net 

corresponding to simple bcu topology. In this case, a potential ligand containing 16 

carboxylates (i.e. octaisophthalate) can be replaced by the 8-connected vertex, connected 

through double bonded Cu paddle-wheel, which can be simplified to a simple linear bridge. 

The high symmetry of bcu (Im-3m) suggests that the use of an appropriate highly 

symmetrical and highly connected hexadecatopic ligand in the synthesis under paddle-wheel 

forming conditions will ultimately lead to the creation of the proposed structure. Thus, 

inspired by the structures of porphyrinic complexes and using similar to ligands used for 2- and 

4-connected L-L pillared MOFs, especially the ligand of tbo-1-MOF, a porphyrin-based ligand 

containing 16 carboxylic acids was proposed (Fig. 3.10).  
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The isoreticular modifications of a modular core (in pink in Fig. 3.10) and the attached 

triangular ditopic bridging moieties (in violet) of the pillars become more challenging with the 

increase of its dimensionality, as the length of all the directions should be taken into account. 

Thus, the complexity of ligand design increases from 2- to 4- to anticipated 8- connected 

pillaring types (1D line, 2D rectangular, and 3D parallelepiped in Fig. 3.10).  

 
 

Figure 3.10 Examples of ligands used in 2-, 4- and proposed for 8-connected (L1) 
pillaring types based MOFs. 
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The porphyrins with bulky groups on both faces, i.e. containing two ortho- or two para-

substituted bulky arene groups in in 4 meta-positions of porphyrin, are often used to avoid 

direct contact of the pigments and aggregation process, which is important for example for 

the controlled light harvesting.(138) Geometrical arrangement of such compounds allows to 

symmetrically attach 8 extended organic moieties to the porphyrin core, 4 pointing up and 4 

pointing down, which could be of interest in MOF chemistry for the design of highly connected 

MBBs (Fig. 3.10). In addition, the use of flexible organic moieties in such attachments enhances 

the solubility of the targeted ligands. At the same time, it improves generally low synthetic 

yields, as the yields of porphyrin molecules are often hampered by the formation of 

byproducts, low solubility and the necessity for column purification. 

Importantly, according to the literature these types of ligands have never been explored for 

MOF synthesis, therefore, apart from the targeted design of pillared MOFs described in this 

subchapter, the chapter sixth is fully devoted to the synthetic exploration of such flexible 

porphyrinic ligands with highly connected lanthanide and zirconium-based hexanuclear 

clusters. 

3.2.2 Synthesis of the 8-connected pillar and corresponding MOF  

Synthesis of ligand L1: 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin-5,10,15,20- tetrayl 

tetrakis(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene))octaisophthalic acid ligand. 

The product was synthesized according to a modified literature procedure by Dr. Czaban. 

The synthesis of the ligand followed the scheme depicted in Figure 3.11 and is described 

in detail in Appendix B. Due to the presence of flexible “arms”, the L1 ligand is highly 

soluble in DMF and similar solvents.  
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Figure 3.11 Synthetic scheme for L1. 

Synthesis of the [Cu9L1(H2O)6.33]∙x(solvent), compound 1: L1 (0.5 μmol, 1.1 mg) and 

Cu(NO3)2∙2.5H2O (0.5 μmol, 1.2 mg) were dissolved in 7 mL of DMF, 2 mL of H2O and 1mL 

of HNO3 (1M in H2O). The vial was sealed and placed in a preheated oven at 120°C for 2 

days and cooled down to RT. The as-synthesized red parallelepiped crystals were large 

enough for single crystal X-ray analysis. 
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3.2.3 Results and Discussion 

The ligands reported in this subchapter have been designed to introduce hexadecatopic 

functionality, essential to connect and to form the square paddle-wheel sql-1 layers when 

reacted with copper salt in 8-connected pillaring fashion. Prior to the synthesis of the 

ligand, the hypothetical structure of targeted MOF based on proposed ligand was 

simulated and optimized in Accelrys Materials Studio to assess its structural feasibility. 

The structure was constructed based on the modification of the single crystal data of 

HKUST-1 taken from the original article.(93) The optimized structure reveals the 

orthorhombic symmetry Fmmm and the unit cell parameters a = 24.87 Å, b = 27.79 Å, c = 

35.48 Å. The visual analysis of the optimized structure of targeted MOF revealed no 

potential obstacles for the MOF formation. Thus, the ligand was synthesized by Dr. 

Czaban. As a matter of fact, the proposed structure has not been formed, perhaps due to 

the potentially tight packing of the porphyrin cores in the plane between layers (fig.3.12). 

Instead, the use of as-prepared bulky ligand led to a deformation of the sql layer and the 

appearance of new type of sql (instead of predicted sql-1). 

 

Figure 3.12 The fragment of the predicted MOF structure simulated in Accelrys 
Materials Studio, comprised of L1 and cooper paddle-wheels. 
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Figure 3.13 A comparison between the predicted structure and the obtained MOF 1. 
 

The deformation of the sql layer in the obtained MOF 1 aligns the paddle-wheel either 

perpendicular to or parallel to the c axis, and, therefore, exempts the new sql from the 

alternating edge’s rule (pointing up and down, presented in blue and orange respectively 

in Fig. 3.13), which was functional in case of flat sqls (Fig. 3.7). Instead, in the structure 1, 

all the edges positioned on one line are pointing in one direction. Such sql SBL 

corresponds to a periodic concave-convex structure, in which the direction of 

deformation is perfectly aligned and alternates vertically within a stack of the layers. 

Despite the deformation of the layer, the hexadecatopic ligand acts expectedly as an 8-

connecting pillar. These pillars are located in the spaces created by the opposing convex 

parts of the layers. Each pillar in the obtained MOF takes up the space of four squares in 

the sql (compared to only one square in the predicted MOF) (Fig. 3.13). 
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Figure 3.14 The unit cell of 1 considered as a supercell and optimized for an easier 

topological interpretation. 
 

Thus, such pillaring arrangement leads to a more uniform density distribution in the crystal of 

1 compared to the originally predicted structure.  

Compound 1 crystallizes in the orthorhombic space group Fmm2 with parameters a = 51.713 

Å, b = 28.010 Å, c = 39.197 Å. However, the analysis of the structure revealed that the unit 

cell can be considered as a superlattice containing three smaller unit cells. In this case, the 

parameter a is reduced by a factor of three and the symmetry group of a new unit cell 

appeared to be Cmmm (Fig 3.14). The structure was optimized in Accelrys Materials Studio.  

From a topological point of view, the new MOF can be assessed from layer and 3D perspective. 

In a former, the square paddle-wheels in the layers (connected with blue struts in the Fig. 3.15) 

are considered as two types of 4-connected nodes, which was elaborated in Fig. 3.13. The 

centers of the ligands, i.e. 8-connected pillars, refer to the 8-connected nodes, while the joint 

parts between the pillar and the edges of sql viewed as 3-connected nodes. The analysis of 

coordination sequence with Topos software package (139) revealed that the obtained 



93 
 

compound 1 displays a 3D network simplified as new 3,4,4,8-connected topology (Table 3.1). 

The analysis of direct connectivity of MBBs (from 3D perspective) considers the hexadecatopic 

ligand as a 16-connected node and the paddle-wheel as a 4-connected node. However, as 

some paddle-wheels are formed from two carboxylates of the same ligand, the connectivity 

of the ligand is reduced to 10 and those paddle-wheels are dispelled. This is due to the fact 

that two connected nodes are generally simplified to a single connecting strut. The results of 

coordination sequence analysis of a simplified compound 1 with Topos are presented in Table 

3.2. The 3D network is simplified as a new 4, 10- connected topology. 

 

Figure 3.15 A topologycal analysis of 1 from 3D and layer perspectives. 
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Table 3.1 Topos output for 1 as (3,4,4,8)-connected net. 

Coordination sequences 
---------------------- 
V1:  1  2  3  4   5   6   7   8   9   10 
Num  4  8 36 38  88  82 184 146 288  230 
Cum  5 13 49 87 175 257 441 587 875 1105 
---------------------- 
V2:  1  2  3  4   5   6   7   8   9   10 
Num  8 12 32 36  96  86 176 146 304  228 
Cum  9 21 53 89 185 271 447 593 897 1125 
---------------------- 
V3:  1  2  3  4   5   6   7   8   9   10 
Num  4  6 24 32  84  75 168 141 288  216 
Cum  5 11 35 67 151 226 394 535 823 1039 
---------------------- 
C4:  1  2  3  4   5   6   7   8   9   10 
Num  3 12 19 54  55 128 110 227 182  361 
Cum  4 16 35 89 144 272 382 609 791 1152 
---------------------- 
TD10=1125 
 
Point symbol for net: {4.8^2}8{4^2.8^4}2{4^4.8^16.10^4.12^4}{8^6}2 
3,4,4,8-c net with stoichiometry (3-c)8(4-c)2(4-c)2(8-c); 4-nodal net 
 
New topology. 

 

Table 3.2 Topos output for 1 as (4,10)-connected net. 

Coordination sequences 
---------------------- 
V1:  1  2   3   4   5   6    7    8    9   10 
Num  10 30  74 114 202 254  394  450  650  702 
Cum  11 41 115 229 431 685 1079 1529 2179 2881 
---------------------- 
V2:  1  2  3   4   5   6    7    8    9   10 
Num  4 30 64 128 176 288  344  512  568  800 
Cum  5 35 99 227 403 691 1035 1547 2115 2915 
---------------------- 
TD10=2904 
 
Point symbol for net: {4^12.5^16.6^12.7^5}{4^6}2 
4,10-c net with stoichiometry (4-c)2(10-c); 2-nodal net 

 
New topology. 
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Figure 3.16 Comparison of UV-Vis spectra of ligand L1 and compound 1. 
 

The single crystal X-ray analysis revealed that the porphyrin core of the ligand has been in situ 

metallated during solvothermal synthesis. This was further confirmed by UV-Vis solid-state 

spectra. The metallation is clearly indicated in the Figure 3.16 by the transformation of four Q-

bands multiplets into two. 

The potential accessible free volume for compound 1 was estimated to be 55% using Accelrys 

Materials Studios ‘Atoms Volumes and Surfaces’ module. Despite the presence of the 

potentially accessible pores, apparent from the analysis of the crystal structure, the attempts 

to activate compound 1 by a solvent exchange (with ethanol) were unsuccessful. Therefore, 

further studies should be performed on this compound to identify its gas sorption properties. 

The proper pore activation would open the access to the porphyrin core, and, perhaps, 

potential application of compound 1 in catalysis.   
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3.2.4 Conclusion and Outlook  

In this subchapter, despite the discrepancy between the initially predicted model and the 

experimentally obtained structure, the modular pillaring strategy for MOF construction 

has led to a successful synthesis of new 8-connected sql SBL layer-based MOF. The 

formation and bending of new type of sql layer was observed, which, thus, had 

geometrically adapted to accommodate the conformational arrangement of the pillaring 

ligand. Interestingly, the discovered MOF possess new 4,10-connected and 3,4,4,8-

connected topologies, when considered from 3D and layer perspective, respectively.  

The study on the identification of the potential applications of MOF as-synthesized in this 

study and construction of its extended analogs is currently outgoing. Two possible 

conformations of the extended version of L1 ligand are presented in Figure 3.17. 

  

 

 
Figure 3.17 A comparison of the simulated coordination of an extended L1 ligand in the 

geometry of obtained compound 1 and the initially assumed model for 8-connected 
pillaring of sql-1. 
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3.3 Heterostructured Hierarchical MOF Thin Films 

3.3.1 Introduction  

Perhaps, the next level of complexity in material design is to develop hybrid 

heterocompositional MOFs by conjugation of two or more MOF’s structures. 

Combining different MOFs opens up more possibilities for fine-tuning material 

properties, and obtaining new features, such as, for example, hierarchical porosity, 

which is hardly attainable with single MOFs.(140) In addition, the control over 

directionally dependent properties can be achieved with hybrid MOF materials that 

are periodically ordered at all length scales (with matching structural parameters). 

Such materials are of special interest particularly for solid state devices, as defects 

that originate from polycrystallinity often affect the performance and are poorly 

understood.(141) The construction of well-organized hybrid structures requires a 

panoscopic synthetic approach with precise control at the atomic scale.(142) In this 

subchapter, the made-to-order SBL MOF chemistry is combined with advanced LbL 

synthetic method to demonstrate successful growth of new heterostructural MOF 

thin film. 

It should be mentioned, that the previously reported attempts to synthesize 3D 

MOF-on-MOF heterostructures mainly covered the synthesis of structurally simple 

materials with the matching lattice parameters. The preparation of single crystal 

core-shell architectures (143-145) by the solvothermal synthesis and 

heterostructural MOF thin films grown on the surface by the LbL method are 

reported.(146-150)  
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Figure 3.18 Strategies to design heterostructural MOF structures based on pcu net. 

 

The prepared materials are mainly based on pcu net, consisting of 6-connected 

(octahedral) MBB bridged by linear organic ligand. Another way to look at this 

structure is as comprised of sql layers pillared by ditopic linkers through 

neighboring metal sites (simple axial-to-axial pillaring). The structure of this type of 

MOF can be described as [M2L2P]n ( M = metal, L = dicarboxylate linker, P = pillaring 

ligand, where P and L could be the same as in case of MOF-5(9)) - 3D MOF with 

channel-like pores. Two approaches have been used, namely metal cation 

exchange, in which different transition metals (M) (143, 146) were substituted, and 

isoreticular approach,(144, 145, 147, 148, 150, 151) where the organic linker (L or 

P) was replaced with either extended or functionalized version (Fig. 3.18). Notably, 

in the aforementioned studies, the pcu net lattice mismatch was found not to play 

a critical role on the resultant oriented thin film growth. Particularly, the metal 

substitution reflects in negligible change of overall lattice parameters, and 

therefore does not affect the overall orientation of the second layer. In case of the 
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pillar substitution, recent study had shown that 3-periodic pcu structure allows for 

a lattice matching junction between the two layers.(150) Remarkably, only one 

recent study, to the best of our knowledge, describes the preparation of core-shell 

single crystal MOF based on the framework with different from pcu net topology. 

In the mentioned study, isotropic and anisotropic growth behavior of two shell 

MOF on MOF-67 core are discussed based on the mismatch in lattice 

parameters.(152) 

The advanced pillaring strategies of sql SBL layers (compared to simple pcu net), 

although have not been explored so far, provide a versatile platform for complex 

in terms of structure and flexible in terms of chemistry heterostructural material 

design. Capitalizing on the SBL approach and LbL synthetic method, in this 

subchapter the precise control over the epitaxial growth of MOF-on-MOF thin films 

with ordered hierarchical tbo-type structures is demonstrated (Fig. 3.19). LbL 

methods coupled with SAM surface functionalization provides a control over MOF 

thin film growth rate and orientation. However, as described in the chapter two, 

the limitation of the LbL method for preparation of porous MOFs is the inability to 

avoid inclusion of the reactants inside the formed pores and therefore, a lack of 

precise control over a single deposited layer after the first few cycles. Thus, with 

the current state of the LbL technique the ultimate goal of creating new 

heterostructural MOFs with alternating single molecular layers, i.e. creating 

heterostructural unit cells which are not accessible with a spontaneous 

solvothermal assembly, for now is not achievable (Fig. 3.19). 
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Figure 3.19 The envisioned examples of design complexity and flexibility of MOFs based 

on sql SBL pillared by 4-connected L-L moieties. 
 

To prove the applicability of the LbL method in the preparation of highly oriented 

MOF-on-MOF thin films based on 4-connnected L-L SBL approach, the newly 

discovered Cu-tbo-MOF-5,(136) was grown on a prototypical microporous tbo 

MOF (HKUST-1).(93) Both MOFs are comprised from the same sql based on copper 

paddle-wheel layers, however, in HKUST-1 these layers are linked by hybrid 

organic-inorganic pillar, while in Cu-tbo-MOF-5, by a large, nanosized octatopic 

linker (Fig. 3.20). A change of the pillar leads to doubling the pore system size. 

Accordingly, in the latter, the pore size distribution is centered at around 16 Å, 

falling into the super-microporous region. Although both MOFs have the same sql 

layers, as shown in Figure 3.20, a lattice match between the two MOFs occurs only 

in [001] crystallographic direction.(136) Therefore, it is crucial to first orient the 
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growth of HKUST-1 along this direction before the subsequent growth of Cu-tbo-

MOF-5 on top. Such controlled growth along either [001] or [111] crystallographic 

directions can be easily achieved by selecting an appropriate surface terminated 

groups of SAM, such as -COOH or -OH, respectively.(69, 153) The dipping variation 

of mainly the LbL growth method has been applied in this study to grow oriented 

thin films, due to the slower and more controlled growth rate compared to spray 

and spin methods (subchapter 2.1).  

 
Figure 3.20 The accessibility of tbo net through SBL approach. Replacement of the 

inorganic paddle-wheel core in the pillar of HKUST-1 with organic moiety to access tbo-
MOF-5. 
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3.3.2 Experimental Section 

HKUST-1 oriented along [001] direction: The MOF LbL films were prepared using a 

robotic dipping machine (nanoStrata StratoSequence IV). In a typical synthesis, the 

0.7 x 0.7 cm2 sized gold substrates (200 nm Au/2-nm Ti evaporated on Si wafers) 

were first washed with water and ethanol, then dried at 150ºC to remove any 

contaminants from the surface and then functionalized with MHDA SAM as 

reported elsewhere.(85) The freshly-prepared substrates were then immersed in 

100 mL of 0.25 mM of Cu2(CH3COO)4·xH2O ethanol solution for 3 minutes, then 

soaked in 100 mL of ethanol for washing, then immersed in 100 mL of 0.5 mM 

H3BTC ethanol solution for 5 min and again soaked in 100 mL of ethanol for 

washing. All operations of the robotic system were done at room temperature. 

Cu2(CH3COO)4 - Ethanol - H3BTC - Ethanol sequence is considered as one cycle. This 

cycle was repeated until 100 layers were deposited. Note: to get better-quality 

oriented film, Cu2(CH3COO)4 and H3BTC ethanolic solutions were heated in the oven 

at 85ºC prior positioning in the robot. Thus, the first several layers, which dictate 

overall orientation, were perfectly deposited. After 100 cycles, the sample was 

dried in air and PXRD pattern was measured.  

tbo-MOF-1 growth on top of HKUST-1: Many attempts were undertaken in order 

to obtain the second oriented layer of tbo-MOF-1 on top of HKUST-1 (varying 

concentration, solvents, metal precursor, time and temperature). However, all 

attempts were unsuccessful, probably due to the flexibility of the ligand and the 

possibility of all 8 carboxylates to coordinate to the metal of sql layer (Fig. 3.10).  
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tbo-MOF-5 growth on top of HKUST-1: A more rigid ligand, which leads to the 

construction of tbo-MOF-5, was chosen in order to avoid flexibility problems 

associated with the tbo-MOF-1 pillar. Freshly prepared HKUST-1 [001] film on gold 

substrate was immersed subsequently in 100 mL of 0.5 mM of Cu2(CH3COO)4 

solution for 5 minutes, then soaked in 100 mL of ethanol for washing, then 

immersed in 100 mL of 0.25 mM tbo-MOF-5 ligand ethanol solution (with the 

addition of the same mole amount of pyridine to improve the solubility of the 

ligand) for 10 min and again soaked in 100 mL of ethanol for washing at room 

temperature. This cycle was repeated until 100 layers were deposited. After 100 

cycles the gold substrate was dried and PXRD patterns and SEM images were 

collected.  

HKUST-1 oriented along [111] direction: 100 layers of HKUST-1 were deposited on 

functionalized gold support as described above, except that instead of MHDA SAM, 

MUD SAM was used. 

tbo-MOF-5 growth on top of HKUST-1: 100 layers of tbo-MOF-5 were deposited on 

top of HKUST-1 as described in the procedure for tbo-MOF-1. After 100 cycles, the 

sample was dried in air and XRD patterns and SEM images were collected. 

Synthesis of tbo-MOF-1 and tbo-MOF-5 ligands was performed by Dr. Weselinski 

from FMD3 at KAUST and Dr. Spanopoulos from the University of Crete 

respectively. The synthetic procedures are described in the supplementary 

information of the published manuscript.(154) 



104 
 

 

Figure 3.21 Schematic illustration of the LPE synthesis of MOF-on-MOF thin 
film on MHDA-modified gold substrate. 

 

3.3.3 Results and Discussion 

The experimental procedure that we applied is shown in Figure 3.21. In the first set 

of experiments, an initial HKUST-1 layer was grown by the dipping LbL method from 

H3BTC and copper acetate on a COOH-terminated functionalized surface. This 

process yielded a crystalline and highly oriented along [001] direction thin film of 

HKUST-1, as evident from the presence of only [002] and [004] Bragg peaks on 

PXRD pattern of synthesized MOF (Fig. 3.22, D). After 100 deposition cycles of 

HKUST-1, H3BTC linker was replaced by tbo-MOF-5 ligand. In order to enhance the 
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solubility of this large ligand and in this way to improve the oriented growth of tbo-

MOF-5, an equimolar amount of pyridine was added into the ligand solution. As 

shown in Figure 3.22, F the second MOF layer with the same orientation but with 

a larger lattice constant was formed on the top of HKUST-1. A careful comparison 

of the measured Bragg peaks with the corresponding peaks of those calculated 

assuming polycrystallinity of the tbo-MOF-5, revealed the identity of both 

structures.(136) Noticeably, the characteristic Bragg peak of HKUST-1, located at 

6.7° is clearly present, demonstrating that tbo-MOF-5 was successfully grown on 

HKUST-1. As noted in the experimental section, the use of flexible organic linker of 

tbo-MOF-1 instead of tbo-MOF-5 has not lead to the formation of crystalline film, 

suggesting that the rigidity of the organic pillar is an important factor. 

The well-defined growth of this MOF-on-MOF structure was also confirmed by the 

uniformity of SEM cross-section image, where no noticeable boundaries between 

the two MOFs were noticed (Fig. 3.23). 

The IR spectra showed the typical bands of asymmetric and symmetric stretching 

of the carboxylate in the oriented HKUST-1 thin film (Fig. 3.24). The presence of 

tbo-MOF-5 was evidenced by the appearance of new IR bands, corresponding to 

the octatopic tbo-MOF-5 ligand. The mentioned IR bands are the out-of-plane C–H 

stretching at 900 cm-1 and C-H bending of the aromatic ring at 1000 cm-1. The C–H 

stretching of the alkyl groups at 3000 cm-1 is also indicative, as such groups are 

present only in the tbo-MOF-5 ligand.(69, 153) 
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Figure 3.22 PXRD of MOF-on-MOF thin film on MHDA-SAM gold: (A,B) simulated 
polycrystaline and oriented HKUST-1 ([001]), (C,D) simulated polycrystaline and oriented 

tbo-MOF-5 ([001]), (E, F) first and second experimental layers (HKUST-1 and MOF-on-
MOF), and the schematic representation of the lattice match. 

 

 

 

Figure 3.23 Top (a) and cross-section (b) SEM images of tbo-MOF-5 grown on top of 
HKUST-1 oriented along [001] direction.  
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Figure 3.24 IR spectra of MHDA-modified gold, HKUST-1 and tbo-MOF-5 on HKUST-1.  
 

The sequential growth process of the MOF-on-MOF thin films was monitored in 

situ using QCM (Fig. 3.25). The decrease of the frequency of QCM electrode upon 

the alternate injection of both components, Cu2(CH3COO)4 and H3BTC, indicates 

the achievement of stepwise HKUST-1 thin film growth on the substrate. When 

growing tbo-MOF-5, after an initial stabilization period, each step of growth leads 

to roughly the same amount of deposited material. In fact, a very fast regular 

growth is observed (Fig. 3.25), with every step increment not distinguishable from 

the previous one. The QCM data nicely demonstrate the increase in thickness of 

the deposited films and that no etching of HKUST-1 layer was observed upon the 

growth of tbo-MOF-5. 
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Figure 3.25 QCM measurement HKUST-1 and tbo-MOF-5 sequential growth. 

 

In a different set of experiments, HKUST-1 thin film was grown by LbL on an OH-

terminated surface.(69, 153) The crystallinity and orientation along [111] direction 

of the MOF film was confirmed by the presence of only [222] Bragg peak in the 

PXRD pattern of the film (Fig. 3.26, D). After 100 deposition cycles, the H3BTC linker 

was replaced by the octatopic tbo-MOF-5 ligand. The corresponding XRD pattern 

of the final film revealed the formation of a non-oriented tbo-MOF-5 on HKUST-1 

(Fig. 3.26, E). Non-oriented growth is apparently caused by the large mismatch 

between two corresponding paddle-wheels, accessible for coordination and 

linkage of two MOFs along the [111] crystallographic direction. 
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Figure 3.26 PXRD of MOF-on-MOF thin film on MHDA-SAM gold: (A,B) simulated 
polycrystalline and oriented HKUST-1 ([111]), (C) simulated polycrystalline tbo-MOF-5 

([111]), (D, E) first and second experimental layers (HKUST-1 and MOF-on-MOF), and the 
schematic representation of the lattice missmatch. 

 

 

Figure 3.27 Top (a) and cross-section (b) SEM images of tbo-MOF-5 grown on top of 
HKUST-1 oriented along [111] direction. 
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Interestingly, no noticeable boundaries between the two MOFs are seen in MOF-

on-MOF grown along [111] on SEM cross-sectional image (Fig. 3.26). However, 

there is a noticeable difference between heterostructures oriented along [001] and 

[111] direction in terms of roughness of the film (Fig. 3.23 and 3.26), which can be 

explained by the lack of possibility to grow tbo-MOF-5 oriented along [111] due to 

the mismatch of cell parameters between HKUST-1 and tbo-MOF-5 along [111] 

direction. 

3.3.4 Conclusion and Outlook  

 In conclusion, we have demonstrated that the supermolecular building layer 

approach can be successfully implemented for the construction of highly 

crystalline, oriented MOF-on-MOF thin films, with hierarchical porosity. This was 

achieved by controlling the growth direction of the first MOF, HKUST-1, on the 

substrate functionalized with –COOH groups. The resulting [001] directional 

growth, allowed the successful epitaxial grow of the second MOF, Cu-tbo-MOF-5, 

due to the perfect lattice match along this direction. Such hierarchically structured 

MOF-coatings could open new directions for advanced applications.(54, 69, 155) 

The next stage would be to investigate: (i) the synthesis of various isoreticular analogs of 

tbo MOFs as oriented layers on top of other MOFs, and (ii) the functional prospects of 

such heterostructural thin films, especially as a part of electronic devices.(31)  

Notably, the results described in the subchapter 3.3 was recently published and most of 

the text was taken verbatim from published manuscripts with the permission of the 

publisher.(154)   
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Chapter 4: Fluorometalates as CO2 Attracting Building Blocks in MOFs 

4.1 Layered MOFs based on Inorganic Fluorometalate Pillars  

MOFs based on sql layers comprised from metal paddle-wheel clusters linked by 

dicarboxylic organic ligands were mentioned in the Chapter 3. Differently, the sql can be 

constructed from six coordinated single metal ions and bidentate nitrogen ligands (4 

ligands are connected to 1 metal ion). In fact, the first generation of 2D and 3D metal-

organic coordination polymers were assembled from the latter.(156) Cross-linking the 

axial positions of the metal ion in the layer, i.e. connecting the layers through two 

remaining coordination sites, with inorganic fluorometalate pillars leads to the 

construction of 3D MOF with pcu topology (Fig. 4.1). The development of prototypical 

MOF of such kind, namely Zn(dpy)2(SiF6) (dpy – 4,4’-dipyridine),(157) has evolved from 

2D-to-3D interpenetrated [Zn(dpy)2(H2O)2]n structure obtained by Robson.(158)  

The structure of this MOFs can be described as [M’2L2(M”F6)]n, in which M’ is metal with 

octahedral geometry, L is a nitrogen containing linker, and (M”F6) is an inorganic pillar. 

M’2L2(M”F6) compound is inherently modular as each of all three building components 

can be substituted with a variety of chemical entities and combined in practically 

unlimited number of combinations to suit various purposes. The amount of high impact 

work produced by researchers (159-169) based on variation of the components in this 

platform and extensive studies conducted in order to estimate the performance of 

prepared materials for particular applications, indeed highlight “fertile ground” of this 

platform ”for crystal engineering of structure and function”.(156) 
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Figure 4.1 The structure and modularity of MOFs based on inorganic fluorometalates/ 
oxifluorometalates as pillars expressed with the selected examples of possible 

substitution of three main components.  

 
It should be mentioned that all the compounds are neutral, as cationic sql layer is pillared 

by anionic inorganic linkers, and the substitution of each modular component drastically 

affects the properties of synthesized compounds (Fig. 4.1). 

In particular, the substitution of Zn in the synthesis of 2D Zn(dpy)2(H2O)2 or 3D 

Zn(dpy)2(SiF6) compounds to Cu, which undergoes Jahn-Teller distortion, and thus 

coordinates [SiF6]2- easier than water, led exclusively to the construction of only 3D 

Cu(dpy)2(SiF6) MOF, independently of the solvent used for the synthesis.(170) The 

stronger bonding between pillar and Cu, suggest the enhancement of hydrolytic stability 

of copper analogue compared to zinc. In another study, the substitution of Zn or Cu in 
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M’(pyr)2(SiF6) (pyr – pyrazine), also known as SIFSIX-3 MOF, to Ni allowed to obtain H2S-

tolerant MOF, whereas the exposure of Zn and Cu analogues to H2S led to the 

decomposition of the frameworks.(171) The shorter Ni–F bond distance in M’(pyr)2(SiF6) 

nickel analogue (1.99 Å compare 2.12 and 2.05 for Cu and Zn) is stronger and, thus, is 

more stable upon exposure of H2S and water vapors compared to its isostructural 

relatives.(166) Such substitution also affects the size of one dimensional channel-like 

pores of M’(pyr)2(SiF6) and, subsequently, the strength of the interaction of framework 

with polarizable molecules.(166, 171) Thus, the affinity of such framework to CO2 

increases with decrease of the pore size in Zn, Ni, Cu material series (Fig. 4.2).(171) 

Differently, the large library of existing and envisioned ditopic nitrogen ligands provide 

the structural control over the pore size and interpenetration of the targeted 

frameworks.(169) Not only the presence of interpenetration, but also its mode can be 

predetermined, based on the organic ligand.(172) 

 

Figure 4.2 The comparison of CO2 heat of adsorption for Zn, Ni, Cu analogues of 
M’(pyr)2(SiF6) MOF series. 
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The change of inorganic pillar from [SiF6]2-
 to a more nucleophilic [NbOF5]2− results in 

further enhancement of hydrolytic stability.(166) At the same time bigger Nb cation in a 

pillar leads to a greater Nb–F length compared to Si–F bond, which causes the stabilization 

of the formerly free-rotating pyrazine likers, and, thus, results in a reduction of the pore 

aperture size in the channels. The restricted size of the pore window in a newly 

synthesized MOF allowed the realization of the complete molecular sieving-based 

separation of propylene from propane via adsorption.(173) 

The further studies indicated that the introduction of the coordinately unsaturated metal 

sites in the pillars, i.e. by installation of [AlF5]2− and [FeF5]2− components into framework, 

can be used to tune the specific interactions of the framework with adsorbed molecules. 

Thus, the enhancement of the sorption affinity of the framework towards H2O without 

affecting CO2 adsorption selectivity was observed.(164) 

Generally high CO2 affinity of M’2L2(M”F6) MOFs series is a result of the specific 

interactions caused by the spatial proximity between the CO2 molecules and fluorides in 

(M”F6) pillars. The tightening of the pores via interpenetration or the use of smaller 

ligands, like pyrazine, leads to the formation of favorable pocket-like adsorption sites. In 

addition, it is important to highlight again the ability to tune the size of the pores in a 

highly precise fashion (within 0.1–0.5 Å) via metal or pillar substitution. 

Interestingly, despite an abundance and advances of research on synthesis and 

investigation of sorption properties of bulk isostructural/isoreticular analogs of 

M’2L2(M”F6) MOFs, there is yet relatively little research reported on the fabrication of 

these materials as thin films.(174) In this dissertation, the synthesis of new M’2(pyr)2(SiF6) 
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(M’=Ni, Cu) pure MOF membranes was achieved. The preparation method and the 

permeation properties of the prepared membranes is described in following the 

subchapter. Noticeably, the study showed that the unique adsorption properties of 

M’2(pyr)2(SiF6) platform has governed overall gas transport mechanism through 

membrane, resulting in the preferential permeation of CO2 over H2 and CH4. 

Another area of research relatively unexplored in the literature concerns the limited 

synthetic variation of sql layers suitable for inorganic fluoro- or oxofluorometalates 

pillaring. In fact, despite the possibility to construct sql layers from tetratopic ligands,(Fig. 

4.3) until recently, the formation of sql layers was reported only with the linear ditopic 

linkers.(175) Thus, the aim of the subchapter 4.3 was to synthetically explore the 

accessibility of various isostructural analogues of M’(TPyP)(M”F6) MOF (TPyP - 5,10,15,20-

Tetra(4-pyridyl)porphyrin) based on fsc topology.  

 

Figure 4.3 The schematic representation of the A–A pillaring of sql layers based on di- 
and tetra- topic linkers to form the pcu, fsc nets. 
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4.2 Highly CO2 Selective SIFSIX-3-M Pure MOF Membranes Using the 

Liquid Phase Epitaxy Approach 

4.2.1 Introduction  

As mentioned in the subchapter 1.6, membrane-based separations offer substantial 

advantages over the conventional separation processes. Thus, it is considered to be one 

of the most effective technologies for CO2 capture and separation.(56, 176) 

The requisite chemistry of MOFs led to the discovery of M’2(pyr)2(P) (P=SiF6, NiOF5) 

materials with strong CO2 adsorption sites uniformly aligned in a narrow channel-like 

pores. Consequently, this platform exhibits fast and highly selective CO2 adsorption 

behavior over CH4 and H2.((166, 169, 171), subchapter 4.1) In the light of this unique 

sorption properties, these materials applied in a form of continuous microcrystalline films 

should serve as a unique platform for studies of gas transport behavior through 

membranes, as a strong prevalence of the solubility component in the permeability 

behavior is expected. At the same time, the preparation of M’2(pyr)2(P) (P=SiF6, NiOF5) 

membranes would potentially open the doors to shift the use of this platform from the 

sorbent-based to membrane-based separations. 

The close examination of the adsorption properties and stability of this adsorption 

platform at ambient humidity, permitted the selection of Cu2(pyr)2(SiF6), Ni2(pyr)2(SiF6), 

Ni2(pyr)2(NiOF5) as potential candidates for membrane construction. The stability at 

ambient humidity is important due to the necessity of handling the membrane during 

mounting and investigation, therefore Zn2(pyr)2(SiF6) was excluded from this studies in a 
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first assessment. In a second assessment the Ni2(pyr)2(NiOF5) (NbOFFIVE-1-Ni) analog, 

which is as for now reported to be the best physical adsorbent material for CO2 capture 

from atmospheric and confined spaces, was excluded due to the incompatibility of the 

synthetic procedure with the membrane substrate.(166, 173) In general, different kind of 

substrates are used to support MOF membranes, however, in this study the porous 

alumina substrate was selected. It is one of the most widely reported substrates for rigid 

microporous membrane synthesis, due to its availability, high porosity (does not influence 

performance of synthesized membranes), mechanical stability and low surface 

roughness. Due to the fact that the nickel salt of oxopentafluoride is not easily accessible, 

the Ni2(pyr)2(NiOF5) analog has to be synthesized from the aqueous hydrofluoric acid 

solution of Nb2O5. Hydrofluoric acid can react with Al2O3 substrate and affect or even fully 

block the permeation of gases through the supportive layer. Therefore, the current study 

is limited to the materials that do not require hydrofluoric acid for the synthesis. 

Accordingly, an exploratory study aiming to fabricate the first M’2(pyr)2(SiF6) as thin films 

on porous alumina substrate and explore their CO2/CH4 and CO2/H2 separation properties 

as membranes was launched. 

It should be mentioned that so far only one pure MOF membrane based on 

hexafluorosilicate pillar was reported, namely Cu(dpy)2(SiF6).(174) 8 μm thick membrane 

was grown via a conventional solvothermal method on a substrate modified with 

(NH4)2SiF6. Interestingly, the permeability of CO2 appears to be low (920 Barrers) 

considering the large dimensions of the accessible pores, around 88 Å.(170) In addition, 

despite the initially predicted (from the sorption isotherm) high selectivity of CO2 over 
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CH4, methane displayed higher permeability which was reflected in an ideal separation 

factor of 0.9 for CO2/CH4. Additionally, the selectivity of 7.8 for H2/CO2 was reported.  

Other membrane-related studies concern the use of pillared by hexafluorosilicates 

materials in MMMs.(177-180) In all reported cases, except one,(179) addition of the MOF 

filler led to the increase of both selectivity (CO2/CH4 or CO2/N2) and CO2 permeability. 

Interestingly, the attempts (by author of this dissertation) to estimate the permeability of 

pure MOF membranes, applying the Maxwell model, led to meaningless values. Perhaps, 

it is due to the model limitations, for instance inability to take interfacial defects into 

account.  

Therefore, the fundamental understanding of pure MOF membrane properties and 

performances is vital to build the knowledge necessary to develop better MMM 

membranes.   
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4.2.2 Experimental Section 

Synthesis of M’2(pyr)2(SiF6) (M’=Cu,Ni) membrane via solvothermal method: In a typical 

procedure one equivalent of methanolic solution of M’SiF6∙xH2O (M’=Cu, Ni) was mixed 

with 4 equivalents of methanolic solution of pyrazine. An extremely fast formation of a 

light violet powder was observed. The centrifuged samples were characterized with PXRD 

and SEM. 

 A number of different reaction conditions, varying the ratio of components, its 

concentrations, solvent, reaction time and temperature were screened in order to 

synthesize a continuous thin film. Despite the efforts, the attempts were unsuccessful.  

Synthesis of M’2(pyr)2(SiF6) (M’=Cu, Ni) membrane via LbL method: In a typical procedure 

a thoroughly cleaned and activated alumina substrate was immersed in 0.13 M 

methanolic solution of M’SiF6∙xH2O (M’=Cu, Ni) for 10 minutes at 65ºC. The sample was 

then rinsed with methanol and soaked for 10 minutes in the 0.5 M pyrazine methanolic 

solution at 65ºC, then subsequently removed and washed again with pure solvent, which 

was considered as one growth cycle. After 30 cycles, the samples were characterized with 

PXRD and SEM. Uniform coating was observed with the naked eye as the substrates 

gained blue color corresponding to the MOF coatings. 

Single and mixture gas experiments: described in the section 1.6 of this dissertation. 
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4.2.3 Results and Discussion 

The countless attempts to fabricate continuous thin film of M’2(pyr)2(SiF6) (M’=Cu,Ni) on 

porous alumina substrate via a conventional solvothermal method (171) led to the 

construction of non-continuous films, made from small crystals of about 500 nm in size in 

case of Cu2(pyr)2(SiF6), and nanocrystal agglomerates of around 2 μm in case of 

Ni2(pyr)2(SiF6) (Fig. 4.4-4.5).(168, 169, 171) Likely, a fast precipitation which has occurred 

immediately upon mixing the reagents prohibited the crystal intergrowth. Accordingly, 

LbL method was used in order to slow down the rate of reaction by controlling the 

sequential addition of reagents.(181-184) The LbL synthesis approach for M’2(pyr)2(SiF6) 

(M’=Cu,Ni) membranes is presented in the Figure 4.6. Up till this point, the targeted MOFs 

have never been obtained in a form of thin film attached to a surface and explored as gas 

separation membranes. 

 

 

Figure 4.4 SEM images of as-synthesized bulk (a) Cu2(pyr)2(SiF6) and (b)Ni2(pyr)2(SiF6) 
MOFs.  
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Figure 4.5 PXRD patterns of as-synthesized bulk (a) Cu2(pyr)2(SiF6) and (b) Ni2(pyr)2(SiF6) 
MOFs. 

 

 

Figure 4.6 (a) Scheme of the LbL method for the growth of M’2(pyr)2(SiF6) (M’=Cu,Ni) 
thin film, (b) view of M’2(pyr)2(SiF6) accessible channel, (c) scheme of M’2(pyr)2(SiF6) 

membrane grown on Al2O3 substrate. 
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After countless attempts, the optimized conditions for the construction of the 

Cu2(pyr)2(SiF6) analogue were identified. The successful preparation of targeted MOF was 

confirmed by PXRD and SEM (Fig. 4.7). In order to evaluate the gas transport properties 

of the fabricated membrane, we attempted to perform pure-gas permeation tests. 

Regrettably, the tests revealed that the membrane could not sustain preliminary 

evacuation of the cell under vacuum on both the upstream and downstream side, which 

was associated with the formation of cracks. Consequently, the collection of single gas 

permeation data with CV/VP time lag permeation method was unattainable. To prevent 

cracks formation during the activation step, the activation of the Cu2(pyr)2(SiF6) 

membrane was later performed under 1 bar helium flow at 308 K. Thus, mixture gas 

permeation tests combined with continuous gas analysis were executed. Both 

CO2/H2:30/70 and CO2/CH4:50/50 mixed gas permeation experiments were conducted at 

2 bar and 308 K and revealed a favorable selectivity towards CO2 of 27 and 14.6, over H2 

and CH4 at steady state, respectively (Fig. 4.8).  

 

Figure 4.7 (a) Top view SEM images and (b) PXRD pattern of Cu2(pyr)2(SiF6) thin film 
grown on alumina support.  
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Figure 4.8 (a) CO2/H2:30/70 and (b) CO2/CH4:50/50 mixture gas permeation for 

Cu2(pyr)2(SiF6) tested at 308 K with 2 bar as a feed pressure.  

The close examination of SEM images, precisely the morphology of Cu2(pyr)2(SiF6) thin 

film, revealed the presence of small micrometer size crystals well intergrown between 

each other, that along with the successful mixture permeation experiment, confirmed the 

applicability of LbL method for the construction of M’2(pyr)2(SiF6) thin films. 

After applying a similar synthetic procedure, Ni2(pyr)2(SiF6) analogue was synthesized. 

Despite the existence of 2D form of Ni2(pyr)2(SiF6),(171) the structure of the constructed 

3D Ni2(pyr)2(SiF6) thin film was confirmed by PXRD and depicted in Figure 4.9 along with 

top-view SEM image. The perfect match between the calculated PXRD pattern with the 

exception of the additional three peaks coming from aluminum oxide substrate confirmed 

the purity of the obtained 3D phase. The thin film morphology was similar to that of 

copper analogue and composed of intergrown and densely packed micro-sized crystallites 

with well-defined rectangular morphology, which was not accessible through 

conventional synthetic methods.(168, 169, 185)  
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Figure 4.9 (a) Top view SEM images and (b) PXRD pattern of Ni2(pyr)2(SiF6) thin film 

grown on alumina support.  

Delightfully, in contrast to the copper analog a preliminary test revealed the more robust 

nature of [Ni2(pyr)2(SiF6)]n membrane upon exposure to vacuum activation conditions. To 

remove any residual guest molecules (mainly methanol) activation was carried out in situ 

by vacuum evacuation of both upstream and downstream sides of the cell at 308 K. The 

membrane was considered to be fully evacuated when the downstream pressure-rise was 

less than 2% of the pressure-rise of the measured gas during the test. Pure single gas 

permeation tests were performed by applying an upstream pressure of 2 bar and 

successively, the downstream pressure rise was monitored for each single gas permeation 

run using a 10 Torr scale transducer. The gas permeation was assumed to be at the steady 

state when no variation was observed in the pressure rise, i.e. more than 10 times after 

the time lag has elapsed. The steady-state region allows the derivation of the permeability 

of the material to the given gas.(186) In this way, the steady state single gas permeation 

tests were performed for the following gases: He, H2, CO2, N2, O2, CH4 (>99.99%). 
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After all the permeation tests (including mix gas permeation, which will be described 

later), the measured membrane was broken and the thickness was estimated from cross-

sectional SEM image of the sample. Figure 4.10, a demonstrates the continuity and 

uniformity of Ni2(pyr)2(SiF6) thin film, in which the growth of 30 cycles led to 

approximately 5 μm thickness of a membrane. The further analysis of the SEM cross-

section images reveals the absence of Ni2(pyr)2(SiF6) crystals growth inside the substrate 

pores. These unique attributes corroborate the potential of the LbL method for the 

growth of ultrathin, densely packed and continuous thin films with controllable 

thickness.(86, 181, 184, 187) 

Interestingly, the time lag behavior in the pressure rise curves, such as described in the 

section 1.6, was observed for all the tested gases, except He, indicating the diffusional 

resistance of membrane to permeating gases and, thus, the absence of defects in the film. 

The thickness of 5 micron was used to estimate the permeability coefficient. The 

continuity of the film is also further supported by the relatively high O2/N2 ideal selectivity 

of 1.5.(80) Single permeation experiments show a sharp maximum in CO2 permeability 

compared to all the other tested gases, except H2 (4.10, b). Therefore, the Ni2(pyr)2(SiF6) 

membrane exhibits higher ideal selectivity for CO2 over N2, O2, and CH4. The obtained 

ideal separation factors for CO2 over N2, O2 and CH4 were α(CO2/N2)=4, α(CO2/O2)=3.6, 

and α(CO2/CH4)=2, respectively. Interestingly and in contrast to all other single gas 

permeations pairs, the Ni2(pyr)2(SiF6) membrane showed a slightly favorable ideal 

selectivity for H2 over CO2 (α(H2/CO2) =1.1). 
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Figure 4.10 Single gas permeation results for Ni2(pyr)2(SiF6) membrane at 308 K, 2 bar: 
(a) single gas permeability vs. Lennard Jones diameter of gas molecules. Estimated 

diffusion coefficients (b) and adsorption coefficients (c). 
 

The single gas permeation data were further analyzed using the solution-diffusion model 

(P=D∙S), applicable to the structures with nominal pore diameter less than 10Å.(80, 81) 

Diffusion coefficient (D), which can be correlated well with a measurement of the gas 

molecular size, was extracted from time lag and the sorption coefficient was obtained 

indirectly from the solution-diffusion model via the knowledge of the P and D, where S 

was calculated using the equation S=P/D.(80, 81) 
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Figure 4.10, c demonstrates that all gas molecules tested in this study had experienced 

resistance to diffusion through the Ni2(pyr)2(SiF6) framework, causing a general decline in 

diffusion coefficients with increasing the diameter size of probe molecules (here used as 

Lennard Jones diameters). As the diameter size approaches 3.8 Å (pore aperture size 

estimated from the crystal structure data), diffusion (D) became more restricted. A 20-

fold drop in D occurred from H2 (2.8 Å) through CO2 (=3.8 Å). In contrast, the solubility 

coefficient (S) for CO2 versus all the other studied gases (4.10, d) was very high, which is 

in a very good agreement with the adsorption behavior in the pristine bulk material.(168, 

169, 185)  

To further shed the light on the real separation behavior of CO2 against different gases in 

the Ni2(pyr)2(SiF6), mixed gas CO2/H2:30/70 and CO2/CH4:50/50 permeation experiments 

were carried out. Interestingly, the binary mixtures permeation tests through the 

prepared membrane revealed a selectivity toward CO2 of 20.4 and 9.9 versus H2 and CH4, 

respectively (Fig. 4.11). Prominently, despite the diffusion restriction of CO2 over H2 in the 

Ni2(pyr)2(SiF6) membrane, the prevalence of the CO2 solubility component in the 

permeability had governed overall separation process and reflected in a high selectivity 

of CO2 over H2 in a mix gas system. This also applies for CO2-CH4 gas pair. The smaller 

difference between the solubility coefficients in CO2/CH4 gas pair compared to CO2/H2 

coincide with the lower value of separation selectivities in the respectful mixture. Thus, 

the obtained membrane can be classified as one that obeys the surface flow diffusion 

mechanism, in which strongly adsorbing component blocks the passway of diffusively 

faster component in the membranes with small pore sizes.(188)  
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Figure 4.11 (a) CO2/H2:30/70 and (b) CO2/CH4:50/50 mixture gas permeation for 
Ni2(pyr)2(SiF6) tested at 308 K with 2 bar as a feed pressure.  

 

This can be evidently seen from the analysis of different values of SIP (ideal permeation 

selectivity), SID (ideal diffusivity selectivity), SIS (ideal solubility selectivity), SRP (real 

permeation selectivity) (Table 4.1), where it is clearly shown that the trend of SRP follows 

the trend of SIS in case of CO2/H2 and CO2/CH4 mixtures. The similar results (membrane 

thickness and performance) were obtained with a second Ni2(pyr)2(SiF6) membrane, 

obtained following exactly the same synthetic procedure, with non-significant deviation, 

which confirms the reproducibility of LbL method (fig. 4.12.).  

 
Table 4.1 Comparison of CO2/H2 and CO2/CH4 selectivities, estimated for Ni2(pyr)2(SiF6) 

membrane. 

Selectivity CO2/H2 CO2/CH4 

SIP 0.89 1.96 

SRP 20.40 10.00 

SID 0.05 0.27 

SIS 20.42 7.29 



129 
 

 

Figure 4.12 (a) CO2/H2:30/70 and (b) CO2/CH4:50/50 mixture gas permeations for the 
second Ni2(pyr)2(SiF6) membrane tested at 308 K with 2 bar as a feed pressure.  

Often, membranes that preferentially permeate carbon dioxide over hydrogen are called 

reverse-selective membranes. The obtained reverse selectivity in M’2(pyr)2(SiF6) 

(M=Cu,Ni) is not surprising, as chosen MOF materials meet the prerequisites for the 

realization of such separation. The prerequisites are: (i) a) Suitable pore size. Pore size 

should be slightly larger than kinetic diameter of carbon dioxide to allow both molecules 

to pass and small enough to block hydrogen diffusion, when CO2 adsorbs on the pores, 

(ii) An optimal interaction of the penetrant with the framework, in other words, a strong 

CO2 affinity. It should be mentioned that the total exclusion of H2 is unrealistic and CO2 

selectivity is limited due to the entropic behavior of both, CO2 and H2 molecules, in which 

H2 are significantly smaller then CO2, and, thus, have higher diffusivities.(66, 189) 

The impressive selectivity of Ni2(pyr)2(SiF6) membrane accompanied with a surprisingly 

low permeability for MOFs (9 Barrer for CO2), tentatively caused by a very small size of 

the pores, capable to fit only one molecule of CO2 at the time, and a very strong CO2 

affinity.  
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Other reasons could be: (i) the presence of intercrystalline boundaries, blocking pores 

accessible for gas permeation and (ii) the insufficient washing during LbL assembly, during 

which the inclusion of the reagents inside the pores can lead to impasses, not removable 

by activation. 

The large number of synthesized MOFs is reported to have a highly preferable CO2 

adsorption over H2 and at the same time the required size of the pores for the realization 

of reverse selective separation. However, the selectivity of CO2 over H2 in pure MOF 

membranes was only reported for Cu2(bza)4(puz) single-crystal MOF membrane (190, 

191) and recently by the Eddaoudi group for sod-ZMOF membrane.(80)  

In order to compare the performance of the membrane synthesized in this subchapter 

the obtained data were plotted on Robeson plot along with the MOF membranes 

reported previously and membranes based on other benchmark materials in the field (Fig. 

4.13). The empirical Robeson plot (61, 192) for gas separation selectivities versus 

permeabilities of membranes, which was further theoretically justified by Freeman (193), 

has been widely used to compare the performance of membranes for different gas 

separation applications. The slope of the Robeson plot is related to the difference 

between the molecular diameters of the gases and, in principle, applicable only for 

diffusion-driven membranes. However, it is a common practice to use this plot for 

comparison of solubility-driven membranes as well.(66, 189) The data used for the 

Robeson plot are presented in the Table 4.2. For a fair comparison the variety of plotted 

materials is limited to the selected benchmark zeolites, polymer composites and MMM-

based membranes, operating at a room temperature. 



131 
 

A striking difference between the performance of Cu2(bza)4(pyz) single crystal membrane 

with polycrystalline MOF membranes (Fig. 4.13) further confirms the fact that the 

separation potential of later structurally enforced on the molecular level is not fully 

realized. The extremely high permeability of CO2 (kinetic diameter - 3.3 Å) is reported for 

the structurally flexible 2D Cu2(bza)4(pyz) membrane, with the estimated channel-like 

pore opening of 2 Å in diameter - lower than that for permeating gas. Therefore, similar 

or even higher permeabilities of gases can be expected in the 3D rigid frameworks with 

larger pore openings, as in case of sod-ZMOF with the reported permeability of 100 

Barrer.(80) The discrepancy in the transport properties of a bulk material and 

polycrystalline membrane arises from the unavoidable presence of (i) defects and (ii) a 

partial pore blockage at the interface of crystal intergrowth.(191)  

 
Figure 4.13 Robeson trade-off plot for the comparison of separation performances of 

the representative CO2-selective membranes for CO2/H2 separation. MOFs depicted with 
stars: grey - single crystal, blue – reported previously, red – reported here. 
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Table 4.2 The performance of CO2 selective membranes, operating at ~RT. 

 
Membrane 

 

CO2 
Permeability 

(Barrer ) 

CO2/H2 
Selectivity 

Feed 
Pressure 
CO2 (PSI) 

Thickness 
μm 

Composition 
(CO2/H2) 

Ref. 

Ze
o

lit
es

 

SAPO 34 435 25 232 5 43/57 (194) 

MFI 9950 26 130 0.5 50/50 (195) 

MFI-amine 1210 2.6 15 0.5 50/50 (196) 

MFI-Ba 1950 6.2 15 0.5 50/50 (197) 

MFI 19100 16.2 145 0.7 50/50 (198) 

b-oriented MFI 9200 21 115 0.5 50/50 (199) 

P
o

ly
m

er
 c

o
m

p
o

si
te

s/
M

M
M

 

Pebax/PEGME/MEA 180 15.2 15 40 40/60 (200) 

Pebax/PEGDME/RTIL 190 15 15 7.5 40/60 (201) 

PVAm/COF 110 13 15 1 40/60 (202) 

PVAm-MEA/PS 585 63 16 0.22 40/60 (203) 

PEGMEA-PEGDA 440 9.4 300 70-500 80/20 (204) 

PEO(60)-PI 179 22.7 29 50-150 50/50 (205) 

Pebax1657-POSS 136 52.3 116 80-100 50/50 (206) 

PEDS-PEGMA 1990 11 101 300 50/50 (207) 

Pebax1657/PDMS 
hollow fiber 

109 7.8 58 1.5 50/50 (208) 

PVDF-RTIL 1595 11.7 58 1.4 50/50 (209) 

DGBAmE-TMC/PDMS 122 10 16 0.8 40/60 (210) 

PEO(77)-PBT/PDMS 80 9 15 0.1 20/80 (211) 

M
O

Fs
 

SIFSIX-3-Cu 17*,** 26 30 5 30/70 
Current 

work 

SIFSIX-3-Ni 9* 21 30 5 30/70 
Current 

work 

sod-ZMOF 100* 5.2 30 40 30/70 (80) 

Cu2(bza)4(puz)]*** 4480* 2 7.2 100 30/70 (191) 

     * single gas permeability  

     ** calculated in comparison with single/mix permeation data from SIFSIX-3-Ni 

     *** single crystal membrane 

 

Despite the great challenge associated with the growth of large single crystals of MOFs, 

growing large single crystals is necessary for the “real” gas transport property 

investigation.(72, 191, 212) The knowledge acquired from single crystal data is extremely 

important as it can be used in predicting the behavior of MMM.(76, 78) In the pure 

polycrystalline membranes, however, the performance often depends on the synthetic 

method and the reliability and reproducibility are the two major factors, which must be 

controlled in order to design a product useful for industrial applications. 
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 As mentioned above, the LbL method allows for the formation of two Ni2(pyr)2(SiF6) 

membranes with almost identical transport properties, which confirms reproducibility of 

the method. 

The prepared membranes possess generally low permeability (P(CO2) = 9 Barrer), which 

can be attributed to the gas behavior under confinements of the pores and/or the method 

of preparation. The quality of the membranes fabricated via LbL method in this study is 

coherent with the previously reported data on LbL preparation of ZIF-8 membrane.(81)  

This unique reversed selectivity behavior of M’2(pyr)2(SiF6) (M’=Cu, Ni) is in good 

agreement with the high adsorption equilibrium selectivity studies reported for 

M’2(pyr)2(SiF6) bulk materials. Therefore, in this study the shift of M’2(pyr)2(SiF6) (M’=Cu, 

Ni) from a promising adsorbent for CO2 capture to a promising polycrystalline reverse-

selective membrane for the hydrogen purification was successfully realized. Importantly, 

the obtained mixed gas CO2/H2 selectivities for both (Cu,Ni) analogues of M’2(pyr)2(SiF6) 

membranes were estimated to be the highest reported among pure MOF membranes. 

The overall performance, although being located on a wrong end of permeability axis, 

suppresses the Robeson trade-off limitation of polymers.  

Regarding CO2/CH4 permeation performance, it should be mentioned that the 

performance of the prepared membranes is much lower compared to the best performing 

polymer or MOF materials for the CO2/CH4 separation, which, notably, mostly operate on 

diffusion selectivity.(213)  
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4.2.4 Conclusion and Outlook  

In conclusion, we have demonstrated that the key for further improvement of membrane-

based separations is to choose materials that have the right parameters for the targeted 

separation application (i.e. pore window size coupled with the required chemistry). The 

M’2(pyr)2(SiF6)]n (M’=Cu, Ni) platform selected in this subchapter had fulfilled these 

requirements. The application shift from adsorbent to membrane-based processes was 

achieved with the successful growth of defect-free thin film membranes using the LPE 

method. The Ni and Cu analogs of M’2(pyr)2(SiF6) showed CO2/H2 reversed selectivity of 

20.6 and 27 and elevated CO2/CH4 selectivity of 9.9 and 15 toward CO2, respectively. The 

CO2 favorable gas mixture permeation selectivity is a clear indication of the adsorption 

dominance in permeation selectivity of CO2 in all the tested mixtures. The high adsorption 

dominance in the permeation behavior corroborates well the analysis of ideal diffusivity 

and solubility selectivities of the studied membranes. This study, thus, contributes to the 

advancement of the quest for understanding pathways for the development of CO2 

selective membranes. Further work is underway and includes the assessment of the use 

of M’2(pyr)2(SiF6) materials as fillers in MMM, which will, in addition, contribute to the 

development of scalable membranes. 

It is important to highlight, that despite the flexibility of design and development of MOF 

materials, MOF-based membranes with performance above the Robeson trade-off line 

for CO2/H2 have not been reported prior to this study.  
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4.3 From pcu to fsc: Pillar Dependent Stability 

4.3.1 Introduction  

The use of inorganic fluoro- or oxofluorometalates as MBBs for the construction of 

coordination polymers goes back to the early 1990s.(158) Since then, the potential of such 

compounds, especially those possessing three-dimensional structures, has been 

exponentially explored in the context of their unique sorption properties, caused by the 

strong interaction of gas molecules with fluoride atoms on the surface of the pores.(159-

169) The synthetic exploration of these compounds, however, has been practically 

limited, with the exception of a couple of recent examples,(175, 214) to the use of (M”F6) 

MBBs as pillars, connecting sql layers constructed from the linear ditopic nitrogen linkers 

and metals with octahedral geometry. As one of the exemptions from the structure of 

described sql layer, Zaworotko’s group had recently discovered the M’6(Tripp)8(M”F6)3 

(M’=Cu, M’’=Si, Ti, Ge, Zr, Sn, Tripp - 2,4,6-tris(4-pyridyl)pyridine) MOF with a new 3,5-c 

topology (Fig. 4.14).(214) 

 

Figure 4.14 The structure and composition of [M’6(M”F6)3(Tripp)8]n MOF.  
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The M’2(M”F6) dicopper cluster connects the rhombicuboctahedron polyhedra assembled 

from Cu and Tripp and viewed as SBB. Although the material was not stable upon air 

exposure, authors had suggested that this work can be expanded through isoreticular 

design. 

Another route to prepare new materials based on (M”F6) MBBs with potentially more 

accessible voids is to use tetratopic square or rectangular ligands instead of ditopic for 

construction of sql SBL layers.(215-227) The A-A pillaring of such layers would lead to a 

simple fsc topology, which can be considered as pcu with half of the pillars missing (Fig. 

4.3). This strategy was used in the current study. The tetra-pyridine porphyrin (TPyP) linker 

was chosen as the organic ligand due to its suitable planar geometry, commercial availability 

and, last but not least, diverse functionality and modularity it can offer (Fig. 4.15). Interestingly, 

despite the fact that sql layers based on TPyP ligands have been widely reported, including 

Pb(NO3)2(TPyP),(228) MnCl2(TPyP),(229) Cd(DMF)2(Mn(DMF)2-TPyP),(230) and M’I2(TPyP) 

(M’=Cd, Pb)(231) MOFs, its straightforward A-A pillaring with inorganic anions has not been 

explored until recently.(175) Lin et al. in their work described the preparation of Zn(Fe-

TPyP)(SF6) MOF, isoreticular to the compounds targeted in this study. Their MOF was 

formed from pre-metallated porphyrin and ZnSiF6 synthetic precursors dissolved in 

different solvents and layered onto each other.  

The poor solubility of the free-base porphyrin and its recrystallization in the presence of 

acids, along with the poor solubility of M’(M”F6) precursors (except the available salt of 

(SiF6)2-
 anions), set a great challenge for optimizing synthetic conditions in order to obtain 

a single crystal and microcrystalline forms of targeted compounds.  
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The development of a stable microporous compound based on porphyrin MBBs is 

particularly important due to the variety of functionalities that such MBBs can offer.(215, 

232) The porphyrins are valued for their unique light-harvesting, optical response and 

catalytic properties. In many of the mentioned cases, the functionality of the porphyrin 

depends on the presence and type of the metal in the core. Thus, the new framework 

should allow the incorporation of the metals either in situ by using metalloporphyrins as 

ligands or post-synthetically.  

In this study, we aimed to construct the wide range or isostructural M’(M”F6)(TPyP) MOFs 

and their analogs with metallated porphyrins and to study the effect of M’(M”F6) pillar on 

MOF stability to water. 

 
Figure 4.15 Structural accessibility of M’(M”F6)(TPyP) MOF based on fsc topology with 

substitution of ditopic pyr ligand into tetratopic TPyP during synthesis. 
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4.3.2 Experimental Section 

Synthesis of M’(M”F6)(TPyP) (M’=Co, Ni, Cu, Zn, M”=Si, Ge, Ti) MOF nanoparticles: 

Synthesis of M’(M”F6)(TPyP) were carried out under ultrasonic irradiation at a frequency 

of 40 KHz preset on the Branson 2510 Ultrasonic bath. The temperature was varied from 

20 to 60ºC in all experiments. In a typical synthesis, M’(NO3)2∙xH2O (0.04 mmol), TPyP 

(12mg, 0.02 mmol) partially dissolved in 6 mL of DMF and 0.4 mL of 0.05 M aqueous 

solution of (NH4)2M”F6 (0.02 mmol) was added into a 20 mL scintillation vial. The vials 

were placed in a pre-heated ultrasonic bath. After the ultrasonic irradiation of solution 

containing (NH4)2M”F6 Si, Ge, Ti precursors for a 4, 4, and 10 h, respectively, the products 

were isolated by the centrifugation and was washed multiple times with DMF, and 

activated with methanol. 

Single crystal growth of the Co(TPyP)(GeF6)x(solvent), compound 2: In a typical reaction 

set-up, Co(NO3)2∙6H2O (0.04 mmol, 11.6 mg) was dissolved in 2.3 mL of methanol and 

mixed with 0.2 mL of 0.1 M solution of (NH4)2GeF6. The obtained solution was carefully 

layered on a solution of TPyP (0.01 mmol, 6.2 mg) dissolved in 5 mL TCE/MeOH (75/25) 

solvent mixture in a 20 mL vial. The vial was sealed and left for few days. The slow 

diffusion of top layer into the porphyrin solution at room temperature for a period of 3 

days yielded the growth of the red parallelogram shaped crystals on the walls of the vial 

suitable for single crystal X-ray diffraction. Notably, along with the targeted compound 

the transparent cubic crystal of (NH4)2GeF6 precursor were also formed. Finally, the single 

crystals of other isostructural analogues can be prepared with the same method. 
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Synthesis of ligand L2: Trans-dihydroxo[5,10,15,20-tetrakis(4-pyridyl)porphyrinato] 

tin(IV) ligand (Sn(OH)2-TPyP). The L2 was synthesized according to a modified procedure 

from the literature by the author.(233) The scheme of the synthesis is depicted in Figure 

4.16 and described in details in Appendix B.  

 

Figure 4.16 The synthetic scheme for L2. 
 

Single crystal growth of the Zn(Sn(OH)2-TPyP)(GeF6)4H2Ox(solvent), compound 3: The 

solution of Zn(NO3)2∙6H2O (0.04 mmol, 11.8 mg) dissolved in 2.3 mL of methanol and 

mixed with 0.2 mL of 0.1 M solution of (NH4)2GeF6 was carefully layered on a solution of 

Sn(OH)2-TPyP (0.01 mmol, 7.7 mg) dissolved in 5 mL TCE/MeOH (75/25) solvent mixture 

in a 20 mL vial. The slow diffusion of a top layer into the porphyrin solution at room 

temperature for a period of 3 days yielded the growth of the red parallelogram shaped 

crystals on the walls of the vial suitable for single crystal X-ray diffraction. Notably, along 

with targeted compound the crystals of (NH4)2NiOF5 precursor were also formed. 
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Synthesis of (NH4)2NbOF5 salt: A colorless transparent microcrystalline powder of the 

(NH4)2NbOF5 compound was synthesized by using previously reported (234) solution 

crystallization method by Dr. Adil from FMD3 group at KAUST: niobium oxide Nb2O5 (20 g) 

was dissolved in a 50 mL of boiling 40 % HF acid in a Teflon beaker appropriate for HF 

handling with the subsequent filtration and addition of an NH4F solution at the ratio 

NH4
+:H2NbOF5 = 2.5. A powder was formed following a quick evaporation in air.  

Synthesis of M’(Sn(OH)2-TPyP)(P) (M’=Ni, P=TiF6,NiOF5) MOF nanoparticles: Synthesis of 

M’(Sn(OH)2-TPyP)(P) was carried out under ultrasonic irradiation at a frequency of 40KHz 

pre-set at 60ºC in all experiments. In a typical synthesis, M’(NO3)2∙xH2O (0.04 mmol), TPyP 

(12.2 mg, 0.02 mmol) or Sn(OH)2-TPyP (15.4 mg, 0.02 mmol) partially dissolved in 6 mL of 

DMF and 0.4 mL of 0.05 M aqueous solution of (NH4)2TiF6 or (NH4)2NiOF5 (0.02 mmol) was 

added into a 20 mL scintillation vial. The vials were placed in a pre-heated ultrasonic bath. 

After the ultrasonic irradiation for 5 hours the products were isolated by the 

centrifugation and washed multiple times with DMF and later activated with methanol. 
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4.3.3 Results and Discussion 

Generally, the single crystals of M’(L)(P)]n (M’ – metal with octahedral geometry, P - 

fluoro- or oxofluorometalate pillars and L-ligand) MOFs are synthesized by slow diffusion 

techniques, in which the inorganic precursor dissolved in a low density solvent is carefully 

layered on top of the ligand dissolved in a solvent with the higher density. In order to 

assess the synthetic availability of the predicted structure, we have followed the same 

strategy. To overcome the solubility issues of free-base porphyrin the solvent mixture of 

TCE/MeOH (75/25), reported for the TPyP-sql layer construction earlier by several groups, 

was used for the bottom layer.(228-231) In a first set of experiments the commercially 

available inorganic salts were used. Apparently, the different solubility rate of the inorganic 

precursors in methanol (M’SiF6, M’= Co, Ni, Cu, Zn) or water (6%)/methanol (M’(NO3)2 M’= Co, 

Ni, Cu, Zn and (NH4)2M”F6, M”= Si, Ge, Ti) solvent mixture used for the top layer reflected in 

the growth rate and the final size of the crystallized product. In case of M’SiF6 in methanol, a 

very fast precipitation was observed. The PXRD experiment revealed an amorphous phase of 

the precipitate after 5 h. Due to the poor solubility of (NH4)2M”F6 salt in methanol, the 

necessary amount of (NH4)2M”F6 was firstly dissolved in a small amount of water and then 

added to a methanolic solution of M’SiF6 (no precipitation was observed upon mixing). 

Twelve experiments with all the possible combinations of M’(NO3)2 and (NH4)2M”F6 in the 

top layer were conducted. After 3-5 days a crystalline product with different sizes was 

formed by the slow diffusion of inorganic reagents into the ligand solution in all the 

experimental vials. However, the dark red rectangular crystals suitable for SCXRD analysis 

were found only in the Co(NO3)2/(NH4)2GeF6 vial. 
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Figure 4.17 SEM-EDX analysis of Co(TPyP)(GeF6) single crystals grown with slow solvent 
diffusion method. 

 

The SEM-EDX analysis of the crystals grown in the Co(NO3)2/(NH4)2GeF6 vial revealed the 

atomic ratio of the components Co/Ge/F=1/1/6, which corresponds to the predicted 

structure (Fig. 4.17). Interestingly, according to the SEM image, all as-prepared crystals of 

Co(TPyP)(GeF6) were shaped as a ditetragonal prism with two distinct faces. In order to 

reveal the crystal structure of as synthesized compound and to assign a crystal form (set 

of faces), the SCXRD analysis were performed. 

It should be noted, that apart from the dark red parallelogram-appearing crystals, the 

presence of transparent rectangularly shaped crystals was observed in the 

Co(NO3)2/(NH4)2GeF6 vial under the light microscope. 

The single crystal X-ray analysis revealed that the obtained red non-metallated compound 

Co(TPyP)(GeF6)x(solvent) (Compound 2) crystallizes in the tetragonal P4/mcc space 

group with cell parameters of a = 13.9600(9), c = 15.079(2) Å. 
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Figure 4.18 PXRD pattern of Co(TPyP)(GeF6) single crystals grown using the slow solvent 
diffusion method compared with the data obtained from SC analysis. 

 

The PXRD pattern (Fig. 4.18) confirmed the presence of the second crystalline phase in 

the powder of as-synthesized sample and the obtained phase was identified as a 

recrystallized starting material (NH4)2GeF6 using PDF-2 crystallographic database of 

inorganic materials from International Center for Diffraction Data (ICDD). Interestingly, 

the disappearance of certain peaks confirms the homogeneity of the crystal morphology. 

The faces of the crystals were assigned with Miller-Bravais Index notation to [100] and 

[110] and visualized with Mercury (CCDC software package) (Fig.4.18). 

The impracticability of the layered method for the preparation of bulk amount of 

compound for property investigation along with the presence of undesirable phase of 

recrystallized starting material led us to the development of a new synthetic method for 

M’(TPyP)(M”F6)  preparation using an ultrasonic irradiation. 
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Figure 4.19 The powder patterns of selected compounds from M’(TPyP)(M”F6) family 
synthesized via ultrasound irradiation. 

 

It should be mentioned that the use of the conventional electrical or microwave heating 

for the synthesis often leads to the recrystallization of starting reagents along with the 

desired phase. Accidentally, while varying the synthetic conditions for conventional 

solvothermal synthesis, the vial containing Ni(NO3)2∙6H2O, TPyP, (NH4)2GeF6 and DMF was 

left in an ultrasonic bath for a couple of hours. A clear color change of the initial dispersed 

phase (as the precursors are not easily soluble) from dark purple to bright purple 

indicated the transformation of the reagents. The PXRD analysis had confirmed the 

formation of Ni(TPyP)(GeF6) MOF. Different isostructural analogues of M’(TPyP)(M”F6) 

(M’=Co, Ni, Cu, Zn, M”=Si, Ge, Ti) were obtained by further optimization of synthetic 

conditions of sonochemical synthesis. The selected PXRD patterns are presented in the 

Figure 4.19 and confirm the phase purity of the synthesized compounds.  
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In this case, an effective dissolution and promotion of close contact between poorly 

soluble organic and inorganic reagents in DMF was achieved with the use of ultrasound. 

The formed coordination frameworks are stable under ultrasound irradiation, which 

allows to effectively separate the product from the dissolved starting materials by 

performing the extensive washing in the sonication bath.  

SEM images of nickel analogs Ni(TPyP)(M”F6) (M”=Si, Ge, Ti) prepared by sonochemical 

method and presented in Figure 4.20. As previously reported,(235) sonochemical 

synthesis not only shortens the time of the material preparation, but also reduces the size 

of the crystals compared to a solvothermal synthesis. Approximately 1 μm by 1 μm square 

plate-like crystals with the thickness in a range of tens of nanometers were obtained in 

all the cases. Due to such a shape, the material can be easily coated on various surfaces. 

 

Figure 4.20 SEM images of Ni(TPyP)(M”F6) (M”=Si, Ge, Ti). 
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Figure 4.21 SEM-EDX analysis of Ni(TPyP)(TiF6) coated on carbon electrode. 
 

Figure 4.21 depicts the quality of carbon electrode coating with as-synthesized 

Ni(TPyP)(TiF6) material via the electrophoretic deposition. As a part of the collaborative 

project with prof. Takanabe group at KAUST we aimed to explore the materials 

synthesized in this subchapter in an electrocatalytic CO2 reduction. The project is ongoing 

and no preliminary results can be shared at this stage.  

Among all the synthesized compounds, Ni(TPyP)(TiF6) compound appeared to be the most 

stable. The stability of Ni(TPyP)(TiF6) was associated with the fact that its powder 

diffraction pattern was not changed after heating at 200ºC in the presence of air for more 

than 96 hours (which would be confirmed below with additional sorption experiments), 

while some of the analogs lost their crystallinity under less than 3 hours of air exposure 

(Fig. 4.22). 
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Figure 4.22 The stability of selected compounds from M’(TPyP)(M”F6) family.  

 

As mentioned earlier, many applications for porphyrin-based materials require the 

presence of metals in the porphyrin core. Therefore, a post-synthetic metalation of 

Ni(TPyP)(TiF6) MOF was attempted with Zn or Cu metals. Despite the straightforward 

procedures and many successful examples of post-synthetic metalation of porphyrin 

MOFs in the literature,(236-242) the attempts to metallate porphyrin in the MOF with 

chosen metals were accompanied by a phase change. The phase change is probably 

associated with the destruction of the framework, caused by substitution of Ni by Cu or 

Zn, and the subsequent reassembly. The UV-Vis spectra confirmed metalation of the new 

phase. It should be taken into account that the coordinatively unsaturated metal in the 

porphyrin core (Cu, Zn in this case) can bond the pyridyl moiety of TPyP, creating a new 

coordination compound. Indeed, the attempted synthesis of Ni(Zn-TPyP)(TiF6) analog 

directly from Zn metallated porphyrin (Zn-TPyP) led to the crystallization of another 

coordination compound, analogous to those reported earlier (Fig. 4.23).(243-249) 
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Figure 4.23 The representation of the failed attempt to create a metallated form of 
Ni(TpyP)(SiF6) with Zn or Cu metals. 

 

Although the optimization of the synthetic conditions might lead to the isolation of 

targeted MOF, the potential scale up and processing of these compounds will be 

complicated, because of the variable synthetic outcomes. To prevent coordination of the 

pyridyl group of the porphyrin to the metallated core, it was decided to use porphyrins 

based on the metals with the occupied equatorial coordination group.  

Sn(OH)2 metallated porphyrin (Sn(OH)2-TPyP) was synthesized according to the published 

procedure.(233) In order to obtain a single crystal, a similar set of slow diffusion 

experiments as for non-metallated porphyrin compounds was conducted. 
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Figure 4.24 PXRD pattern of Zn(TPyP)(Sn(OH)2-GeF6) single crystals grown with slow 

solvent diffusion method compared with the data obtained from SC analysis. 
 

Twelve reactions with various metal combinations M’(Sn(OH)2-TPyP)(M”F6) M’= Co, Ni, 

Cu, Zn and (NH4)2M”F6, M”= Si, Ge, Ti) were set as described earlier and left for 3-5 days 

at room temperature. The dark purple crystals large enough for SCXRD, in this case, were 

found in the Zn(NO3)2/(NH4)2GeF6 vial, notably without the presence of any additional 

crystalline phase (Fig. 4.24). The SCXRD analysis revealed that the obtained compound 

has formula Zn(Sn(OH)2-TPyP)(GeF6)4H2Ox(solvent) (Compound 3) and crystallizes in the 

tetragonal P 4/mmm space group with cell parameters of a =13.9824(3) Å, c = 7.7103(2) 

Å. Similarly to non-metallated porphyrin-based compound, the PXRD showed preferential 

orientation of the crystals. The directions of the peaks were assigned with Miller-Bravais 

notation to [001] and [110] and visualized with Mercury (Fig. 4.24). The electron density 

in the porphyrin core clearly indicated the presence of the tin metal.  
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Figure 4.25 The UV-Vis spectra of starting materials metallated with Sn(OH)2 the as-
prepared compounds.  

 
Importantly, it is possible to obtain phase-pure metallated isostructural analogs of 

M’TPyP)(M”F6) compounds via the sonochemical method, by simply substituting TpyP 

with Sn(OH)2-TpyP in the reaction. UV-Vis solid state spectra of organic precursors and 

the obtained Ni(TPyP)(TiF6) and Ni(Sn(OH)2-TPyP)(TiF6) MOFs confirm the successful 

installation of the dye into the framework.  

The low pressure N2 at 77 K and CO2 at 298 K adsorption screening was performed for the 

obtained MOFs based on metallated and non-metallated porphyrins in order to assess 

their porosity. Prior to the adsorption studies, the samples were exchanged with 

methanol over the course of 3 to 4 days to remove DMF. Then the samples were activated 

at different temperatures (RT, 55, 105, 120, 150, 200, 250, 300 ºC) for 12 hours and N2 

and CO2 isotherms were measured for every activation step. The isotherms of fully 

activated samples (maximum gas uptake) at 150ºC are shown in Figure 4.26. 
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Figure 4.26 The (a) N2 at 77 K and (b) CO2 at 298 K low pressure adsorption isotherms of 
exchanged with methanol materials activated at 150ºC for 12h.  

 

The apparent BET surface area for Ni(TPyP)(TiF6) and Ni(Sn(OH)2-TPyP)(TiF6) MOFs were 

estimated to be 924 m2/g and 991 m2/g, respectively and pore volume of 0.48 cc/g and 

0.49 cc/g was projected at 0.85 relative pressure, as increase of the uptake from 0.9 to 1 

relative pressure is associated with small size of the particles (Fig. 4.26). The estimated 

pore volumes are in a good agreement with the theoretical values of 0.53 cc/g and 0.49 

cc/g. The materials adsorb N2 with fully reversible Type-I isotherms characteristic for 

microporous materials. Prominently, only slight decrease of N2 uptake (<5%) in two 

measured samples was observed upon activation at 280ºC and slightly higher decrease 

(<20%) at 350ºC which indicates high stability of the samples. The BET surface areas 

estimated in this study are three times higher than the reported for Zn(TPyP)(SiF6).(175) 

The discrepancy in these values can be associated with the improper activation procedure 

or partial blockage of the pores due to the instability of the Zn(TPyP)(SiF6) framework, 

which could’ve happened while handling the samples.  
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The CO2 uptake (at atmospheric pressures) was equivalent to approximately 5.5 mmol/g 

for both measured samples, indicating high affinity of CO2 to this framework. 

The accessible pores of Ni(TPyP)(TiF6) and its metallated analog pave the way for their 

potential applications in electro- or photo-catalysis. However, most of such catalytic 

reactions require the water stability of the catalysts (CO2 reduction, water splitting), as 

they are performed in aqueous media. Regrettably, the soaking of Ni(TPyP)(TiF6) in water 

for 2 hours reflected in the complete loss of crystallinity. In order to obtain water-stable 

compound, based on previous knowledge,(29, 163, 164, 166, 173) we have aimed to 

synthesize the Ni(TPyP)(NbOF5) analog, anticipating the stronger coordination bonding 

and consequent stability in aqueous media. As salts of (NbOF5)2- anions commercially are 

not available, the coordination compounds constructed from such MBBs are usually 

formed in situ from ;Nb2O5 in a presence of hydrofluoric acid.  

The countless attempts to form (NbOF5)2- in situ and to synthesize the targeted 

Ni(TPyP)(NbOF5) MOF resulted in the recrystallization of the porphyrin ligands. The 

presence of hydrofluoric acid, in this case, caused precipitation of the ligand and, 

therefore, prevented the formation of targeted MOF. To avoid the use of HF in reaction, 

the (NH4)2NbOF5 was synthesized according to the procedure reported in the 

literature.(234) Indeed, the use of (NH4)2NbOF5 in a sonochemical reaction with Ni(NO3)2 

and TPyP or Sn(OH)2-TPyP ligands allowed the formation of Ni(TPyP)(NbOF5) MOFs 

analogs. The formation and phase purity was confirmed by comparison of PXRD patterns 

of as-synthesized materials with calculated from SC data patterns of Co(TPyP)(GeF6) and 

Zn(Sn(OH)2-TPyP)(GeF6) analogs (Fig. 4.27).  
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Figure 4.27 The powder patterns of selected compounds from M’(TPyP)(M”F6) family 
synthesized via ultrasound irradiation. 

 
Importantly, no crystallinity loss was observed after soaking (NbOF5)2--based material in 

water for two days (Fig. 4.27). The low pressure adsorption uptake of N2 at 77 K and CO2 

at 298 K was not affected by the exposure of the material to water and was similar to that 

obtained for other isostructural analogs of M’(TPyP)(M”F6).  

The SEM images of as-prepared samples are depicted in Figure 4.28. The uniformity of 

the size and morphology of the samples highlights the advantages of sonochemical 

method for the preparation of isostructural M’(TPyP)(M”F6)MOF series.  

The potential installation of other metallated porphyrins with occupied equatorial 

coordination positions is anticipated.  



154 
 

 

Figure 4.28 SEM images of (a) Ni(TPyP)(NbOF5) and (b) Ni(Sn(OH)2-TPyP)(NbOF5). 
 

4.3.4 Conclusion and Outlook  

In this study the successfully isolation of isostructurally flexible M’(TPyP)(M”F6) MOF 

platform (Fig. 4.29) was achieved via two different routes, namely slow diffusion and 

sonochemical methods. With sonochemical method, in particular, the nanosized crystals 

with pure phase were produced in a simple and efficient way, which can offer potential 

benefits in certain application areas and, in general, in scalable synthesis of such 

compounds. 

 
Figure 4.29 Selected examples of the flexibility of isostructural design of newly prepared 

M’(TPyP)(M”F6) MOF platform . 
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The high CO2 sorption uptake (atm) indicated the accessibility of channel-like pores 

interpenetrated in two directions and their high CO2 affinity. Further studies are 

necessary to unveil the potential of such materials in the separation applications. 

This work can be further expanded from a synthetic point of view to te preparation of 

isoreticular analogs of fsc MOFs. Particularly, in a recent review (250) 4,2′:6′,4′′-

terpyridine ligands were discussed as building blocks for the assembly of coordination 

polymers. Indeed, such ligands would allow the creation of MOFs based on sql layers 

pillared by anionic pillars with three-dimensional porosity (Fig. 4.30). 

From application prospective, the Mn4+ doped inorganic fluorometalate and 

oxofluorometalate compounds are extensively reported in the literature (251-256) as 

promising red-emitting phosphors for white light emitting diodes. Thus, the doping of 

inorganic pillars in MOFs described in this chapter with active Mn4+ ions might be an 

exciting area for a further research exploration.  

 
Figure 4.30 Simulated with Materials Studio fsc MOF based on potentially flexible for 

isoreticular modifications ligand 4,2′:6′,4′′-terpyridine with moieties.  
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Chapter 5: Taking Advantage of Uniform Pores and Charged Environment 

of Zeolite-like MOFs (ZMOFs) 

5.1 ZMOFs 

Zeolite-like MOFs (ZMOFs) are a subclass of MOFs that are mimicking structural and, in 

some cases, functional features of traditional inorganic zeolites.(42) Interest in ZMOFs 

steams from the great industrial merit of zeolites, especially in the areas of adsorption, 

ion exchange and catalysis,(257-260) and the design advantages that reticular chemistry 

of MOFs can offer.(2, 5, 14, 261, 262) The comprehensive review has been recently 

published by Eddaoudi et al. (42) on the design strategies, synthesis and properties of 

MOF materials with zeolitic topologies. This chapter is the continuation of exploratory 

research on the synthesis, modification and new applications for anionic ZMOFs prepared 

based on the edge expansion design via single-metal-ion synthetic route.  

Zeolites are structurally described as an assembly of tetrahedrally coordinated Si and Al 

metals (T) through oxygen atoms at approximately 144° angle into the 3-dimensional 4-

coordinated frameworks.(263, 264) TO4 tetrahedral moiety, in this case, is referred to as 

tetrahedral building unit (TBU). The presence of Al3+ in Si4+ lattice reflects a deficiency of 

positive charge, which is usually balanced by extra frameworks cations located within the 

pores. Apart from the desired ion exchange capabilities for water treatment applications 

(softening, purification),(259) the alteration of cationic environment within the 

framework allows to modulate the electrostatic interactions of the frameworks with 

adsorbing gases, for instance, to tune ion–quadrupole interactions with CO2.(265) 
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The addition of the cationic structure directing agents (SDAs) during the synthesis of anionic 

zeolites has proven to be an effective method to obtain new structural isomers from the 

same TBUs, which is reflected in a great number of obtained topologies. To date, 235 

framework topological codes have been assigned to naturally occurred or synthetically 

obtain zeolites by the International Zeolite Association (IZA), compared to 176 appeared 

in the last edition of the “Atlas of Zeolite Framework Types” in 2007.(266) The synthetic 

variety is envisioned to be substantially greater than the current number of structures 

and the extensive research in computational simulations had been reflected in several 

libraries of theoretically predicted zeolites(267-269). It should be noted, that the three-

letter codes for zeolites from IZA database generally correspond to the three-letter code 

from RCSR, i.e. SOD = sod, with some exceptions, for example, BCT and crb. 

The design strategy to construct ZMOFs based on the substitution of oxygen atom with 

an organic moiety with embedded angular connectivity information matching to that of 

zeolites is referred to as “edge-expansion”.(42) The N-heterocyclic compounds such as 

imidazoles, triazoles, tetrazoles, pyrimidines and their derivatives meet the coordination 

directionality prerequisites of organic ligands for ZMOF formation and have been widely 

reported in the synthesis of MOFs with zeolitic topologies in a combination with 4- and 6- 

or 8-coordinated metals (Fig. 5.1).(42, 92, 270) 

The great number of framework geometries assembled from M-O-M edges in zeolite 

topologies imply the possibility to construct as many corresponding isoreticular zeolite 

analogs from every single organic ligand, i.e. assembled from M-L-M edges, for example, 

where L=imidazole.  
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In contrary to zeolites, however, neutral nature of the assembly of 4-coordinated divalent 

atoms and N-heterocyclic ligands limits the possibility to utilize the cationic SDAs, leading 

researchers to rely on the variation of reaction conditions in order to obtain new 

structures. To diversify the structural outcomes of the synthesis of ZMOFs Yaghi’s group 

had suggested to use the imidazole derivatives in order to aim different zeolitic 

topologies.(92, 271) The MOFs prepared with such ligands are commonly referred as zeolitic 

imidazolate frameworks (ZIFs). Many types of ZIFs were obtained with this method, most 

of which possess extra-large cavities and pore surface areas much larger than those 

encountered in zeolites due to the edge extension. The prototypical ZIF with the structure 

alike sodalite zeolite, constructed from tetrahedrally coordinated divalent zinc cation and 

2-methylimidazole ligand and referred as ZIF-8 is depicted in Fig. 5.1.  

 

 
Figure 5.1 Edge expansion design strategy based on (a) 4-connected and (b) 6- or 8-

connected single metal ions. 
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In addition to the inability to use SDAs, the drawback of such design strategy is the 

characteristic flexibility of the M-N bond in N-ligands, which often hampers targeted design of 

ZMOFs and results in the construction of non-porous nets. 

The concept of single-metal-ion MBBs developed recently by Eddaoudi’s group (272) had 

aimed to overcome the above mentioned drawbacks of homofunctional nitrogen-

donating ligands. The new synthetic strategy involved the construction of anionic MBBs 

from 6-,8- coordinated metals with heterofunctional ligands, containing nitrogen and 

carboxylate reactive groups, which allows N,O-chelating binding mode to the metal. 

Similar to the case of 4-coorditaning metals, the nitrogen atoms in the aromatic ring of 

the ligand often provide binding directionality, while the oxygens from carboxylic acids 

locking the metals in one place, resulting in more geometrically rigid and, most 

importantly, anionic MBBs (Fig. 5.1). The anionic nature of the obtained MBBs allows to 

utilize a key tool governing the formation of zeolites, i.e. the use of cationic SDAs,(264) in the 

assembly of MOFs. This was successfully demonstrated with the synthesis of three 

topologically different ZMOFs (sod, rho, med) from the same building element - 4,5-

imidazoledicarboxylic acid (4,5-ImDc) and indium with the use of different SDAs.(272, 273) The 

sod and rho ZMOF were also obtained from other ligands: sod framework was constructed 

from 4,6-pirimidinedicarboxylic acid (4,6-PmDc) and its amino-derivative (2-Amino-4,6-PmDc) 

with Y, Cd, In, Er, Yb and In, Ga, Fe, respectively, while rho framework was obtained from 2,5-

pyridinedicarboxylic acid (2-PmDc) and Cd metal.(274, 275) All the above mentioned studies 

are depicted in Figure 5.2. Notably, the tiling representation is used to avoid the ambiguity in 

the description of zeolites, as they are all constructed from 4-c nets.  
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Further study had shown that appropriate binding of carboxylic acid can govern the 

coordination direction, i.e. direct the framework topology, while the nitrogen bonding is 

used to rigidify the MBB. This is the case in the construction of: (i) rho framework from 2,2′-

bipyridine-6,6′-dicarboxylic acid (dpyDC) and Tb or Y;(276) (ii) sod and ana framework from 

2,4-pyridinedicarboxylate and In; (277) and (iii) ana framework from 4,5-ImDc and Y.(278) As 

can be seen from the listed structures, despite the straightforward concept, only four 

topologies have been obtained in ZMOFs using the aforementioned strategy (Fig. 5.2).  

 

Figure 5.2 Tiling representation and transitivity of zeolitic nets of reported ZMOFs 
constructed via edge expansion based on single-metal-ion MBBs approach. Yellow lines 

represent the edges of the tiles and outline the connectivity of MBB. 
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Due to the multiple binding modes of the metals the establishment of reaction conditions 

for ZMOF construction proved to be difficult, often resulting in 2D or 3D dimensional 

coordination polymers with non-zeolitic topologies. The reported topologies, not 

surprisingly, include two existing semiregular zeolitic nets: ana and sod, as the assembly 

of the building blocks often results in the most symmetrical structures. The other common 

topology in MOFs with zeolitic topologies is rho with [1242] transitivity. The real challenge 

in the discovery of new zeolitic topologies is to avoid the most prevalent framework types. 

This, so far, using single-metal-ion MBBs approach was achieved only with the discovery 

of unprecedented med topology.(273) Thus, the discovery of new ZMOFs with 

unprecedented topologies is an exciting and valuable area of research and will be 

described below.  

Interestingly, although the isostructural concept of MOFs is well established, the 

preparation of the same ZMOFs based on different metals is not well explored. In our 

quest for the synthesis of bulk amount of ZMOF-based fillers for MMM, the new reliable 

methods for preparation of micro-sized polycrystalline ZMOFs was established, which 

also led to the discovery of ZMOF isostructural analogs.  

At last, the advantage of ZMOFs, such as its anionic nature is utilized in the selective 

anion- sensing and sorption driven polycrystalline MOFs membrane applications.  

Notably, the results described in the subchapter 5.2 was recently published and most of 

the text was taken verbatim from published manuscripts with the permission of the 

publisher.(279) 
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5.2 rho-ZMOF Encaged Pt(II)-Porphyrin for Anion-Selective Sensing 

5.2.1 Introduction  

Halide (F−, Cl−, Br−, and I−), sulfide (S2−), and cyanide (CN−) anions play essential roles 

in many biological, chemical, and environmental processes, and great efforts have 

been made aiming to develop the selective receptors capable of fluorescent 

detection of such anions.(280-287) The quest for selective sensing appears to be 

extremely challenging, due to the similarity of the physical and chemical properties 

of the targeted analytes. 

Recently the application of a 5,10,15,20-tetra(1-methyl-4-pyridino)-porphyrin Pt(II) 

tetra-chloride (Pt(II)-TMPyP) was demonstrated by Masih et al. for the ultra-

sensitive, easy, rapid, environmentally friendly, and economical determination of 

anions, especially iodide.(288) In the presence of iodide anions, the PL quenching 

of Pt(II)TMPyP was directly observed upon irradiation with visible light with a pico-

molar (pmol) level detection limit. The method did not require complex 

preparatory steps or the presence of additional species such as Hg, which is usually 

used for the activation of fluorophores, as a fluorescence turn-on signal.(289, 290) 

However, this method suffered from the absence of selectivity for a certain anion, 

and required further development. In this study, the attempt to overcome such a 

drawback was launched and achieved in a collaboration with Prof. Mohammed and 

Dr. Masih, who performed all the steady-state photoluminescence measurements 

reported in this subchapter. 
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One of the promising solutions to tackle the selectivity issue is the encapsulation 

of functional moieties in solid matrices,(291, 292) which can act as selective barrier 

for certain species. Restricted accessibility of specific analytes to the pore of MOF 

can be caused by specificity of the analyte dimensions compared to the size and 

shape of the MOF pore window, or specificity of physiochemically driven 

interaction between analyte and framework. 

Metalloporphyrins have been successfully immobilized in matrices of porous solids 

(e.g. zeolites, MOFs, silicates, etc.)(293-297) In addition, porphyrins functionalized 

with reactive groups serve as building blocks for the construction of porous 

polymers(298, 299) or MOFs.(238) Porphyrins in immobilized or embedded form 

have been widely reported as an active component for different applications, such 

as sensing and catalysis.(53, 300) Although most of these applications require a 

high material stability, coordination bonding in MOFs often results in their limited 

stability.(301) Turning a disadvantage into an advantage, this feature has been 

successfully exploited for the controlled drug delivery, whereupon the slow pH-

sensitive destruction of the MOF, the drug is released.(302) However, as for now 

only one report concerning the instability of MOF framework in certain media for 

selective sensing was published.(303)  

In this work, anionic rho-ZMOF (272, 295, 304) possessing large voids, recently 

synthesized by our group, was employed as a host matrix for a sensitive cationic 

metalloporphyrin (Pt(II)TMPyP) to enhance its selective sensing properties.  



164 
 

5.2.2 Experimental Section 

Pt(II)TMPyP/rho-ZMOF was synthesized following the previously reported procedure with 

slight modifications:(305) 4,5-ImDc (200 μmol), In(NO3)3·xH2O (80 μmol), and Pt(II)TMPyP 

(5 μmol) were mixed in 3 mL EtOH/DMF mixture (1:1) in a 20 mL scintillation vial. The vial 

was sealed and sonicated for 20 min, then heated to 85°C for 12 h, and then heated again 

to 105°C for 48 h, before cooling down to RT. The resultant dark crystalline powder was 

washed several times with methanol.  

Steady-state absorption and emission measurements were performed using a rectangular 

quartz cell with a 1 cm optical path on a Cary5000 UV-Vis spectrometer (Agilent 

Technologies) and a Fluoromax-4 spectrofluorometer (Horiba Scientific), respectively. In 

the steady-state measurements, the concentration of the non-encapsulated porphyrin 

and its composite was kept constant. The Pt(II)-porphyrins were completely soluble in 

water and methanol. In the case of the composites, a homogeneous suspension was used 

for recording the steady-state spectra. Small aliquots of dilute analyte anion solution 

containing porphyrin were successively added into the quartz cell containing the analyst. 

UV-Vis and photoluminescence spectra were recorded immediately after each addition 

of the analyte solution. An excitation wavelength of 512 nm was used for Pt(II)TMPyP. By 

the end of the steady-state measurements, the solid part was separated by filtration. 

Finally, the obtained product was dried overnight and characterized by X-ray 

diffractometer and FT-IR spectrometer. 
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5.2.3 Results and Discussion 

Following our previous studies,(272, 295, 297) the framework with a rho-zeolite-

like topology (rho-ZMOF) was chosen as the matrix for porphyrin encapsulation, 

because of its large pores and their anionic nature. The in situ encapsulation 

process of the porphyrin is depicted in Fig. 5.3. Single-metal-ion-based tetrahedral 

MBBs of InN4(CO2)4 are formed in situ in a solution of indium salt and 4,5-ImDc. 

Cationic Pt(II)TMPyP acts as a structure-directing agent, guiding the assembly of 

the MMBs to construct the rho-ZMOF framework. The anionic framework is 

electrostatically balanced by the presence of cationic porphyrin and [(CH3)2NH2]
+ 

cations formed from the decomposition of solvent, thus, the Pt(II)TMPyP/rho-

ZMOF composite is neutral.  

 

 

Figure 5.3 The synthesis of rho-ZMOF with the encapsulated porphyrin: (a) Construction 
of eight-coordinated MBB, (b) Assembly of the MBB around Pt(II)TMPyP porphyrin in the 

solution (c) rho-ZMOF framework with encapsulated in the cavity porphyrin. 
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Figure 5.4 (a) PXRD comparison of Pt(II)TMPyP/rho-ZMOF and rho-ZMOF, (b) UV-Vis 
spectra of washing solution. 

 

The phase purity of for Pt(II)TMPyP encaged in rho-ZMOF was confirmed by PXRD 

pattern comparison of pure rho-ZMOF with the obtained Pt(II)TMPyP/rho-ZMOF 

pattern (Fig. 5.4, a). Prior to analysis, the sample was thoroughly washed with DMF 

and MeOH, until no residual porphyrin was present, as evident from the UV-Vis 

spectrum of the washing solution (Fig. 5.4, b). The ICP and SEM-EDX analysis 

provided the weight and atomic ratio of In and Pt, from which the loading amount 

was estimated (Fig. 5.5 and Tables 5.1-5.2). The atomic ratio of In to Pt was in 

agreement for both techniques used and was estimated to be about 12. As rho-

ZMOF unit cell contains 48 indium metal ions and 96 ligands, the ratio In/Pt = 12 

implies that the loading amount is two porphyrins per cage. Notably, previously 

only one porphyrin per cage was encapsulated.(295) The difference arises from the 

use of metallated porphyrin instead of a free base porphyrin. In this case, 

Pt(II)TMPyP contributes to the improved packing of the molecules.  
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Figure 5.5 (a-d) SEM images and the corresponding EDX peaks for the elements; C, O, Pt, 
and In. 

 

Table 5.1 Pt and In, Wt%, At% in as synthesized Pt(II)TMPyP/rho-ZMOF and In/Pt ratios, 
obtained from SEM-EDX analysis (corresponds to Fig 5.5). 

 (a) (b) (c) (d) average 
average 

ratio 

 Pt In Pt In Pt In Pt In Pt In In/Pt 

Wt% 2.38 16.25 1.9 12.51 1.42 10.14 2.95 21.24 2.16 15.03 6.97 

At% 0.19 2.18 0.14 1.61 0.10 1.25 0.25 3.02 0.17 2.01 11.86 

 

Table 5.2 Pt and In, Wt%, At% in as synthesized Pt(II)TMPyP/rho-ZMOF and In/Pt ratios, 
obtained from ICP analysis. 

 Pt In 
average ratio 

In/Pt 
nm 177.65 191.11 203.65 201.94 230.61 303.94 325.61 325.86 

ppm 11.61 11.59 11.63 11.62 87.99 87.99 88.03 88.04 

Wt% 11.61 88.01 7.57 

At% 0.0595 0.7665 12.87 
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Figure 5.6 Simulated in Materials Studio packing of Pt(II)TMPyP in rho-ZMOF. 

 

The proposed packing of Pt-porphyrin in rho-ZMOF cage was simulated with Materials 

Studio by combining the original rho-ZMOF structure and the reported metallated 

porphyrin (IPOZUK) from CSD and depicted in Figure. 5.6. 

The difference in reactivity of a free-base and metallated porphyrin led to the necessity 

to extend reaction time from 1.5 days to 3 days, which also resulted in a significant 

decrease of the crystals size from 150 to 0.5-5 μm (Fig. 5.7). 

 

 

Figure 5.7 (a) SEM image of Pt(II)TMPyP/rho-ZMOF and (b) optical images of the 
suspension of the Pt(II)TMPyP/rho-ZMOF and rho-ZMOF in methanol after 10 minutes. 
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Figure 5.8 SEM-EDX elemental maps of oxygen, indium, and platinum in the 
Pt(II)TMPyP/rho-ZMOF. 

 

The SEM-EDX maps are presented in Fig. 5.8. The distribution of Pt(II)TMPyP is uniform 

through all the MOF crystals. This is expected as porphyrin acts as cationic SDA and ZMOF 

structure is constructed around the porphyrin in situ. 

The sensing activity and selectivity of the prepared MOF-encaged Pt(II)TMPyP for iodide 

and sulfide ions were first evaluated and compared to that of the free Pt(II)TMPyP in 

aqueous media (Fig. 5.9).(288) A similar level of sensitivity was observed towards sulfide 

ions, while Pt(II)TMPyP/rho-ZMOF showed insensitivity towards iodide. 
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Figure 5.9 Steady-state PL spectra for the interactions of non-encapsulated Pt(II)TMPyP 
and Pt(II)TMPyP/rho-ZMOF with (a,c) iodide ions and (b,d) sulfide ions in water. 

 

In contrast to the free-standing porphyrin - Pt(II)TMPyP, which was immediately 

responsive and extremely sensitive to the diluted solution of iodide anions, even in the 

presence of excessive amounts (46 times higher) of the iodide anions, the 

Pt(II)TMPyP/rho-ZMOF composite showed a negligible change in the PL ‘turn-off’ signal 

(Fig. 5.9, c). The presence of a surrounding framework, in this case, had blocked the 

photoinduced electron transfer. This is probably due to the fact that the charge of cationic 

porphyrin, in this case, is balanced by the anionic rho-ZMOF framework. Even though the 

window size allows iodide anions to enter the pores (diameter 9 Å), the electrostatic 

interactions between Pt(II)TMPyP and rho-ZMOF composite prevent the framework/I- 

anionic exchange. Thus, the contact between Pt(II)TMPyP and I- ions, as well as 

photoinduced reduction does not occur.  
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Notably, the interactions of other halide ions, such as fluoride, chloride, and bromide, 

with the composite Pt(II)TMPyP/rho-ZMOF were found to be similar to that of the iodide 

anions.(279) The stability of the Pt(II)TMPyP/rho-ZMOF composite structure in the 

aqueous halides solutions was also verified by steady state PL measurements, which is 

indicative by the lack of photoinduced electron-transfer from the halide to the platinum 

metal center. The release of Pt(II)TMPyP molecules from the MOF cages otherwise would 

result in quenching of the PL.  

Interestingly, upon addition of aqueous-phase sulfide ions to the Pt(II)TMPyP/rho-ZMOF 

composite, a prominent decrease was noticed in the PL intensity of the porphyrin (Fig. 

5.9, d). For the same amounts of iodide and sulfide added to the composite, the addition 

of iodide showed a negligible (7%) change in the PL intensity, while more than 71% PL 

quenching was observed with the addition of sulfide. Thus, in the composite form, 

Pt(II)TMPyP porphyrin demonstrates selective sensing of sulfide ions over halides. 

In principle, as the detection of sulfide an iodide by free-standing Pt(II)TMPyP follow the 

same mechanism, to cause the PL quenching in experiment with Pt(II)TMPyP/rho-ZMOF, 

the Pt(II)TMPyP is supposed to be released from the cage. 

 In order to understand the behavior of the Pt(II)TMPyP/rho-ZMOF composite, the PXRD 

patterns and IR spectra were recorded to determine the structural changes in the 

Pt(II)TMPyP/rho-ZMOF composite after interactions with the analyte anions in aqueous 

solution (Fig. 5.10).  

The long-range order of the MOF structure decreased upon interaction with aqueous-

phase iodide solution. As a result of the slow and partial dissolution of the MOF structure, 
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a small amount of Pt(II)TMPyP was released into the solution. Subsequently, this released 

porphyrin reacted with the iodide ions and a slight PL ‘turn-off’ change was observed 

(Fig.5.10, c). For comparison, a more deteriorated long-range order of the composite was 

observed after its interaction with aqueous-phase sulfide ions (Fig. 5.10, a). This reduction 

in the structural regularity indicates the decomposition of the framework, which can be 

explained by the difference in basicity of the sulfide and iodide solutions (the aqueous 

solution of sulfide is more basic than the iodide solution). The framework of the rho-

ZMOF is less stable under sulfide induced basic conditions; (279) therefore, the 

destruction process is accelerated, leading to the release of the encapsulated Pt(II)TMPyP 

moiety, and resulting in its availability for the photoinduced electron transfer reaction. 

This could explain the enhanced quenching of intensity in the PL spectra upon interaction 

with the sulfide ions. 

 

 

Figure 5.10 (a) PXRD patterns and (b) FT-IR spectra of the Pt(II)TMPyP/rho-ZMOF solid 
product, obtained after interactions with iodide and sulfide ions in aqueous solutions. 
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FT-IR spectra supports this assumption (Fig. 5.10, b). The spectra of the solid product 

recovered after interaction with Iodide depicts primarily the organic motif of 4,5-ImDc in 

the rho-ZMOF and Pt(II)TMPyP moiety. No changes or new IR active peaks were observed 

in the vibrational spectra of the aqueous iodide solution. Hence, the aqueous iodide 

anions did not react with the MOF structure and did not lead to its dissolution. On the 

other hand, a drastic change in the IR stretching was observed in the recovered solid 

product after the interaction with sulfide. Decrease in IR intensity illustrated a loss-on-

dissolution for the 4,5-ImDc. Therefore, indeed, the extensive release of Pt(II)TMPyP at 

the expense of the destruction of sod-ZMOF structure is the guiding factor in the selective 

sensing of aqueous-phase sulfide ions. 

The sensing activity and selectivity of the prepared MOF-encaged Pt(II)TMPyP for iodide 

and sulfide ions were also evaluated in methanol solution (Fig. 5.11). The results in the 

case of free-standing porphyrin Pt(II)TMPyP have so far shown that, regardless of the 

solution media, aqueous or methanolic, the analyte anion directed the photoinduced 

triplet-state electron transfer and led to the quenching of the PL intensity. Both the iodide 

and sulfide ions exhibited fast responses and strong quenching of the PL intensity in the 

methanol phase, similar to their aqueous phase behaviour. For the same concentration 

of iodide and sulfide anions in methanolic solution, the level of PL quenching by free-

standing porphyrin was 75% and 60%, respectively. On the other hand, the 

Pt(II)TMPyP/rho-ZMOF composite was found to be insensitive towards the iodide ions in 

methanolic solution, providing further evidence that iodide is not able to perturb the 

porphyrin unit. 
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Figure 5.11 Steady-state PL spectra for the interactions of Pt(II)TMPyP and 
Pt(II)TMPyP/rho-ZMOF with (a,c) iodide and (b,d) sulfide ions in methanol. 

 
In contrast to the negligible PL change observed during the interaction of the 

composite with iodide ions in methanolic solution, a drastic enhancement of the 

PL intensity was detected upon interaction with sulfide ions (Fig. 5.11, d). In other 

words, an interesting and important PL ‘turn-on’ signal that extremely enhanced 

(210%) the PL intensity was demonstrated by the interaction of sulfide ions with 

the Pt(II)TMPyP/rho-ZMOF composite. This enhancement in the PL intensity may 

result from the restrained movements of the porphyrin by the new chemical 

environment. In the organic medium, the sulfide ions are perhaps interacting with 

the structural moieties of the MOF. The change in the surrounding environment of 

the encapsulated Pt(II)TMPyP can hinder the twisting motion of the meso-unit of 

the porphyrin, and increase the PL intensity.(306)  
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Figure 5.12 (a) PXRD patterns and (b) FT-IR spectra of the Pt(II)TMPyP/rho-ZMOF solid 
product, obtained after interactions with iodide and sulfide ions in methanolic solutions. 
 

PXRD patterns of the Pt(II)TMPyP/rho-ZMOF composite after interactions with 

iodide and sulfide ions in methanolic solutions are shown in Figure 5.12, a. In 

comparison with the decreased structural regularity after interaction with aqueous 

solution, the long-range order of the composite was better preserved in 

methanolic solution. However, the PXRD experiment cannot provide in depth 

understanding of structural changes. As peaks appeared at different positions for 

the product recovered after interactions with sulfide, it is speculated that sulfide 

ions manifested strong interaction with the composite structure in methanol, and 

perhaps locked the Pt(II)TMPyP molecules. With the increased structural restraints, 

the tightly packed porphyrin exhibited an increase in PL intensity. Therefore, these 

compositional changes in the MOF structure guided the selective PL ‘turn-on’ 

sensing of sulfide ions. 
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The FT-IR spectra supported the observations in the crystalline structure (Fig. 5.12, 

d). All of the IR stretchings during the interaction of the composite with iodide in 

methanolic solution were essentially the same. On the other hand, FT-IR spectra 

for the composite revealed drastic changes after interactions with methanolic 

sulfide solution, supporting the observations in the PXRD.  

It should be mentioned, that from a practical viewpoint, selective PL ‘turn-on’ 

signal is highly desirable,(46, 48-53) since it is least influenced by the presence of 

any coexisting species. 

 

5.2.4 Conclusion and Outlook  

The encapsulation of the platinum-metallated porphyrin, Pt(II)TMPyP, was 

successfully achieved in a rho-ZMOF. The sensing activity and selectivity of the 

Pt(II)TMPyP/rho-ZMOF composite for sulfide and halides anions in aqueous and 

methanolic solutions were investigated and compared with the free-standing 

porphyrins. Unlike the negligible PL change observed during the interaction of the 

composite with iodide ions in both aqueous and methanolic solutions, a drastic 

change in the PL intensity was observed upon interaction of the composite with 

sulfide ions only, providing a strong experimental evidence for the anion-selective 

sensing. By encapsulating active moiety in MOF, both, the limited accessibility of 

the porphyrin to certain species when incorporated into a MOF, and the 

porphyrin’s predictable release upon the destruction of the framework in media-

dependent anion-selective sensing were achieved. 
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5.3 Tuning the Property of sod-ZMOF Membrane with Ca2+ Exchange 

5.3.1 Introduction  

Since the discovery of microporous materials with unique, comparable to the gas kinetic 

diameter pore sizes and specific tunable internal surface chemistry, such as zeolites and 

MOFs, considerable attention has been focused on the targeted synthesis of such 

materials in a form of microcrystalline membranes for selective gas separation.(62, 72, 

73) As mentioned earlier, gases in microporous materials permeate through the solution-

diffusion mechanism. Permeation properties in microporous membranes are complicated 

due to the additional permeation pathways or barriers occurring from intercrystalline 

defects caused by voids or non-oriented intergrowth. Thus, the synthetic procedure plays 

an important role in tuning properties of membranes.(62, 307)  

Another way of tuning the properties of membranes is cation exchange.(308-311) It has 

been shown that the cation exchange in zeolites can lead to different interactions with 

permeating molecules, and, therefore, affect its transport properties through the 

membrane. Both diffusion and sorption component of the permeability should be 

affected by the exchange. Importantly, while a great number of reports has been 

published on tuning the sorption properties of anionic MOFs and zeolites,(312-319) as 

well as the permeation properties of zeolite membranes via cation exchange,(309, 311, 

320, 321) the experimental study on the effect of cation exchange on pure MOF 

membranes has not been reported so far. The objective of the present subchapter was to 

investigate the effect of the cation exchange on sod-ZMOF membrane properties.  
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In the recent article Al-Maythalony et al. have reported the formation and investigation 

of the permeation properties of sod-ZMOF (In-4,5-ImDc) membranes on porous alumina 

support.(80) The structure of the sod-ZMOF in comparison with SOD zeolite is presented 

in Fig. 5.13. The 6-membered ring opening has a diameter of 4.1 Å (estimated from crystal 

structure) and provides access of gases into the MOF pores. The transport properties of 

single-component gases and mixtures of CO2/H2, CO2/CH4, CO2/N2 were investigated. Due 

to the intrinsic anionic nature of the framework, balanced by the presence of imidazolium 

cations inside the pores, the membrane possesses unique CO2 selective permeation over 

H2, CO2 and N2 in studied mixtures, driven mainly by a strong quadrupole interaction of 

CO2 with a charged framework. 

 

 

Figure 5.13 Comparison of the SOD zeolite and sod-ZMOF (In-4,5-ImDc) structures.  
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A pronounced reverse selectivity in case of CO2/H2 was observed in a sod-ZMOF 

membrane. The reverse selectivity arises when prerequisites of particular kinetic 

diameters of the gases, membrane pore size and interaction between pore walls and 

permeates are met and refers to the event when strongly adsorbing, usually bigger 

molecules permeate faster than the smaller weakly-adsorbing molecules in a mix gas 

permeation experiment. In this case, weakly adsorbing molecules are not able to pass the 

molecules adsorbed in the micropores. Thus, even slight alteration of pore environment 

in such enclosed system, can have a significant impact on gas transport properties.  

In a light of strong CO2 affinity of sod-ZMOF, several attempts to further enhance the 

interaction of framework with CO2 were performed via a post-synthetic modification of 

bulk material. In particular, the sorption properties of sod-ZMOF crystals were evaluated 

after cation exchange (322) and amine grafting.(323, 324) A slight increase of CO2 capacity 

(up to 15 % with K+) was observed in cation-exchanged samples. However, the CO2 

adsorption performance appeared to be not consistent with the size and charge of 

cations, and the authors had proposed that the distribution of the cations in the pore or 

pore window might play even more of a role in affecting the sorption properties.(322) To 

verify that assumption Demir et al. had performed Monte Carlo molecular dynamics 

simulation on sod-ZMOF exchanged with cations, taking as a model the experimental 

results obtained by Chen et al..(322) In their study, Demir et al. (325) had achieved a good 

agreement between experimental and simulation results for CO2 adsorption capacities 

and had further extended their study to the estimation of diffusion coefficients and 

overall permselectivities. 
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The study revealed that the single-gas diffusion increases with the exchange of a bigger 

imidazolium cation with smaller alkali metals, but only at the higher exchange rates. In 

the partially exchanged samples the rearrangement of imidazolium cations and 

exchanged cations led to the diffusivities similar to the non-exchanged sample, as the 

imidazolium cations are localized close to the 6-membered ring window of sod-ZMOF and 

affect its size. Notably, the diffusion of CH4, due to the weak interactions with framework, 

was significantly higher than that of CO2 in all the experiments. The mix gas 

permselectivities for CO2/CH4 were estimated to be significantly higher than the ideal 

selectivities, suggesting that performance of the membranes prepared from sod-ZMOF 

material for CO2/CH4 separation is beyond the size-based molecular exclusion and based 

on sorption interaction. This indeed was the case for sod-ZMOF membrane.(80) 

The preliminary study of Na+, Li+, K+ and Mg2+ cation exchange of sod-ZMOF performed 

by Samin (326) along with experimental studies reported previously in the literature (322, 

327) have indicated that the partial or full blockage of the framework window might occur 

upon exchange of the framework with alkali cations. Thus, it was decided to use divalent 

cation for exchange in this study. Despite the larger size it is anticipated that divalent 

cations will not encounter the above-mentioned problem, as the two imidazolium cations 

will be substituted by only one divalent cation. In addition, as the exchange cation limit is 

typically lower for Mg2+ compared to Ca2+ cation,(326, 328, 329) this exploratory study is 

limited to the investigation of the effect of only calcium exchange on the performance of 

the sod-ZMOF membrane. The parallels between permeation and adsorption on the 

exchanged bulk sod-ZMOF are made. 
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5.3.2 Experimental Section 

sod-ZMOF polycrystalline powder was prepared following the originally reported 

procedure described by Liu et al.(272) 

Synthesis of sod-ZMOF membrane: an alumina substrate was extensively washed with 

water and dried at 150ºC before use. The sod-ZMOF was prepared following the recently 

described synthetic procedure with small modifications:(80) 4,5-ImDc (130 mg, 0.8 

mmol), 3 mL of 0.1 M In(NO3)3·xH2O in DMF, 9 mL DMF, 3 mL of CH3CN, 1.5 mL of 1.5 M 

imidazole solution in DMF, and 1.8 mL of 3.5 M solution of HNO3 in DMF were added to a 

60 mL vial. The mixture was sonicated until the solution became clear, and then alumina 

substrate was added to the reaction mixture. The vial was sealed and placed in the oven 

preheated to 105°C for 3 days. After the stipulated period the reaction mixture was 

cooled down to room temperature and the membrane was washed with DMF several 

times and exchanged with CH3CN. The solvent exchanged membrane was placed in a 

permeation cell and evaluated for single and mix gas permeation. After the tests, the 

same membrane was carefully taken out of the cell and exchanged with Ca2+
. The handling 

of the membrane in every step was performed with extreme care. 

Ca2+ exchange: soaking membrane or polycrystalline powder of MOF in a periodically 

refreshed solution containing a calcium salt led to the cation-exchanged version of the 

samples. The MeOH/CH3CN (70/30) solvent mixture was used for exchange. The thin film 

and polycrystalline powder were separately soaked in 0.1 M solution of calcium nitrate 

for 24 hours with solution refreshing every 2 hours. The cation exchange samples were 

exchanged with CH3CN prior to sorption and permeation experiments.  
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5.3.3 Results and Discussion 

The anionic sod-ZMOF membrane represents a suitable platform for the evaluation of the 

exchange of extra-framework cations on the permeation of small molecules. In order to 

obtain accurate estimate of the sorption coefficient of the sod-ZMOF membrane 

permeability, in addition to the membrane, the sod-ZMOF was prepared in a form of 

polycrystalline powder for a low-pressure gas sorption experiment. Both the permeability 

of membrane and sorption studies on powder samples were performed on non-modified 

samples in order to obtain an accurate comparison of the properties before and after 

exchange. The experimental results will be discussed below. The samples were later 

exchanged with calcium using the same experimental conditions for membrane and bulk 

material and tested again for permeability and sorption performance.  

The PXRD analysis was conducted on both samples after all sorption and permeation 

measurements. Notably, no significant changes were observed in PXRD patterns before 

and after exchange on both samples, probably due to the low percent of the cation 

exchange. The comparison of powder patterns of sod-ZMOF (Ca2+) membrane and 

microcrystalline powder is presented in Figure 5.14 and indicates the presence of 

additional thee peaks of Al2O3 substrate on the membrane diffractogram. 

After all the performance test membrane was broken and the thickness was estimated 

from the cross-sectional SEM image (Fig. 5.15). The thickness of 20 micron was used for 

permeability calculation and was assumed to be unaffected by the change of the inner 

framework cations. 
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Figure 5.14 Comparison of the PXRD pattern of sod-ZMOF (Ca2+) membrane and 

polycrystalline powder, collected after permeation and sorption assessment, with 
pattern of sod-ZMOF (Im+) calculated from SC data. 

 

 

Figure 5.15 (a) A top-view and (b)cross-sectional SEM images of the sod-ZMOF(Ca2+) 

membrane.  
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In order to estimate the exchanged amount in the thin film of sod-ZMOF(Ca2+) the crystals 

from the top of alumina substrate were detached with spatula and digested in 

concentrated acid for ICP analysis. The loading percentage were estimated form In/Ca 

ratio and found to be 21 and 20 % for bulk material and membrane, respectively.  

To investigate the difference in the capacity of sod-ZMOF(Im+) and sod-ZMOF(Ca2+) to 

adsorb light gases, single gas equilibrium adsorption isotherms for H2, CO2, CH4, C2H6, 

C3H8, C4H10 and i-C4H10 were measured at 298 K. Additional isotherms were measured in 

order to investigate the difference of heat of adsorption for CO2 and H2. The measured 

isotherms exhibited the full reversibility upon desorption with no apparent hysteresis. 

As shown in Figure 5.16, a-b, no significant difference was observed in gas uptake or in 

enthalpy of adsorption for CO2/H2 gas pair for parent and cation exchanged materials, 

however, slightly steeper uptake of CO2 at low pressure indicate enhanced interaction of 

CO2 with framework. Interestingly, the methane and ethane adsorption capacities of sod-

ZMOF(Ca2+) (Fig. 5.16, c) are both considerably higher than that observed for parent 

sample, which might be explained by stronger interactions of the adsorbing molecules 

with extra-framework cations, caused by tightening of the pores due to the certain 

rearrangement of imidazolium and calcium cations inside the pores. Further studies on 

the low-pressure adsorption of molecules with higher polarizabilities and kinetic 

diameters, such as propane, butane and isobutane on sod-ZMOF(Ca2+) (Fig 5.16, d, e), 

showed in contrast the decrease of the sorption capacity in comparison to the sod-

ZMOF(Im+) sample. The steepness of the isotherms indicates the enhanced interaction of 

gases with the pores, while low uptake can be attributed to the diffusion limit. 
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Figure 5.16 The comparison of (a) low pressure CO2 adsorption isotherms, (b) heat of 

adsorption of CO2 and H2 and low pressure (c) CH4, C2H6, (d) C3H8, (e) C4, i-C4 adsorption 

isotherms of sod-ZMOF(Im+) and sod-ZMOF(Ca2+). 
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Although no apparent change is seen during the adsorption of carbon dioxide, the 

significant change is expected in its permeation through sod-ZMOF(Ca2+) membrane 

compared to sod-ZMOF(Im+). The adsorption behavior of gases heavier than CO2 indicate 

that the pore size and polarizability of the framework clearly had been affected by the 

calcium exchange, which can cause changes in the CO2 diffusion. Importantly, some 

important changes in the framework caused by cation exchange might be overlooked if 

only sorption of gases of interest is considered (for example, only CO2 and H2). 

Single gas and mix gas permeation measurements were carried out using the same 

procedure, as described in the subchapter 4.2 for M’2(pyr)2(SiF6) (M’=Cu, Ni) membranes. 

The permeation experiments were conducted at 308 K and 2 bar upstream pressure on 

exactly the same membrane before and after exchange. Multiple attempts on the 

synthesis and membrane exchange had failed due to the fragility of the membrane during 

handling process, including mounting membrane to the cell, removing from the cell, 

cation exchange, fast drying, etc. After countless attempts the case permeation study was 

performed.  

A significant improvement in gas permeabilities of H2, CO2, O2 single gases in Ca2+ 

exchanged sod-ZMOF membranes was observed compared to parent sod-ZMOF 

membrane (Figure 5.17, a). Interestingly, the parent membrane exhibited reverse 

selective ideal CO2/H2 behavior, while the permeation of hydrogen through cation 

exchanged membrane was, in contrary, significantly higher than that of CO2. The new 

cation environment, apparently, had affected the diffusion component of the hydrogen 

permeability (as P=S∙D). 
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Figure 5.17 (a) Comparison of the permeability of single gases of sod-ZMOF(Im+) and 

sod-ZMOF(Ca2+) membranes and the (b)CO2/H2, (c) CO2/CH4, (d) CO2/N2 mixture gas 

permeabilities. 

 

The mixture gas permeation tests with continuous gas analysis via mass spectrometry 

were executed for CO2/H2:20/80, CO2/CH4:50/50, and CO2/N2:10/90 gas mixtures.(Fig. 

5.17, b,c,d). All mixed gas permeation experiments were conducted at 2 bars and 308 K 

and revealed a favorable selectivity toward CO2 of 15.4, 52 and 31.2 over H2, CH4 and N2 

at steady state, respectively. The steady state was reached for all the mixtures in less than 

four hours and its representative part is shown in Figure 5.17. It should be noted that the 

selectivities were constant in the continuous measurement (>48 hours). 
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Table 5.3 Ideal and mix gas selectivities obtained for sod-ZMOF(Ca2+) membrane 
compared to parent sod-ZMOF(Im+) membrane. 

sod-ZMOF 
membrane 

Im+ Ca2+ Im+ Ca2+ Im+ Ca2+ 

CO2/CH4 CO2/H2 CO2/N2 

SIdeal 3.8 6.1 2.5 0.5 8.7 8.7 

Smix 4 52 5.2 15.4 10.5 31.3 

 

The comparison of single (ideal) and mix gas selectivities obtained in the permeation 

experiments for sod-ZMOF(Ca2+) and sod-ZMOF(Im+) membranes (same sample) is 

presented in the Table 5.1. The higher values of the mix gas selectivities compared to the 

ideal selectivities values indicates that the sorption component is predominant in the 

permeabilities of the gases and drives the separation. 

To shed light on the alleged permeation mechanisms, the single gas permeation data 

were further analyzed using solution-diffusion theory for CO2/CH4 and CO2/H2 mixtures. 

The sorption (S) component was calculated from the experimental adsorption data of 

measured gases. As high-pressure sorption experiments were not performed the 

maximum adsorption capacities of measured gases were used in the calculations (Fig. 

5.16). The diffusion (D) component was obtained indirectly from measured permeability 

D=P/S. The calculated data are presented in the Table 5.4. Interestingly, the sorption 

component of CO2 permeability remained practically unchanged upon calcium exchange, 

while the diffusion coefficient was observed to be the double of the value obtained for 

parent sod-ZMOF(Im+) membrane. Apparently, the presence of calcium influenced the 

pore environment, so that CO2 diffusion limitations were reduced. Such an effect was 

recently observed for divalent cation exchange in zeolites.(330, 331) 
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The same effect was observed for hydrogen, however, on higher scale. The calcium 

exchange resulted in almost seven time increase of H2 diffusion coefficient in 

permeability. Interestingly, even though both the diffusion (SID) and sorption (SIS) CO2/H2 

selectivities were lower for calcium exchanged membrane, which reflected in ideal 

selectivities in favor of hydrogen, the real (mix) selectivity was increased from 5.2 to 15.4. 

This might be attributed to the greater ratio of sorption to diffusion selectivity 

components in membranes (SID/SIS) for sod-ZMOF(Ca2+) estimated to 74 compared to 57 

for sod-ZMOF(Im+).  

The new calcium environment resulted in a small permeability decrease of CH4, caused 

by the increase of sorption interactions, which subsequently caused the decrease of the 

CH4 diffusion. The diffusion component of selectivity was drastically increased, which was 

further supported by the favorable sorption selectivity and reflected in the overall mix 

gas selectivity increase from 4 to 52.  

 

Table 5.4 Analysis of sod-ZMOF(Ca2+) and sod-ZMOF(Im+) membrane single gas 
permeation results and its comparison to mix gas selectivity. 

G
as

 

Single gas 
permeability 

Solubility Diffusion Selectivity 

 Barrer* 
10-2∙cm3(STP) 
/(cm3∙cmHg) 

10-8∙cm2/s SIP SIS SID 

sod-ZMOF (Im+) α(CO2/H2) 

H2 41.3 3.6 11.5 2.5 11.5 0.2 

CO2 103.9 41.3 2.5 α(CO2/CH4) 

CH4 27.4 15.1 1.8 3.8 2.7 1.4 

sod-ZMOF (Ca+) α(CO2/H2) 

H2 416.2 5.9 70.6 0.4 7.4 0.1 

CO2 182.5 43.9 4.2 α(CO2/CH4) 

CH4 22.8 19.3 1.2 8.0 2.3 3.5 
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In order to gauge the performance of sod-ZMOF(Ca2+) and sod-ZMOF(Im+) materials 

analyzed in this study in membrane gas separation, the obtained permeability and 

selectivity data were plotted on upper bound plots (Fig. 5.18).(60, 61) The obtained data 

for CO2/H2 gas pair were plotted in comparison with the performance of the benchmark 

reverse selective membranes reported in the literature and shown in Table 4.2 (Fig.5.18, 

a). The performance of sod-ZMOF(Ca2+) for CO2/H2 separation can be considered to be 

the best among MOF membranes with slightly lower selectivity than in M’2(pyr)2(SiF6) 

(M’=Cu, Ni) membranes. It should be noted that most of the pure MOF membranes 

reported in the literature are H2 selective and have outperformed some of the best 

reported zeolites and polymer-based materials.(332) Such unusual reverse selective 

behavior, so far, was observed only in our group and it is attributed to the high interaction 

of CO2 molecules, caused by the high charge density within the pore walls, and relatively 

small pore sizes of the investigated MOFs. 

The performance of the reported membranes for CO2/CH4 and CO2/N2 separation were 

extracted from “Membrane Society of Australia” website and plotted with 2008 Robson 

trade-off (Fig.5.18, b,c).(333) Interestingly, the excessive amount of research nowadays is 

concentrated in the preparation of mixed matrix membrane, where MOF plays the role 

of selective and permeable filler, while the number of reports concerning pure MOF 

membranes are scarce. MMM research was performed under the assumption of the 

superior properties of MOFs compared to the polymers and, indeed, many reports have 

shown that the performance of MOF based MMM have suppressed the upper bound limit 

for CO2/CH4 and CO2/N2 separation (not plotted in the graph).(334) 
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However, to the best of our knowledge, no reports have shown the performance of a pure 

MOF membrane above the upper bound for CO2/CH4 and CO2/N2 separation.  

Thus, the outstanding improvement of separation properties of calcium exchanged 

membranes compared to parent material, tending towards and outperforming the upper 

bound for separation in case of CO2/N2 and CO2/CH4 respectively, is of great significance.  

 
 

Figure 5.18 Comparison of the performance of sod-ZMOF(Im+) and sod-ZMOF(Ca2+) 

membranes with benchmark materials reported in the literature for (a) CO2/H2, (b) 

CO2/CH4, (c) CO2/N2 separation. 
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Significantly, the reproducible synthesis of pure polycrystalline membranes of zeolites 

and MOFs has proven to be extremely challenging. Regrettably, this study is not an 

exception. The solvothermal method used in this study did not allow to fully control 

membrane crystallization and the use of exact same synthetic conditions often had led to 

the construction of obviously defective films (approximately in three out of four 

membranes), which was evident from a quick check of nitrogen permeation. Extremely 

fast, not-measurable permeation through defects were noticed. However, the properties 

of the sod-ZMOF(Im+) membrane which lasted the quick nitrogen check and vacuum 

activation were assessed and revealed good reproducibility, displaying, despite quite a 

discrepancy of the thickness, only slight deviation of selectivity and permeability with the 

results obtained by Al-Maythalony et al.(80) More importantly, the performance of 

calcium cation exchanged sod-ZMOF membrane was also reproduced.  

  

5.3.4 Conclusion and Outlook  

Polycrystalline sod-ZMOF(Im+) membranes were successfully synthesized on alumina 

support by using a slightly modified hydrothermal synthesis, recently reported by Al-

Maythalony et al.(80) The imidazolium cations in the sod-ZMOF(Im+) membrane were 

successfully exchanged with Ca2+ and the properties before and after modification were 

evaluated by measuring permeabilities and selectivities of single and mix gases. The 

trends in the changes in the performance were analyzed using gas adsorption 

measurements performed on Ca-exchanged microcrystalline powder. 
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The calcium exchanged sod-ZMOF membrane had shown almost three times improved 

reverse selectivity mix gas permeation for CO2/H2 gas pair compared to the parent 

membrane (5.2 vs 15.4), while CO2 permeability was doubled. The Ca2+ environment has 

significantly affected the diffusion of hydrogen and carbon dioxide, so that the ideal 

selectivity was in favor for H2 gas. In addition, the unique adsorption driven permeation 

of CO2 had also reflected in an enhancement of CO2/CH4 and CO2/N2 mix gas selectivities 

compared to the non-modified membrane.  

The analysis of measured low-pressure isotherms of hydrocarbons suggests that sod-

ZMOF (Ca2+) membrane might exhibit good separation properties for butane/isobutane 

mixture. The further studies should be performed in order to examine this assessment. 

In addition, the influence of different inorganic and organic cations on membrane 

performance is of great interest and might lead to interesting discoveries. Although the 

research idea seems to be straightforward, the difficulties associated with the synthesis 

of pure MOF membranes (especially those, which require SDAs and complex solvent 

systems in the synthesis), their testing and handling should be highlighted again. Thus, 

numerous failures and time constrains did not allow the full exploration of this MOFs. 

Notably, the difference in a preparation method might significantly alter the performance 

of membranes. Therefore, improving the membrane properties by lowering the 

intercrystalline defects density, as well as lowering membrane thickness can potentially 

enhance the properties of the sod-ZMOF membrane, even without further cation 

modification. New advanced and highly reliable synthetic methods, allowing to access 

new materials prepared at higher temperatures should be developed. 
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5.4 Synthetic Exploration of New Isostructural Analogues of ZMOFs 

5.4.1 Structure of sod-ZMOF (In-4,6-PmDc) and an introductory note. 

A variety of coordination compounds has been synthesized by Cepeda et al. and other 

research groups from 4,6-PmDc ligand and the representative transition and lanthanide 

metals. The preferred coordination modes of such compounds are analyzed and 

highlighted in the recent review.(335) Interestingly, despite the extensive studies and 

structural compatibility of the ligand to target ZMOFs, only one type of zeolite-like MOF 

was obtained during the synthetic exploration of 4,6-PmDc ligand - sod-ZMOF (Fig. 5. 19). 

The compound was first reported by Sava et al. and was based on indium metal. Notably, 

other charged (Yb, Er, Y) and neutral (Cd) framework analogs were reported in Sava’s 

dissertation.(274) 

  

Figure 5.19 Tilling representation of sod-ZMOF (In-4,6-PmDc) structure.  
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The framework space in charged analogs of sod-ZMOF (4,6-PmDc), perhaps due to the 

use of nitric acid in reaction, was occupied by the presence of extra framework cations 

and anions, as in [Na0.36K1.28In(4,6-PmDc)2(NO3)0.64], which resulted in the inaccessibility 

of total pore-volume in as synthesized/solvent exchanged compound. The later lithium 

and sodium (after Li) exchanged samples, however, exhibited permanent porosity and 

were studied in context of their hydrogen storage capabilities. Soon afterwards, the 

Cepeda et al. prepared the crystalline samples of isostructural neutral Mn(336) and 

Cd(337) analogs and charged Sc analog,(338) which was later explored for CO2 adsorption 

and ionic conductivity applications, respectively.  

Importantly all the charges analogs were synthesized with solvothermal method using the 

conventional oven heating.  

The various optimized conditions obtained and reported in this subchapter were used in 

the synthesis of nano- or micro-sized crystals for use as a filler in polymer matrixes for 

MMM preparation. Regrettably, the separation performance of the prepared membranes 

was not conclusive and the obtained data are not reported in this dissertation. However, 

the required optimization of the preparation method in order to obtain high quality 

polycrystalline ZMOF samples was performed, and more importantly, had led to the 

discovery of new isostructural ZMOFs analogs, as well as some interesting minor 

discoveries. 
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5.4.2 Quick synthesis of small-size isostructural analogs of sod-ZMOF (M-4,6-PmDc) 

Synthesis of ligand L3: pyrimidine-4,6-dicarboxylic acid (4,6-PmDc). The product was 

synthesized Dr. Weselinski and later repeated by author multiple times. The synthesis of 

the ligand followed the scheme depicted in Figure 5.20 and described in detail in Appendix 

B.  

 

Figure 5.20 Synthetic scheme for 4,6-PmDc (L3) 
 

Synthesis of the lanthanide analogs of KM(4,6-PmDc)2 (M=Ho-Lu), sod-ZMOF: 4,6-PmDc 

(0.4 mmol) and M(NO3)x∙xH2O (M=Ho-Lu) (0.2 mmol) were dissolved in 7 mL of DMF, then 

0.2 mL of 1M KCl solution in H2O were added to the reaction mixture. The vial was placed 

in an oil bath and heated with stirring to 130˚C for 1.5 hours. Transitions from a turbid 

solution (ligand dispersion) to a clear solution (all reagents are dissolved) and then again 

to the turbid solution (formation of sod-ZMOF crystals) were observed. After the reaction 

was complete, the vial was cooled down and the obtained precipitate was washed several 

times with DMF and exchanged with ethanol.  

Scaled up synthesis of sod-ZMOF: Notably, the scale up of the synthesis of this compound 

is possible by directly scaling mole amounts of reactants, while reducing the amount of 

solvent and performing the reaction under reflux at 130˚C. The CO2 and N2 sorption 

screening revealed sorption uptakes similar to indium analogue. Further high-resolution 

systematic studies are required to compare the effect of a metal in MBB. 
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The PXRD patterns and SEM images of prepared lanthanide analogs are shown in Figure 

5.21 and 5.22. Notably, the Ho, Tm and Lu analogs were obtained for the first time in this 

study. The preparation method is rapid and allows to synthesize large quantities of 

compounds in a short time. Further synthetic and characterization studies are required in 

order to understand the possibility of in situ introduction of extra-framework cations and 

defining the potential areas of application for such materials.  

 
Figure 5.21 PXRD patterns of as-synthesized sod-ZMOF(M-4,6-PmDc) (M=Ho-Lu). 

 

Figure 5.22 SEM images of as synthesized sod-ZMOF(M-4,6-PmDc) (M=Ho-Lu). 
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5.4.3 Quick microwave synthesis of small-size sod-ZMOF (In-4,6-PmDc) in water 

Nowadays, there is a tremendous pressure to use the energy-efficient, environmentally 

friendly processes and “green” materials for the synthesis of new compounds. One 

approach to reduce the energy consortium is the use of microwave heating. The 

microwave synthesis of MOFs is proven to be a powerful technique for the reduction of 

the reaction time as it allows fast nucleation and crystal growth.(235, 339). Another 

important aspect in perceiving the goal of a “green” synthesis is improving the amount of 

solvent used. Solvent plays an essential role in ZMOF synthesis. While, the N,N-

dimethylaniline cation (DMA+) formed from decomposition of DMF in the reaction, acts as SDA 

and often assists templating the synthesis of reported ZMOF structures, due to its high cost 

and toxicity this solvent is not applicable for the scale up ZMOF production. The fact that the 

anionic sod-ZMOF (M-4,6-PmDc) framework is balanced by the inorganic cations suggest the 

possibility to synthesize this material in water. Indeed, the microwave hydrothermal reaction 

has led to the construction of sod-ZMOF (4,6-PmDc) analogs. 

Microwave synthesis of the (Na/K)M(4,6-PmDc)2, sod-ZMOF: 4,6-PmDc (0.1 mmol) and 

M(NO3)x∙xH2O (0.05 mmol) were dispersed in 2 mL of H2O, then 0.04 mL of 1M KCl solution 

in H2O (only for anionic analogs) were added to the reaction mixture. The vial was sealed 

with a microwave cup and placed into microwave reactor. The CEM Discover SP 

microwave unit was used. In a “dynamic” method, the power parameter was set on 

200W, pressure on “maximum”, stirring on “medium’, temperature at 130˚C and time at 

45 s. In these conditions, the system ramps up to the set-point temperature and holds it 

for a preset time, then cools the reaction down. The overall process takes about 8 min.  
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Importantly, the optimized microwave hydrothermal conditions had led to the successful 

synthesis of anionic (In-4,6-PmDc) and neutral (Cd-4,6-PmDc) analogs in water, which is 

confirmed by the comparison of powder XRD patterns of as-synthesized sod-ZMOFs with 

the pattern calculated from SCXRD data for indium analog (Fig. 5.23). The neutral 

compounds can be prepared using the mixture of metal and ligand precursors, without 

the use of other inorganic salt as SDAs. 

As the anionic nature of ZMOF opens the possibility to utilize such materials in the 

applications where neutral MOFs are inapplicable, we have concentrated our efforts on 

assessing the sorption properties of indium analog prepared via a microwave reaction in 

water. The size of prepared crystals was in nanometer scale (Fig.5.23). Interestingly, the 

microwave conditions have reflected in the sod-ZMOF with different external 

environment, compared to the reported by Sava et al., which was inaccessible for gas 

sorption before Li + exchange.(274) 

 
Figure 5.23 PXRD patterns of as synthesized sod-ZMOF(M-4,6-PmDc) (M=In, Cd). 
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Figure 5.24 SEM images of as synthesized sod-ZMOF(In-4,6-PmDc). 

 

 

Figure 5.25 Low pressure (a) CO2 uptake at different temperatures and (c) comparison of 
CO2, CH4, C2H6, C3H8, C4H10 and i-C4H10 gas uptakes at 298 K. Heat of adsorption of (b) 

CO2 and (d) H2. 
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The pores of sod-ZMOF exchanged with ethanol for easier activation were accessible to 

all measured gases (Fig. 5.25). Although the size of the pores of sod-ZMOF based on 4,6-

PmDc is slightly higher than that of sod-ZMOF based on 4,5-ImDc, the heat of adsorption 

of CO2 was found to be slightly higher in 4,6-PmDc analog, around 28 kJ/mol compared to 

25 kJ/mol reported for one based on 4,5-ImDc.(80)  

The N2 isotherm was measured for the sod-ZMOF (In-4,6-PmDc) prepared in water after 

activation at different temperatures from RT to 300ºC. The optimum porosity was 

achieved in a range of 100–280ºC and the apparent BET surface areas and pore volume 

were estimated to be 680 m2g-1 and 0.27 cm3g-1, respectively. The N2 isotherm of the 

material activated at 280 ºC is presented in the Figure 5.26. These results indicate high 

stability and permanent porosity of the sample prepared in water. Notably, the optimum 

porosity for sod-ZMOF(In-4,5-ImDc) is normally achieved at 105ºC and after 120ºC the 

movements of frameworks cations leads to the blockage of the pores.(80)  

 

Figure 5.26 N2 low pressure isotherm of sod-ZMOF(In-4,6-PmDc) prepared in water and 
activated at 280ºC measured at 77K. 
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Therefore, the sod-ZMOF(In-4,6-PmDc), with its stability and preparation in water, using 

economically favorable microwave assisted heating, stability and pore accessibility up to 

280ºC might be a better candidate for the construction of industrially valuable sod-ZMOFs 

membranes than its sod-ZMOF(In-4,5-ImDc) analog. Countless attempts were undertaken 

in order to prepare a defect-free measurable membrane, however, all were unsuccessful. 

The use of different additives which can promote crystal intergrowth should be further 

explored. The successful example of the addition of an additive during the preparation of 

a defect free ana-ZMOF membrane will be discussed in the Subchapter 5.6. 
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5.4.4 Structure of ana-ZMOF (Y-4,5-ImDc) 

Highly stable ana-ZMOF (Y-4,5-ImDc) frameworks, capable of kinetic separation of 

branched from linear alkanes, was discovered recently by Mohideen et al.(278) The 

assembly of yttrium and potassium cation with 4,5-ImDc led to the construction of anionic 

MOF with topology corresponding to ANA zeolite (Fig. 5.27), in which the DMA+ cations 

formed from the decomposition of DMF are balancing the charge. Interestingly, one 4,5-

ImDc ligand is connected to metal ions via two different types of binding modes. One side 

is bound through N-O-chelation, while the other is connected through oxygens of from 

the carboxylate moieties in monodentate fashion (Fig. 5.28). Notably, the same oxygen 

atoms are connected to potassium ions.  

 

Figure 5.27 Comparison of the ANA zeolite and ana-ZMOF (In-4,5-ImDc) structures, 
DMA+, K+, Cl- omitted for the clarity.  
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In this deceptively complex structure, all the ligands are linked through the symmetry into 

cubic structure with Ia-3d space group, where Y–Y bond directs the topology (Fig. 5.28). 

The access to the cages is permitted through a shared 8-membered ring opening present 

in both tiles forming ana structure. The relatively small pore size (estimated from 3.8 to 

5.2 Å) permits the passage of various hydrocarbon molecules.(278) 

The charged framework is characterized by a strong interaction with CO2, as can be seen 

from the steepness of adsorption isotherm at 298 K, presented in Figure 5.29. The heat 

of adsorption was estimated to be around 40 kJ/mol. Interestingly, no measurable uptake 

of N2 was observed at 77 K (Fig.5.29). 

Encouraged by the success in obtaining isostructural analogs of stable sod-ZMOF (M-4,6-

PmDc) with lanthanide metal ions with fast synthetic approach, we have applied the same 

synthetic strategy to synthesize Ln-isostructural analogs of ana-ZMOF. Importantly, the 

conditions to grow single crystals of Ln analogues were also identified. 

 

Figure 5.28 4,5-ImDc connectivity in and tilling representation and ana-ZMOF (In-4,5-
ImDc) structures.  
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Figure 5.29 CO2 adsorption isotherm at 298 K (left) and the heat of CO2 adsorption 
(right) of ana-ZMOF (Y-4,5-ImDc). 

 

 

5.4.5 Quick synthesis of small crystals of ana-ZMOF (M-4,5-ImDc) membrane 

Synthesis of the lanthanide analogues of ((DMA)2[K3M3(4,5-ImDc)6)Cl2 (M=La-Lu), new 

crystalline phase and ana-ZMOF: 4,5-ImDc (0.4 mmol) and M(NO3)x∙xH2O (M=Eu-Lu) (0.2 

mmol) were dissolved in 7 mL of DMF, then 0.2 mL of 1 M KCl solution in H2O were added 

to the reaction mixture. The vial was placed in oil bath and heated with stirring to 140˚C 

for 1.5 hours. The transition from a turbid solution (dispersion) to a clear solution (all 

reagents are dissolved) and then again to the turbid solution (formation of sod-ZMOF 

crystals) was observed. Then the vial was cooled down and the obtained precipitate was 

collected, washed several times with DMF and exchanged with ethanol. Importantly, the 

Y-analogue can be obtained with the same procedure. The 30-times scale up in respect to 

the reaction components, with only 120 mL of DMF, led to the preparation of 2 g of phase-

pure ana-ZMOF in one batch and could be possibly scaled up further. 
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The exploration of the reaction conditions used for a quick synthesis of sod-ZMOF(4,6-

PmDc) for the whole series of lanthanide ions led to the construction of two different 

types of coordination polymers with a clear ion-radii dependent transition. The PXRD 

analysis of the precipitates obtained in the reactions revealed that ana-ZMOF was formed 

with Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu (Fig. 5.30). Notably in case of sod-ZMOF(4,6-PmDc) 

the frameworks were formed only with Ho, Er, Tm, Yb, Lu probably due to the smaller 

ionic radii of M3+, where Lu-Ho radii range is 0.86–0.9 Å, while Dy-Eu is 0.91–0.95 Å. 

Apparently, the smaller ionic radii allows easier coordination (shorter M-N, M-O 

distances) especially in the case of 5-membered ring 4,5-ImDc ligand. The shift of the first 

diffraction peak of Eu-Lu analogs towards a higher 2-theta angle indicates the decrease 

of the unit cell parameters (Fig. 5.30). 

 

Figure 5.30 PXRD analysis of the phases obtained using the same synthetic conditions 
with the use of different lanthanide salts as precursors.  
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The morphology of the obtained phases was studied with SEM analysis (Fig. 5.31). An 

interesting transition, which was also reflected in PXRD analysis, was observed for the 

phases obtained with different lanthanide salts as precursors of metal ions (M3+) with the 

decrease of ionic radii from La-Pr (1.03–0.99 Å) to Nd-Pr (0.98–0.96 Å) and to Eu-Lu (0.95-

0.86 Å). The well-defined micro-sized cubic crystals could be seen for Eu-Lu analogs. 

Importantly, the crystallinity of the samples increased in the sequence from Eu to Lu, 

which can be clearly seen in the defective structure of Eu analog and barely noticeable on 

normalized PXRD patterns in Figure 5.30.  

The use of the same conditions with La-Pr metal salts instead of Eu-Lu had led to the 

obtaining new nano-sized crystalline phase, which can be concluded from analysis of SEM 

and PXRD (Figure 5.30-31). The presence of peaks in the low angle region suggests that 

the obtained phase possesses the structure with large unit cell parameters.  

 

Figure 5.31 SEM analysis of the phases obtained using same synthetic conditions with 
the use of different lanthanide salts as precursors. 
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Despite the effort put on the obtaining single crystal form of La-Pr coordination polymer 

phase, the crystals suitable for performing SCXRD analysis were not obtained. However, 

a preliminary CO2 and N2 sorption data have suggested the presence of available pores in 

the structure.  

The use of Nd and Sm metals had led to the formation of non-crystalline precipitate. 

Interestingly, the understanding of ion radii size dependence on the formation of ana-

ZMOF had led us to the successful synthesis of isostructural single crystals of ana-ZMOF. 

 

5.4.6 Synthesis of single crystal isostructural analogies of ana-ZMOF (M-4,5-ImDc) 

Synthesis of single crystal ana-ZMOFs, compounds 4–9: A solution containing 0.2 mmol 

of M(NO3)3∙xH2O (M=Dy-Lu), 0.4 mmol 4,5-PmDc, 0.2 mL of 1M KCl solution in H2O, 5 mL 

DMF was well dispersed in the sonication bath for 30 min, and then placed in the 

preheated to 120-130°C oven for 3-5 days. The cubic crystals, completely transparent or 

possessing light pink color (Ho, Er), suitable for SCXRD analysis were obtained. 

Regrettably, we were not able to optimize conditions for Eu, Gd and Tb analogs.  

The summary of the structural parameters obtained for the compounds 4-9, such as 

parameter ‘a’ of the unit cell and the unit cell volume are presented in Figure 5.32. Indeed, 

the smaller unit cell parameters are associated with the use of the M3+ ion with smaller 

ionic radii. The difference of unit cell parameters as well as chemical nature of metal ion 

might reflect in a significant difference in materials properties of isostructural ZMOF 

compounds for specific applications.  
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Figure 5.32 The comparison of unit cell parameter of obtained isostructural analogues 

of ana-ZMOF, compounds 4-9. 
 

The preliminary CO2 adsorption data 298 K of all obtained microcrystalline analogs (Lu-

Eu) revealed no significant difference. The adsorption of hydrocarbon molecules probably 

will result results in bigger discrepancy in the properties, as was shown for the calcium 

exchanged sod-ZMOF(In-ImDc) compare to the parent material. 

5.4.7 Conclusion and Outlook  

The series of lanthanide isostructural analogues of two anionic frameworks, sod-ZMOF 

(PmDc) and ana-ZMOF(ImDc), were successfully isolated. Importantly the sod-ZMOF was 

synthesized in water via microwave heating. The synthetic access of different 

isostructural analogs would allow the additional (to cationic exchange) level of fine-tuning 

of the materials. Interesting properties of such materials in a form of microcrystalline 

membranes are anticipated and should be studied further.  
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5.5 Multifunctional ana-ZMOF Membrane for Reverse Selective Hydrogen 

Separation and Butane Isomer Sieving 

5.5.1 Introduction  

The quest for CO2 selective membranes led our group to the discovery of sod-ZMOF(80), 

sod-ZMOF(Ca2+) (Subchapter 5.3) and SIFSIX-3-Ni (Subchapter 4.2) MOFs membranes 

with a preferential permeation of carbon dioxide over hydrogen, rarely observed before. 

In these membranes the pathway for weakly adsorbing hydrogen is partially blocked by 

the adsorption and the mobility of the strongly adsorbing CO2, which is reflected in the 

high CO2/H2 selectivity in mixed gas experiments (5.2, 15.4, and 20.4, respectively). As was 

mentioned before, most of the MOF membranes reported in the literature so far, are 

diffusion driven, or hydrogen selective,(332) and notably, the works described above are 

the only three reports describing reverse selective, or sorption driven, polycrystalline 

MOF membranes. The reverse selectivity in favor of CO2 for membranes is highly desirable 

in the separation processes where high purity of hydrogen is required.(189) In this 

subchapter the quest for identification of other advanced membranes with equal or 

improved reverse selective permeation of CO2 have been continued. In order to define 

some initial criteria for identifying such high-performance materials, an in-depth analysis 

of the previously reported membranes was performed.(189, 340) A side by side 

comparison of the strength of adsorption, structural features, single and mixture gas 

permeation of CO2 reverse-selective MOF membranes along with general trends in 

designing CO2/H2 selective membranes (189, 340), allowed to identify a key metrics for 

potentially high-performing MOFs materials. Those include:  
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a) Suitable pore size. Pore size should be slightly larger than the kinetic diameter of carbon 

dioxide (𝑑𝐶𝑂2) to allow both molecules to pass and small enough to block hydrogen 

diffusion, when CO2 adsorbs on the pores, roughly 𝑑𝐶𝑂2 < 𝑥 < 3 ∙ 𝑑𝐶𝑂2.(189) 

b) Interconnected pore structure in different directions. The presence of the 

intercrystalline boundaries in MOF membranes as well as in all inorganic microporous 

membranes is unavoidable.(62, 341) The transport of the gases in membranes with one-

dimensional channels align in one direction as in case of SIFSIX-3-Ni membrane 

(subchapter 4.2) will likely be blocked due to the difficulty to control directionality of the 

crystal growth, and, as a consequence permeability will likely be reduced. Therefore, a 

material with a high level of pore connectivity, porous different crystal orientation in the 

membrane, will more likely lead to open pathways and thus enhanced permeabilities.  

c) An optimal interaction of the penetrant with the framework. Strong CO2 affinity with 

the framework will be reflected in limited diffusion, thus, low permeability. On the other 

hand, in the material with weak CO2 adsorption, diffusion component will become 

dominant, which will be reflected in low selectivity. 

According to the identified criteria, recently discovered ana-ZMOF (278) with a small pore 

size, highly interconnected pore structure and CO2 affinity (Fig. 5.33) could be a great 

candidate for the membrane preparation. Importantly, the highly symmetrical (uniform 

in all the directions) pore structure of ana-ZMOF provides high chance of 

interconnectivity of the pores in the crystal intergrowth region, which potentially will 

reflect in high permeability values. 
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Figure 5.33 The comparison of heat of adsorption of MOF materials used for the 
preparation of reverse selective membranes for hydrogen separation. 

 

For a controlled growth of ana-ZMOF film on alumina support, the nucleation sites should 

be homogeneously distributed on the surface. To achieve this goal, in this study, 

polyvinylpyrrolidone (PVP) was introduced in the ana-ZMOF precursor solution as a 

binding agent. Notably, the PVP was previously used in the synthesis of MOF on the 

surface of different type of MOFs (140) and in the synthesis of zeolite membranes.(342) 

The mesomeric structure of PVP allows the nucleation sites to be formed in situ and 

directly anchored onto alumina support. In the substrate modification step, the hydroxyl 

groups (–OH) on the surface of alumina are anticipated to interact with the polyvinyl chain 

of PVP through hydrogen bonding, while the carbonyl group (C=O) of PVP molecules 

would interact with metals (Y, K) via coordination bonding. The scheme of anticipated 

interaction is depicted in Figure 5.34.  
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Figure 5.34 The proposed scheme of the promoted interaction between ana-ZMOF and 
alumina substrate via PVP. 

 

5.5.2 Experimental Section 

ana-ZMOF (Y-4,5-ImDc) membrane preparation: Alumina support washed with water was 

dried in the oven at 150 ºC for 5 hours to remove water and acetone from the surface. 

The membrane was prepared through a two-step synthesis: the surface modification and 

the solvothermal growth. Notably, the surface modification was performed using the 

uncomplete reaction protocol for the synthesis of ana-ZMOF isostructural analogues 

described in subchapter 5.4.6.  

1. Support modification: ana-ZMOF nucleation sites were in situ synthesized and 

deposited on α-Al2O3 substrate. In a typical procedure, 2 mm stir bar and 20 mm in 

diameter α-Al2O3 disc were placed on the different sides on a bottom of a 60 mL 

scintillation vial, then well-dispersed by sonication in the reaction mixture containing 

Y(NO3)3·6H2O (0.05 mmol, 19.2 mg), ImDc (0.1 mmol, 15.6 mg), KCl (0.05 mmol, 3.7 mg), 

PVP (0.5 ml 20w% solution in DMF), water (0.1 mL), and DMF (6 mL) was added and the 

vial was sealed with aluminium foil and cap.  
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The vial was placed in oil bath and heated with stirring to 140˚C for 1 hour. After one hour, 

the vial was opened while hot and the substrate was quickly removed and dried instantly 

in air in the fume hood.  

2. Membrane synthesis: a reaction mixture containing Y(NO3)3·6H2O (0.2 mmol, 76.8 mg), 

ImDc (0.4 mmol, 62.4 mg), KCl (0.2 mmol, 14.8 mg), PVP (0.5 mL 20w% solution in DMF), 

water (0.2 mL), and DMF (7 mL), well-dispersed by sonication, was placed in an oil bath 

and heated with stirring to 140˚C until the solution became clear. After about 20 min, 

when all reagents were dissolved, a modified α-Al2O3 substrate was placed inside the vial 

and then the vial was sealed with aluminium foil and cap. The reaction mixture was placed 

in an oven pre-set at 130 ˚C. After 5 days, the vial was cooled down to the room 

temperature and the substrate was removed and washed with DMF and EtOH. DMF 

remaining in the membrane was exchanged with EtOH, by placing the substrate in a 

solvent refreshed 2-3 times a day for 3 days. The solvent-exchanged membrane was dried 

in air at room temperature and further activation was carried out in the permeation cell. 

Overall synthesis is depicted in Figure 5.35. 

 

Figure 5.35 The scheme of the synthesis of ana-ZMOF membrane.  
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5.5.3 Results and Discussion 

The alumina support surface modification with PVP have contributed to the uniform and 

continuous membrane deposition. Notably, without PVP the synthesis of ana-ZMOF 

membrane had led to the formation of not completely intergrown thin film, as was 

confirmed through a quick check on nitrogen permeation, reflecting in not measurable 

high values of permeability. The membranes fabricated with PVP were characterized via 

PXRD and SEM analysis. The comparison of the PXRD pattern of membrane with 

calculated pattern of ana-ZMOF had confirmed the crystallinity and phase-purity of the 

membrane. Interestingly, the peaks from alumina substrate were not noticeable on the 

PXRD patterns of the membrane, which have been seen before in the case of sod-

ZMOF(Ca2+) (Subchapter 5.3) and SIFSIX-3-Ni (Subchapter 4.2) MOFs membranes. This is 

probably due to the very high degree of ana-ZMOF crystallinity (Fig. 5.36). 

 

Figure 5.36 Comparison of the PXRD pattern of ana-ZMOF membrane with pattern of 
ana-ZMOF calculated from SC data. 
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Figure 5.37 (a) Chemical structure of ana-ZMOF material, yellow lines represent 
underlying topology, (b) highly interconnected pore structure of ana-ZMOF, (c-d) cross 

section and (f) top view SEM images of ana-ZMOF membrane.  
 

The SEM top-view and cross-section images (Fig. 5.37 c-f), were used to confirm the 

homogeneity of the ZMOF thin film and determine the resulting thickness. The thickness 

of the prepared membrane used for the calculation was estimated to be 40 microns. The 

overall thickness of membranes prepared with the procedure optimized in this 

subchapter was found to vary from 35 to 50 micrometers. 

Single gas and mix gas permeation measurements were carried out using the same 

procedure as described in the subchapters 4.2 and 5.3. The permeation experiments were 

conducted at 308 K and 2 bar upstream pressure. Figure 5.38 shows the comparison of 

single gas permeabilities of two synthesized membranes with thicknesses of 40 and 45 

microns. The slight deviation of performance was observed.  
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Figure 5.38 Comparison of single gas permeabilities of two ana-ZMOF membranes, 

prepared with the same method and resulted in different thicknesses. 
 

In fact, as can be elucidated from the simplified structure of ana-ZMOF illustrated in 

Figure 5.37, the tortuosity of the pores, which are uniformly interlocked through the 

material and doubly interpenetrated, provide a directionally independent pathway, which 

reflects in high permeability of measured gases.  

Interestingly, the fabricated membranes showed relatively low permeability of small non-

interactive gases (e.g., N2, O2) compared to hydrocarbon molecules (Table 5.5) but higher 

than CO2. In addition, although CO2 has higher sorption affinity than methane, single 

component methane gas stream also permeated faster than CO2. The reason for this is 

that the mobility of CO2 is retarded by the relatively strong adsorption as shown from the 

CO2 heat of adsorption (Fig 5.29).  
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Permeability trend for hydrocarbons can be explained by solution-diffusion theory. In 

order to estimate the sorption coefficient of single gas permeabilities, high pressure 

sorption experiment was conducted for all gases used in the membrane study (Fig. 5.39). 

The sorption (solubility) component of permeability is later calculated as 

uptake/pressure. The sorption coefficient of hydrocarbons is consistent with the ability 

of the gas molecules to adsorb on ana-ZMOF framework, which is increasing with the 

increase of polarizability of the hydrocarbon molecules.(343) However, at a certain point 

(ethylene) diffusion restriction overcomes sorption effect and transport of hydrocarbons 

declines with the increase of kinetic diameter. The clear permeation cut-off of isobutane 

(Fig. 5.38) is consistent with the previously reported results.(278) 

 

 

Figure 5.39 High pressure gas adsorption study on ana-ZMOF material. The thick red 
dash-line represents the uptake at 20 PSI, which was used for the calculation of the 

sorption coefficients. 
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The permeability of isobutane can be considered negligible compared to other measured 

gases, which is approximately one order of magnitude lower than that of butane.  

Notably, the single gas selectivity in CO2/H2 gas pair was in favor of H2 and was estimated 

to be 1.4. In order to confirm the anticipated reverse selectivity of ana-ZMOF membrane, 

permeation of both single gas components and specific binary gas mixtures was studied 

through the membrane with higher permeabilities (40 microns thick) at different 

temperatures for potential application in hydrogen purification from syngas 

(H2/CO2:80/20). All the permeation experiments were conducted at different 

temperatures at a constant feed pressure of 20 PSI. The downstream composition of 

H2/CO2 mixture gas pair was monitored by mass-spectrometer.  

Noting the high potential of separation for C4/i-C4 gas pair mixtures, similar permeability 

experiments as in case of H2/CO2 were performed for single gas and mix gases (50/50) of 

C4/i-C4 for the same membrane. Notably, the downstream composition of H2/CO2 mixture 

gas pair was determined by the gas chromatography. The mix gas C4/i-C4 permeation 

experiments were performed by Dr. Karunakaran. 

The performance of ana-ZMOF as a function of temperature is presented for both gas 

pairs in Figure 5.40-41. From these measurements, it can be concluded that ana-ZMOF 

membrane is capable of separating two gas systems mixtures, based on two different 

mechanisms. For CO2/H2, as expected, reverse selectivity, in which the molecule with a 

larger kinetic diameter (CO2, 3.3 Å) permeates faster than the molecule with a smaller 

size (H2, 2.9 Å), is observed for H2/CO2 mixture in the ana-ZMOF membrane (Fig. 5.40). 



220 
 

The single gas permeation results are slightly favorable towards permeation of hydrogen. 

This is a classic adsorption driven membrane behavior. Hydrogen is moving fast through 

the membrane as a pure gas. In the case of a mixture, the adsorbed CO2 represents the 

obstacle in the pathway of hydrogen and that is reflected in the outstanding “real” 

selectivity in favor of CO2. In turn, H2 does not affect the permeability of CO2 due to the 

negligible sorption interaction, especially at higher temperatures. Increasing the 

membrane temperature increases the mobility of both gases. The change in the single gas 

permeabilities is similar for both gases, thus, the single gas selectivity stays constant with 

the temperature change. However, the difference is more pronounced in the mixtures, 

where the mixture selectivities are much higher than the ideal selectivities. The mobility 

of CO2 is increased, thus, the barrier of CO2 molecules blocking hydrogen is weakened. 

The selectivity decreases from 88 to 41 with temperature increase from 35 to 75ºC. 

 
Figure 5.40 Results of CO2 and H2 single and mix gas permeation through ana-ZMOF. 

 



221 
 

In case of the C4/i-C4 gas pair permeation study (Fig. 5.41), the permeability increases for 

n-butane with the increase of temperature but stays essentially invariant to the 

temperature change for isobutane. This behavior indicates a separation through sieving 

mechanism. High temperature enhances the mobility of both C4 and i-C4 permeating 

species, however, only C4 with a kinetic diameter of 4.4 Å is able to pass through the 

narrow window of ana-ZMOF pores filled with DMA+, while i-C4 with a kinetic diameter of 

4.9-5 Å is not. Consequently, the C4/i-C4 selectivity drastically increases with the increase 

of C4 permeability. The trends for ideal and mix gas selectivities are similar, however, the 

value of gas mixture selectivity is slightly lower than the value of ideal selectivity. The 

change can be attributed to competitive adsorption. The molecules of isobutane partially 

blocking the entrance, which lowers the permeability of butane and the overall 

performance of the membrane in the gas mixture experiment. 

  
 

Figure 5.41 Results of C4 and i-C4 single and mix gas permeation through ana-ZMOF. 
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Figure 5.42 Steady state mixture gas permeation measurements: (a) CO2/H2(20/80) at 
75ºC recorded via MS, (b) results of GS analysis of C4/i-C4 (50/50) at 35 and 55ºC. 

 

Regrettably, the mixture gas C4/i-C4 (50/50) data for 75ºC could not be measured as the 

permeation instrumentation in our laboratory does not allow to heat beyond 55ºC.  

Importantly, the steady state was reached for all the experiments conducted in this study. 

Selected examples at different temperature and gas systems are presented in Figure 5.42. 

The composition of the gas upstream was kept constant for all the mix gas permeation 

tests. 

In addition, the mix gas experiments were performed for CO2/CH4, C2H4/ C2H6, C3H6/C3H8 

equimolar gas mixtures and revealed selectivities of 10, 2, and 12, respectively.  

To shed light on the alleged mainly sorption-based permeation mechanisms, the single 

gas permeation data were further analyzed using solution-diffusion theory. The 

calculated data are presented in Table 5.5 under the permeability column. The sorption 

component of permeability increases with molecular weight of hydrocarbons, which is 

linked to higher polarizabilities of larger molecules in confined spaces.  
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However, as diffusion restrictions are higher for molecules with higher kinetic diameter, 

it is affecting transport of hydrocarbons and, as a result, reflects in a permeability decline. 

This is evident from the analysis of different components of selectivity. The diffusion plays 

a key role in the separation of C4/i-C4 mixture, while in case of CO2/H2 and CO2/CH4 

selectivities, the main contribution comes from sorption. The analysis of C2H4/C2H6, 

C3H6/C3H8 permeation selectivities supports the drawn conclusions. In the gas pairs, 

where the sorption component of selectivity is dominant, a clear discrepancy between 

single and gas mixture permeabilities is observed, due to the preferential adsorption and 

blockage of less adsorbing molecule. In diffusion governed processes, the difference is 

small.  

 
Table 5.5 Analysis of ana-ZMOF membrane single gas permeation results and its 

comparison to mix gas selectivity. 

  Permeability   Selectivity  

 P S D SP SS SD 

CO2 2650 32.2 82.2  αmix(CO2/H2) = 88  

H2 1800 5.5 389.0 1.47 5.85 0.21 

N2 2889    

O2 4539    αmix(CO2/CH4) = 10  

CH4 7070 13.3 533.5 0.41 2.43 0.17 

C2H4 10762 37.3 288.7  αmix(C2H4/C2H6) = 2  

C2H6 7250 31.0 234.0 1.48 1.20 1.23 

C3H6 4868 34.5 140.9  αmix(C3H6/C3H8) = 12  

C3H8 4301 28.4 151.3 1.13 1.21 0.93 

C4 1595 23.9 66.8  αmix(C4/i-C4) = 49  

i-C4 20 18.1 1.1 55.60 1.32 42.07 

P=S∙D, P – single gas permeability (Barrer); 
S – solubility coefficient (10-2∙cm3(STP) /(cm3∙cmHg)); 
D – diffusion coefficient (10-8∙cm2/s); 
SP, SS, SD – ideal (single gas), sorption, diffusion selectivity;  

    αmix(x/y)-mix gas selectivity of x/y gas pair. 
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In order to gauge the membrane material performance for reverse-selective hydrogen 

purification and butane-isobutane separation the obtained mix gas permeation data were 

plotted on the trade-off plot for CO2/H2 already known to the reader and new to this 

dissertation C4/i-C4 plot (Fig. 5.43). The data for MFI membranes in C4/i-C4 plot were 

adopted from a recent article by Wang et al.(344) Interestingly, only one report is 

available for C4/i-C4 separation on the pure MOF membrane based on ZIF-90 MOF.(345) 

In addition, the data for polymers and the only known MMM based on MOFs for butane 

isomer separation was taken from a recent article produced in a collaboration between 

the Eddaoudi and Koros groups (despite the contribution, the author have decided to not 

include the data from that work in this thesis).(346) 

As can be seen from Fig. 5.43, the performance of the ana-ZMOF membrane is 

outstanding and it is competing with the best materials reported in the literature so far. 

  

 

Figure 5.43 Comparison of ana-ZMOF membrane performance (a) at 25-35ºC with 
performance of MOFs and benchmark materials reported in the literature for reverse 

selective CO2/H2 separation, (b) with benchmark materials reported in the literature for 
butane isomer separation. 
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As for hydrocarbon separations, in which polymer membranes are completely 

impractical, microporous membranes offer great advantages. The highly crystalline ana-

ZMOF membrane is comparable or outperforms the best MFI membranes reported in the 

literature. Notably, the massive discrepancy of the results reported for one material (MFI) 

is quite common for microporous membranes and it is associated with a preparation 

method, which affects the thickness, crystallinity, defects and orientation of the crystals. 

Thus, the alteration of the preparation method of ana-ZMOF can even further improve 

the performance of the material. For all the preparation methods, the reproducibility is 

an important measure. As mentioned earlier, several membranes were obtained to assess 

the reproducibility of the preparation method. Minor fluctuations in thickness and 

performance indicated the reliability of the fabrication method (Fig. 5.38). Importantly, 

the performance of the ana-ZMOF membranes remained constant even after more than 

a year of air exposure, indicating that these ana-ZMOF membranes possess high degree 

of stability and do not undergo degradation. More tests should be performed in order to 

verify the validity of this statement for a statistically significant number of prepared 

membranes, which might be of potential industrial interest. As for now, ana-ZMOF 

undoubtfully stands out among other reported pure polycrystalline membranes, due to 

its high performance, and rarely studied sorption driven nature.  
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5.5.4 Conclusion and Outlook  

Two separation mechanisms were realized in the ana-ZMOF membrane: sorption driven 

CO2/H2 and diffusion driven isobutane isomer separations. The ana-ZMOF membrane 

possess high CO2 and butane permeabilities along with high sorption CO2/H2 and diffusion 

C4/i-C4 selectivities. The obtained membrane can be competitive in the areas of high 

purity hydrogen production and butane isomer separation. Both processes are of crucial 

importance, because hydrogen is considered to be an important green fuel and isobutane 

is an important industrial ingredient for alkylation reactions. High purity gases are 

currently obtained with high energy- and cost-intensive cryogenic distillations. Therefore, 

the installation of ana-ZMOF membranes in separation plants will contribute to 

sustainability of energy resources and environmental protection. 

As differences in the preparation method significantly alter the performance of 

polycrystalline membranes, improving the membrane properties by lowering the 

intercrystalline defects density, as well as lowering membrane thickness can potentially 

further enhance the properties of the ana-ZMOF membrane.  

Despite the advances in the synthesis of new MOFs and the diversity and availability of 

already synthesized structure, the area of pure MOF membranes has been explored with 

only few examples of MOFs, on which “proof of concept” studies are often performed, 

among them MOF-5, ZIF-8, UiO-66, and MOF-74 materials.(62, 68-74) More efforts of 

scientific community are required in order to overcome the challenges associated with 

the development of highly crystalline and intergrown membranes in order to be able to 

fully explore the potential of this exciting class of material.  
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5.6 Synthesis of Isostructural ZMOFs based on New Tile-Transitive Net and 

its Potential Use in Propane/Propylene Separation  

5.6.1 Introduction  

The separation of propylene from propane is of great importance due to the ever-

increasing demand for propylene as starting material for polymers.(347) Currently the 

commercially‐practiced recovery of high purity propylene is based entirely on cryogenic 

distillation and is considered to be one of the most energy-intensive separations in the 

petrochemical industry, due to their very close sizes and similar volatilities.(348) 

Alternatively, adsorption and membrane-based separation can be used. The successful 

adsorption separation can be achieved with the identification of highly selective 

adsorbents based on equilibrium or kinetic separation, which includes molecular 

sieving.(29) Diverse porous materials including zeolites and MOFs have been evaluated 

as potential adsorbents for propylene/propane separation and had shown high 

performance. For example, the rearranging of the pore opening upon adsorption of 

different size molecules in ZIF-8 material had led to the kinetic separation of C3H6 over 

C3H8, as it allows an easier pass of the smaller propylene molecule through the 

window.(349) Importantly, the diffusion-driven separation of this molecules was also 

realized in ZIF-8 microcrystalline membranes (350) and MMMs (351). In case of the Fe-

MOF-74, separation was based on sorption affinity, induced by the open metal sites 

located within the pores of the structure.(352) The molecular size exclusion of propylene 

from propane was achieved in NbOFFIVE-1-Ni by Cadiau et al.(173)  
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Despite the recent progress, the development of new innovative materials for effective 

and energy-efficient sorption-based separation of propylene from propane is of great 

importance. The new anionic ZMOF with small apertures might offer new solutions for 

this important issue. In this subchapter, the isolation of synthetic condition for ZMOF from 

2-Amino-4,6-PmDc ligand and lanthanide metals with unprecedented zeolite-like 

topology is described.  

The key to synthetically target new zeolitic topologies in MOF is the avoidance of the most 

structurally symmetrical outcomes in TBUs assembly by introducing the constrictive 

components in the organic linkers or SDAs during the synthesis. Thus, the amino 

functionalized version of 4,5-PmDc ligand was chosen for this study, which was used in 

the exploratory synthesis with various metals in the presence of different SDAs. 

Interestingly, from analysis of CSD database it is evident that many dense and porous 

compounds have been synthesized based on 4,6-PmDc and 2-Hydroxy-4,6-PmDc ligands 

and various metal ions, however as for now, no records for compounds prepared from 2-

Amino-4,6-PmDc is found in CSD. This fact is likely associated with the lack of reliable 

synthetic protocols for the synthesis of this ligand, which have been improved by Dr. 

Weselinski and reported in Appendix B. Apart ZMOF with new zeolite-like topology, other 

2D and 3D MOFs were discovered. The isolation of two 3D MOFs is briefly mentioned 

below. 
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5.6.2 Experimental Section 

Synthesis of ligand L4: 2-Amino-4,6-pyrimidinedicarboxylic acid (2-Amino-4,6-PmDc). This 

compound was synthesized by Dr. Weselinski and later multiple times by the author. The 

synthesis of the ligand follows the scheme depicted in Figure 5.44 and is described in 

detail in Appendix B.  

 

 

Figure 5.44 Synthetic scheme for 2-Amino-PmDc (L4) 
 

 

Synthesis of the (DMA+)[Cd(2-Amino-PmDc)2]x(solvent), compound 10, lvt-MOF: 2-

Amino-PmDc (0.044 mmol, 8 mg) and Cd(NO3)2∙4H2O (0.022 mmol, 6.8 mg) were 

dissolved in 0.75 mL of DMF, then 0.5 mL of 0.5M 18-crown-6 solution in DMF, 0.15 mL 

of 2M KCl solution in H2O, and 0.05mL of 3.5M HNO3 solution in DMF were added to the 

reaction mixture. The vial was sealed and placed in the sonication bath for 5 min, then 

transferred to an oven preheated to 85 °C for 1 day, after which was cooled down to RT. 

The as-synthesized needle-like yellow crystals were large enough for SCXD analysis. 
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Synthesis of the (DMA+)4.83Er6(2-Amino-PmDc)11(H2O)4Br-
0.832H2Ox(solvent), compound 

11, 3,4-connected-MOF: 2-Amino-PmDc (0.02 mmol, 3.6 mg) and Er(NO3)3∙5H2O (0.01 

mmol, 4.4 mg) were dissolved in 0.9 mL of DMF and 1.2 ml of H2O, then 0.05 mL of 1 M 

tetra-n-butylammonium bromide (TBAB) solution in H2O, and 0.2 mL of 3.5 M HNO3 

solution in DMF were added to the reaction mixture. The vial was sealed and placed in 

the sonication bath for 5 min, then transferred to an oven preheated to 85°C for 1 day, 

followed by additional heating at 105 °C for 1 day and 115°C for 1-2 days. After 3-4 days 

the reaction mixture was cooled down to RT. The as-synthesized complex polyhedral 

yellow crystals were large enough for SCXD analysis. Notably, when the lower 

concentration of nitric acid is used the synthesis leads to the mixture of compound 11 and 

12, described below. Isostructural analogues can be obtained with the same synthetic 

procedure with the use of other nitrate salts of the lanthanides. 

Synthesis of the (DMA+)4M(2-Amino-PmDc)2x(solvent), compound 12-16, 4,4,4,4,4,4,4-

connected 1tile-ZMOF: 2-Amino-PmDc (0.02 mmol, 3.6 mg) and Er(NO3)3∙5H2O (0.01 

mmol, 4.4 mg) were dissolved in 0.9 mL of DMF, 1.2 mL of H2O and 1 mL of MeOH, then 

0.05 mL of 1M TBAB solution in H2O, and 0.05 mL of 3.5M HNO3 solution in DMF were 

added to the reaction mixture. The same heating procedure as for compound 11 was 

used. The as-synthesized yellow polyhedral crystals were large enough for SCXD analysis. 

Notably, the use of methanol is essential for the isolation of pure phase compound X. The 

use of other nitrate salts of the lanthanides (Ho, Tm, Yb, Lu) led to the isostructural 

compounds 12-16. 



231 
 

5.6.3 Results and Discussion 

The exploratory synthetic study that involved reacting 2-Amino-4,6-PmDc with different 

transition and lanthanide metals in a presence of various SDAs led to the construction of 

three 3D MOFs, one of which was described earlier by Dr. Sava in her dissertation and 

obtained with different SDA.(275)  

Solvothermal reaction involving 2-Amino-4,6-PmDc and Cd in the presence of 18-crown-

6 and KCl resulted in a 3D anionic MOF, formulated as [Cd(2-Amino-4,6-PmDc)2]n by SCXD, 

where cadmium forms an unusual eight-coordinated CdN2O6 MBB, translated into 4-

connected square building unit (Fig 5.45). In MBB the Cd-O distances are in the range 

2.28-2.32 Å for the carboxylic acid connections and Cd-O, Cd-N are 2.62 Å and 2.44 Å, 

respectively, for chelation connections. 

 
Figure 5.45 The molecular structure of obtained compound 10 and its corresponding 

net. 
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Figure 5.46 Tiling of lvt net, and corresponding molecular representation of 8- and 4-
membered ring faces of tiles in compound 10. 

 

The obtained compound 10 crystallizes in the tetragonal I-42d space group with cell 

parameters of a =25.8732(8) Å, c =  8.3778(2) Å. The structure of compound 10 consists of 

one crystallographically independent cadmium atom, composing the bases of anionic MBB. 

Cadmium atoms are connected through the ligands to form 4- and 8-member rings, where 

uncoordinated oxygen atoms from each ligand are pointing inside the ring (Fig. 5.46). 

Dimethylammonium cations, successfully localized inside the pores with SCXRD, are balancing 

the charge of the framework. Analysis of the coordination sequence of prepared MOF 

revealed that compound 10 possess 4-connected lvt topology with transitivity [1121] (Table 

5.6). The phase purity of the compound was confirmed by PXRD (Fig. 5.47). 
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Table 5.6 Topos output for 10 as 4-connected lvt net. 

Coordination sequences 
---------------------- 
C1:  1  2  3  4   5   6   7   8   9   10 
Num  4 10 24 44  72 104 144 188 240  296 
Cum  5 15 39 83 155 259 403 591 831 1127 
---------------------- 
TD10=1127 
 
 
Point symbol for net: {4^2.8^4} 
4-c net; uninodal net 
 
Topological type: lvt 
 
------------------------------------------------------------------------------------------------------------------- 
Tiling         | Essential rings | Transitivity | D-size | Ring Size | DanglEdges | Tiles 
------------------------------------------------------------------------------------------------------------------- 
PPT 1/NT | 4a,8a                 | [1121]          | 10        | 6.67         |       1.50         | [4^2.8^4] 
------------------------------------------------------------------------------------------------------------------- 

 

 

 

Figure 5.47 Comparison of PXRD patterns of as-synthesized and calculated from SCXRD 
lvt-MOF (Compound 10).  
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The 6-7 Å in diameter channel-like voids located along c direction are potentially accessible, 

however, additional activation experiments should be conducted in order to fully exploit the 

porosity of the obtained compound. 

The reactions between lanthanide metals (Ho, Er, Tm, Yb, Lu) and 2-amino-4,6-PmDC, under 

similar solvothermal conditions, but when employing TBAB as SDA, resulted in the formation 

of a mixture of two compounds 11 and 12. The phases were easily distinguishable due to the 

well-defined crystal shapes of relatively large crystals. 

Interestingly, the compound 11 based on Er and Yb metal was described earlier by Dr. Sava in 

her dissertation,(275) however, ethylenediamine was used instead of TBAB for the 

synthesis. The obtained compound 11 crystallizes in the cubic I-43m space group with 

large unit cell parameters of a = 37.2135(6) Å. Importantly, the heavy Br atoms from TBAB 

were localized inside the pores, which reflected in the need of more extra framework cations 

to balance the charge in case of the compound described by Dr. Sava. The material was 

formulated as (DMA+)4.83[Er6(2-amino-4,6-PmDc)11(H2O)4]Br0.832(H2O)x(solvent) by SCXRD. 

Notably, DMA cations were not localized. Two crystallographically independent Er atoms 

being coordinated by five symmetry-none-equivalent 2-Amino-4,5-PmDc ligands. Each Er 

connected either to 3 or 4 ligands with the ratio 3c-Er/4c-Er = 1/2 in the structure. Both erbium 

atoms possess eight coordination formed from 3 or 4 N-,O-heterochelation rings and in case 

of 3c-Er completed by the coordinated water molecules in apical positions. 3c-Er represents T-

shaped ErN3O3 building unit, while 4c-Er corresponds to tetrahedral ErN4O4 unit. The simplified 

molecular structure and its corresponding net are depicted in the Figure 5.48.  
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Figure 5.48 The molecular structure of obtained compound 11 and its corresponding 
net. 

 
 

Analysis of the coordination sequence of prepared MOF revealed that compound 11 possesses 

an unprecedented, not recorded in RCSR 3,4-connected topology with transitivity [2442] 

(Table 5.7). Erbium atoms are connected through the ligands to form 4-, 5-, 6- and 9-member 

rings, which assembled in two types of tiles [44.54.64] and [512.612.98], shown in the Figure 5.49. 

The 6-member ring opening with the alternating up-down conformation of the ligands defines 

the biggest accessible window in the structure with the size of approximately 5.4 Å. 
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Table 5.7 Topos output for 11 as (3,4)-connected net. 

Coordination sequences 
---------------------- 
V1:  1  2  3  4   5   6   7   8   9  10 
Num   4 10 18 32  49  74 105 134 169 209 
Cum   5 15 33 65 114 188 293 427 596 805 
---------------------- 
V2:  1  2  3  4   5   6   7   8   9  10 
Num   3  8 18 32  48  68 100 132 166 205 
Cum   4 12 30 62 110 178 278 410 576 781 
---------------------- 
TD10=797 
 
Point symbol for net: {4.5^2.6^2.9}2{5.6^2} 
3,4-c net with stoichiometry (3-c)(4-c)2; 2-nodal net 
 
New topology. 
 
----------------------------------------------------------------------------------------------------------------------------------------------------- 
Tiling         | Essential rings | Transitivity |D-size | Ring Size | Dangl Edges|  Tiles 
----------------------------------------------------------------------------------------------------------------------------------------------------- 
PPT 1/NT | 4a,5a,6a,9a     | [2442]          | 32       | 5.65         | 0.82                | 3[4^4.5^4.6^4]+[5^12.6^12.9^8] 

 

 

Figure 5.49 Tilling of lvt net, and corresponding molecular representation of 8- and 4-
membered ring faces of tiles in compound 11. 



237 
 

In addition to the compound 11, the crystals of compound 12 with different morphology were 

found in the same vial. The obtained compound 12 crystallized in the tetragonal P43212 space 

group with unit cell parameters of a = 22.702(3) Å, c = 44.666(5). The material formulated as 

(DMA+)Er(H2O)0.22(2-amino-4,6-PmDc)2x(solvent) by SCXRD. The ligand in this structure 

encountered two different coordination modes (Fig. 5.50). The first mode is identical to the 

coordination mode of compound 12 and had been reported earlier in sod-ZMOF,(274) 

constructed from 4,6-PmDc and other non-zeolitic structures synthesized and reported mainly 

by Cepeda et al.(335) In this mode, 2-Amino-4,6-PmDc ligand is coordinated to two erbium 

atoms by forming two rigid five-membered rings by N-,O-heterochelation. In another mode, 

2-Amino-4,6-PmDc ligand creates N-,O-heterochelation-based coordination with one erbium 

and connects to another erbium atom only though one oxygen from the carboxylic acid group. 

Five crystallographically independent erbium atoms connected with 2-Amino-4,6-PmDc 

through first coordination mode to form a non-symmetrical pentagon, 5-member ring with 

different distances between all erbium atoms (7.13, 7.16, 7.21, 7,23, 7.29 Å). The 2-Amino-4,6-

PmDc with second coordination mode connects to the one erbium in 5-member ring in a N-O-

chelation mode, while oxygen from the carboxylic acid on another side of the ligand connects 

to the 6th independent erbium atom with Er-Er length of 9.25 Å. This 6-atom construction 

defines the structure of the compound 12. The described complex coordination reflects in two 

4-connected building units, ErN4O4 and ErN3O4 with tetrahedral directionality, defining overall 

4-connected zeolitic type net (Fig. 5.50). Topos analysis of the coordination sequence of the 

prepared MOF revealed that compound 12 possesses an unprecedented 4, 4, 4, 4, 4, 4-

connected topology with transitivity [6971] (Table 5.8). 
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Figure 5.50 The molecular structure of compound 12 and its corresponding net. 

 

The assembly of the six 4-connected nodes results in the generation of one type of complex 

tiles. In terms of zeolitic tile description, the newly discovered tile consists of 21 tetrahedrally 

coordinated atoms, which assemble in a complex polyhedra with 11 faces. Overall such 

polyhedra consists from 7 types of faces, depicted in Figure 5.51: two squares (4a,4b), two 

pentagons (5a,5b), two hexagons (6a,6b) and one heptagon, all of which have irregular shapes. 

The overall simplified tile [42.54.63.72] dimensions correspond to [4a.4b.5a2.5b2.6a.6b2.72]. The 

largest accessible opening in the tile is 6-membered ring, same as in Compound 11, however, 

the anticipated porosity in case of this material is expected to be lower due to the lower 

density of Compound 12, compared to Compound 11. 
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Table 5.8 Topos output for 12 as (4,4,4,4,4,4)-connected net. 

 
Coordination sequences 
---------------------- 
V1:  1  2  3  4   5   6   7   8   9   10 
Num  4 12 24 44  69 103 136 186 233  291 
Cum  5 17 41 85 154 257 393 579 812 1103 
---------------------- 
V2:  1  2  3  4   5   6   7   8   9   10 
Num  4 11 24 43  70  96 141 179 230  283 
Cum  5 16 40 83 153 249 390 569 799 1082 
---------------------- 
V3:  1  2  3  4   5   6   7   8   9   10 
Num  4 11 25 43  71  99 141 180 239  287 
Cum  5 16 41 84 155 254 395 575 814 1101 
---------------------- 
V4:  1  2  3  4   5   6   7   8   9   10 
Num  4 10 26 46  66 104 136 186 230  290 
Cum  5 15 41 87 153 257 393 579 809 1099 
---------------------- 
V5:  1  2  3  4   5   6   7   8   9   10 
Num  4 11 23 43  65 102 134 180 229  283 
Cum  5 16 39 82 147 249 383 563 792 1075 
---------------------- 
V6:  1  2  3  4   5   6   7   8   9   10 
Num  4 11 23 45  69 100 136 186 229  293 
Cum  5 16 39 84 153 253 389 575 804 1097 
---------------------- 
TD10=1094 
 
Point symbol for net: {4.5^2.6^2.7}4{4.5^2.6^3}{4.5^4.6}{4^2.6^2.7^2}{5^3.6^2.7}2 
4,4,4,4,4,4-c net with stoichiometry (4-c)2(4-c)2(4-c)2(4-c)(4-c)(4-c); 6-nodal net 
 
New topology 
-----------------------------------------------------------------------------------------------------------------------------------------------------
-- 
Tiling         | Essential rings               | Transitivity | D-size | Ring Size | DanglEdges | Tiles 
-----------------------------------------------------------------------------------------------------------------------------------------------------
-- 
PPT 1/NT | 4a,4b,5a,5b,6a,6b,7   | [6971]           |120       | 5.45        | 1.14               | [4^2.5^4.6^3.7^2] 
-----------------------------------------------------------------------------------------------------------------------------------------------------
-- 
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Figure 5.51 Tiling of a new 4,4,4,4,4,4-c net, and the corresponding molecular 

representation of different faces of the tiles in compound 12. 

 

Notably, 4, 5, 6-membered ring faces of smaller tiles in Compound 11 are almost identical to 

the 4a, 5a, 6a-membered ring faces of tile in compound 12 (Fig. 5.52). The structural 

resemblance of compounds explains the phase co-existence during the synthesis. 

Interestingly, in contrary to the reported data (275), the use of ethylenediamine as SDA also 

led to the crystallization of two phases. It should be noted that the ligands in two studies were 

prepared using different oxidation agents (KMnO4 in (275) and SeO2 in this study) which might 

have resulted in different types of minor impurities and affected the crystallization.  
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Figure 5.52 Comparison of tiles in (a) compound 11 and (b) compound 12. 

 

After a countless number of attempts, the optimized conditions for the synthesis of pure 

phase compounds were identified and described in experimental section. The phase 

purity was confirmed by the comparison of experimental powder diffraction pattern with 

the one calculated from single crystal data (Fig 5.53). 

 

Figure 5.53 Phase purity of obtained (a)compound 11 and (b) compound 12. 
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Figure 5.54 The summary of coordination modes of all compounds reported in CSD 
database based on 4,6-PmDc core with the addition of coordination modes discovered in 
this study highlighted in red. Results presented in a (total number, including isostructural 
analogues)/(number of unique structures) way. The table shows comparison of total 
count of coordination modes in all the structures.  
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The summary of coordination modes of all compounds reported in CSD database, based on 

4,5-PmDc core is presented in Figure 5.54. Interestingly, the presence of two I and IV 

coordination modes in one coordination compound, as well as coordination mode XI was not 

recorded previously in the CSD database. 

All attempts at activating the compound 11 and lvt-MOF (10) using different solvents for 

exchange resulted in obtaining N2 isotherm at 77 K, and CO2 isotherm at 298 K resembling that 

of non-porous materials, while compound 12 appeared to be porous for CO2. Thus, the 

possibility to obtain single crystals of isostructural compounds based on lanthanides was 

explored. Successfully, the compound has been formed with Er, Ho, Tm, Yb and Lu (12-16). 

Interestingly, despite the practically identical size of Ho and Y, the use of yttrium nitrate instead 

of hafnium did not result in the growth of 12 analogs. The comparison of the unit cell 

parameters of the obtained isostructural analogs of 12-16 is presented in the Figure 5.55.  

 

Figure 5.55 The comparison of unit cell parameter of obtained isostructural analogs of 
Compound 12. 
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The sorption study was performed on ytterbium analog (15), exchanged with methanol 

and activated at 55ºC for 2 days (Fig. 5.56). The new ZMOF structure encloses complex 

interconnected pore structure in which the DMA+ cations are located, balancing the 

charge. Interestingly, adsorption of N2 at 77K showed no significant sorption uptake, thus, 

the BET surface area and pore volume analysis was not possible to calculate from that 

data. To confirm the permanent porosity of material the low-pressure adsorption of 

carbon dioxide was investigated at different temperatures, which was also used for the 

estimation of affinity of compound 15 to CO2 and resulted in Qst value of 31 kJ/mol (Fig. 

5.56, a,b). The access to the cages is primary permitted through the shared two types of 

6-membered ring openings (Fig. 5.51), which are found to be of suitable size for the 

adsorption of small hydrocarbon molecules, up to propane, which was confirmed by the 

low pressure sorption uptake (Fig. 5.56, a,c). Notably, butane and higher molecular weight 

hydrocarbons had shown no significant adsorption uptake, probably due to the pore 

window size restriction. Interestingly, the adsorption of propane had shown lower uptake 

compared to that of propylene (Fig. 5.56, c). In addition, the pressure decay data 

collection during adsorption revealed that propane diffuses into the pores of compound 

15 much slower than propylene (Fig. 5.56, c). This kinetic feature resembles that found in 

ZIF-8 and could be exploited for the effective separation of C3H6/C3H8 for sorption or 

membrane-based separation.(349) Regrettably, the compound 15 fully loses its 

crystallinity upon air exposure in less than 5 hours. Presumably, this is due to the limited 

stability of the binding mode IV in the presence of water molecules in air (Fig. 5.54) (this 

claim has to be yet verified experimentally).  
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Figure 5.56 The sorption studies of ytterbium analogue of compound X: (a), (c) low-
pressure adsorption uptake of CO2, CH4, C2H6, C3H6, C3H8; (b) heat of adsorption of CO2, 

(d) kinetic adsorption data collected at very low pressure (2nd equilibrium point). 

 

Further explorations of the properties of studied compound and its reticular analogs are 

required in order to assess the potential areas in which the use these compounds can be 

beneficial.   
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5.6.4 Conclusion and Outlook  

In summary, the synthetic conditions for three new ZMOF compounds were isolated in this 

study. Among them, the anionic rare-earth based ZMOF was obtained and it possesses an 

unprecedented zeolitic topology, which can be characterized only with one type of tiles. 

Importantly, the applicability of isostructural design of new ZMOF was also verified by 

synthesis of five isostructural analogues of 12. 

Because of its intrinsic structural features, in particular, the anionic nature and small 

aperture size, verified by the inability to adsorb C4 hydrocarbons due to the diffusion 

limitations, the prepared ZMOF possesses relatively high affinity for CO2 and also can be 

used to exclude propylene from propane via kinetic based adsorption separation.  

This work further confirms that complex zeolite-like structures based on non-default nets 

can be obtained using single-metal-ion approach with SDAs. There are more structures 

and network topologies to be discovered and the identification of synthetic conditions is 

remaining to be great challenge in this process, which needs to be addressed. 
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Chapter 6: Synthetic Exploration of 8-Connected Flexible Porphyrins 

6.1 Introduction  

The MBB approach has allowed to synthetically target MOFs with high level of complexity 

and at the same time having topologies of minimal edge-transitive nets. The construction 

of such MOFs was often based on highly connected polynuclear inorganic clusters and/or 

complex organic molecules.(2, 353, 354) Flexible and highly connected porphyrin-based 

ligands, similar to one used for the synthesis of compound 1, has not been explored for 

the synthesis of MOFs. Thus, in in this subchapter, the synthesis of MOFs based on the 

ligands shown in the Figure 6.1 is explored.  

In order to target functional and stable MOFs, the targeted synthesis of MOFs was based 

on highly connected zirconium or lanthanide-based clusters. The consistent in situ 

formation of highly connected hexanuclear or higher nuclearity metal clusters has been 

extensively studied and identified to be linked to the presence of the modulator in the 

reaction mixture. Typically, the use of 2-fluorobenzoic acid (2-FBA) led to the formation 

of hexa- or nona- lanthanide-based clusters (106, 354-358) and the presence of benzoic, 

acetic or formic acid had led to the formation of hexanuclear zirconium clusters.(359-363) 

Most hexanuclear [M6(O/OH/COO-)x(H2O)y] clusters which are formed in situ in the 

presence of carboxylic acid-based ligands can be 12-, 10-, 8- or 6-connected.(360) 
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Figure 6.1 Ligands used in this subchapter. 

 

6.2 Experimental Section 

Synthesis of ligand L5: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-((porphyrin-5,10,15,20-tetrayl-

tetrakis(pyrimidine-5,4,6-triyl))octakis(oxy))octabenzoic acid. This compound was 

synthesized by Dr. Weselinski according to a modified procedure from the literature. The 

synthesis of the ligand followed the scheme depicted in Figure 6.2 and is described in 

detail in Appendix B. Interestingly, the relatively harsh conditions used for the ester 

hydrolysis step reflected in the partial cleavage of benzoic acid arms, which was not clear 

from mass spectrometry and NMR analysis, probably due to the presence of the 

compound with different number of arms. The reaction of the as-prepared ligand with 

lanthanides and fluorobenzoic acid reflected in the assembly of the framework containing 

the ligand with four out of eight arms missing. 
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Figure 6.2 Synthetic scheme for L5. 

 

Synthesis of modified ligand L5_VC: This compound was synthesized following above the 

procedure described above by the author, except the basic hydrolysis step. The modified 

ester hydrolysis was performed at 55ºC over the course of three days. The reaction of the 

as-prepared ligand with lanthanides and fluorobenzoic acid reflected in the assembly of 

the framework containing the ligand with all eight arms.  

Synthesis of ligand L6: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-((porphyrin-5,10,15,20-tetrayl-

tetrakis(pyrimidine-5,4,6-triyl))octakis(oxy))octabenzoic acid. This compound was 

synthesized by Dr. Czaban according to a modified procedure from the literature. The 

synthesis of the ligand followed the scheme is depicted in Figure 6.3 and is described in 

detail in Appendix B.  
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Figure 6.3 Synthetic scheme for L6. 

 

Synthesis of ligand L7: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayl 

tetrakis(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoic acid. This 

compound was synthesized by Dr. Czaban according to a modified procedure from the 

literature. The synthesis of the ligand followed the scheme depicted in Figure 6.4 and is 

described in detail in Appendix B.  
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Figure 6.4 Synthetic scheme for L7. 
 

Synthesis of the (DMA+)2Tb6(OH)8(L5)2(HCOO)4x(solvent), compound 17, dia-MOF: 0.32 

mL of a 0.2 M solution of Tb(NO3)3∙5H2O in DMF (64 μmol) was added to a 20 mL glass 

scintillation vial containing 0.5 mL of 0.004 M solution of L5 in DMF (2 μmol). To this was 

added 3 ml DMF, 1.28 mL of 2M solution of 2-FBA in DMF and 0.05 mL of 3.5M solution 

of nitric acid in DMF. This vial was placed into a preheated oven at 105 °C for 24 hours 

and cooled to RT yielding large (0.5 mm scale) purple polygonal crystals with well-defined 
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shape. Importantly, the use of other solvents, such as DMA, DEF led to the crystallization 

of the same compound. Yttrium analog can be obtained following the same protocol. 

Synthesis of the (DMA+)2Tb3(O)(H2O)3(L5_VC)DMF8(H2O)x(solvent), compound 18, nia-

MOF-1: Using exactly the same synthetic mixture as described above, but using the ligand 

hydrolyzed under mild conditions - L5_VC had led to the crystallization of dark red block 

shaped crystals of 18 after three days at 105°C oven.  

Synthesis of the Zr6O6(OH)2(H2O)4(DMF)2(L6)(HCOO)2x(solvent), compound 19, nia-MOF-

2: 0.8 mL of a 0.01 M solution of Zr(OCl2) in DMF (8 μmol) was added to a 20 mL glass 

pressure vial containing 0.5 mL of 0.004 M solution of L6 in DMF (2 μmol). To this was 

added 1.6 ml DMF, 2 mL of formic acid. The vial was placed into a preheated oven at 120°C 

for 3 days and cooled to RT yielding dark red block shaped crystals of 19. Notably, gas 

evolution during the oven heating creates a significant pressure and might lead to an 

explosion. The reaction should be performed with extreme care. 

Synthesis of the Zr6(O)8(H2O)8(L5)x(solvent), compound 20, bcu-MOF:  

0.42 mL of a 0.1 M solution of ZrCl4 in H2O (42 μmol) was added to a 20 mL glass 

scintillation vial containing 0.6 mL of 0.005 M solution of L7 in DMF (3 μmol). To this was 

added 2 mL DMF, 1 mL of glacial acetic acid. The vial was placed into a preheated oven at 

120°C for 48 hours and cooled to RT yielding dark red block shaped crystals of 20.  

  



253 
 

6.3 Results and Discussion 

The synthetic conditions typically leading to the synthesis of hexanuclear lanthanide clusters 

(106, 354-358) were used with L5 ligand. Precisely, the use of yttrium or terbium nitrates as 

metal precursors with L5 and 2-fluorobenzoic acid has led to the crystallization of large 

polygonal crystals with well-defined shapes. It should be noted that despite apparent 

crystalline appearance of compound 17, no peaks were seen on the PXRD diffraction pattern. 

The crystal for SC analysis was taken with the solvent and diffraction experiment was 

conducted at liquid nitrogen temperature. No reflections were seen otherwise.  

The 17 was solved in the tetragonal I41/amd space group with the unit cell parameters a = 

37.660(3) Å, c = 25.496(2)Å. The analysis of the structure revealed that instead of the 

targeted ligand L5 with 8 benzene-carboxylic acid “arms” connected to the pyrimidine 

porphyrin core, the structure had crystalized with L5 ligand, containing only 4 “arms”. 

Apparently, the ligand had lost its “arms” during the hydrolysis step in the synthetic process, 

which was not initially clear from NMR spectra, but became apparent with the mass 

spectrometry analysis, that revealed the presence of such impurities. 

In the obtained structure, the resulting tetratopic ligand coordinates through all four 

carboxylic acids to the two separate 8-connected Tb6(OH)8(O2C-)8·(solvent)x hexanuclear 

clusters in a common syn-coordination mode. Topologically the ligand can be considered as a 

straight line connecting two nodes. Concisely, the hexanuclear cluster resulting from such 

connectivity is capped by 8 carboxylates from four different L5 ligands to give a symmetrical 

8-connected metal cluster forming a D4R (double four membered ring),(106, 354-358) with 

points of extension corresponding to the carbons of the carboxylate moieties from eight 
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distinct arms of four ligands, and eventually considered as the only 4-connected tetrahedral 

MBB (as the two arms belong to one ligand).(Fig. 6.5) 

Despite the appearing complexity, the topological analysis had led to the simplification of the 

obtained compound 17 into a 3-fold interpenetrated dia (diamond) net, which is considered 

as one of the default nets in coordination polymers, as it is a regular net with [1111] transitivity. 

Topological output is presented in Table 6.1.  

Interestingly, the interpenetrated nets are hold together by the intermolecular interactions 

mediated by hydrogen bonding as depicted in Figure 6.6, b.  

 

 
Figure 6.5 Structural analysis of compound 17. The simplification of (a) the obtained 

hexanuclear cluster to 4-connected node, (b) the ligand appearing in the structure to an 
edge, (c) molecular structure to a dia net. 
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Table 6. 1 Topos output for 17 as 4-connected 3 times interpenetrated dia net. 

Coordination sequences 
---------------------- 
V1:  1  2  3  4   5   6   7   8   9  10 
Num  4 12 24 42  64  92 124 162 204 252 
Cum  5 17 41 83 147 239 363 525 729 981 
---------------------- 
TD10=981 
 
Point symbol for net: {6^6 
4-c net; uninodal net 
 
Topological type: dia Diamond 
multiplicity = 3 
 

 

Unfortunately, the numerous attempts at determining proper activation procedures for this 

sample for gas sorption experiments, including supercritical CO2 activation, resulted in the 

isotherms resembling that of non-porous materials. This can be attributed to the high free 

volume in 17, estimated to be 70% (without solvent), and the flexibility of the whole structure, 

associated with the presence of methylenoxy linkages of the ligands. Apparently, due to 

these factors the symmetry in 17 collapses upon removal of the solvent, which was also 

observed during diffraction experiments.  

Assuming the potential for obtaining the pure ligand with 8-arms, we have simulated a 

hypothetical structure of targeted MOF. The structure was modeled using Materials Studio 

making the assumption of full coordination of the ligand (eight). Each ligand in the simulated 

structure coordinates through all eight carboxylic acids to four separate lanthanide clusters 

(the same as in obtained compound 17) to give 4-connected square-shape MBBs. The 

simulated structure possesses pts topology (Fig. 6.7). 
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Figure 6.6 (a) dia-MOF-1(17) (depicted without interpenetration), (b) hypothesized from 
crystal structure of dia-MOF-1(17) compound with pts topology.  

 

However, the use of ligand L5_VC, hydrolyzed in mild conditions, instead of L5, l had led 

to the crystallization of compound 18 instead of the simulated above compound (Fig. 6.8). 

Interestingly, instead of a typically formed hexanuclear cluster, a rarely observed 

trinuclear Tb-cluster was formed.(364) In this cluster, the three Tb3+ centers are bridged 

by a hydroxide ion that lies slightly out of the plane defined by these ions. Eight carboxylic 

“arms” of L5_VC ligands are connected to terbium atoms and may be grouped into three 

sets by coordination mode (labeled as A1, A2, A3 in Fig. 6.8, a).  
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Figure 6.7 Structural analysis of compound 18: (a) trinuclear Tb cluster; (b),(c) the 

connectivity of the obtained tetranuclear cluster and L5_VC ligand used in the synthesis, 
(d-f) the molecular structure of nia net viewed along a, b, c directions.  



258 
 

The first set of “arms” (two A1) coordinates through their carboxylate groups using both 

oxygens to one Tb atom in a chelating fashion. A second set of “arms” (three A2) connects 

two Tb atoms through the most common syn,syn-carboxylic acid coordination mode. A 

third set (three A3) coordinates through chelating tridentate fashion as shown in Figure 

6.8, a. As known, the diversity of bridging modes of the carboxylic acid may cause 

different magnetic properties of the metal complexes, and, therefore, it might be 

interesting to investigate the magnetic aspects of obtained material later. Overall, the 

trinuclear Tb cluster is connected to three octatopic porphyrin ligand to give 6-connected 

MBB (Fig. 6.8, b). In addition, the ligand can be also considered as 6-connected MBB, as 

each ligand is connected to six trinuclear Tb clusters (Fig. 6.8, c). The topological analysis 

had led to the simplification of obtained compound 18 into edge transitive binodal nia net 

(Table 6.2). 

Table 6.2 Topos output for 18 as 6,6-connected nia net. 

Coordination sequences 
---------------------- 
V1:  1  2  3   4   5   6   7   8    9   10 
Num  6 18 42  74 114 162 222 290  366  450 
Cum  7 25 67 141 255 417 639 929 1295 1745 
---------------------- 
V2:  1  2  3   4   5   6   7   8    9   10 
Num  6 20 42  74 114 164 222 290  366  452 
Cum  7 27 69 143 257 421 643 933 1299 1751 
---------------------- 
TD10=1748 
 
 
Point symbol for net: {4^12.6^3}s{4^9.6^6} 
6,6-c net with stoichiometry (6-c)(6-c); 2-nodal net 
 
Topological type: nia 
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Compound 18 crystallizes in the triclinic P-1 space group with the unit cell parameters a 

= 15.923 Å, b = 17.154 Å, c = 35.487 Å, α = 89.579°, β = 87.970°, γ = 67.732°.  

 Unfortunately, although the free volume calculated from crystallographic structure is 

about 60%, the author has not been able to activate the prepared material for sorption 

experiments. Only a limited number of attempts has been performed, as preparing the 

sufficient amounts of material for sorption has proven to be very difficult. 

Notably, the coordination of two arms from two pyrimidine moieties of the ligand to one 

cluster forces other two arms from opposite side of pyrimidine to widen and coordinate 

to separate clusters, instead of the same as in predicted for pts-MOF. Further attempts 

to isolate conditions for the formation MOF based on zirconium or lanthanide 

hexanuclear clusters with L5_VC ligand have failed. 

Due to the fragility of the ether group in L5 composed of pyrimidine porphyrin with the -

hydroxybenzoic acid “arm” attached in orto-position, it was decided to substitute the 

“arm” with a longer 4-(hydroxymethyl)benzoic acid group that also potentially offers to 

reduce a steric hindrance. However, the attempts to synthesize the desired pyrimidine 

derivative have failed. Therefore, in analogy to L1, the 5,10,15,20-tetraphenylporphyrin 

with 4-(hydroxymethyl)benzoic acids in orto- position of phenyls was synthesized (L6).  

The countless attempts to isolate compounds based on lanthanide cluster and L6 using 2-

FBA has failed, therefore the author have used acetic, benzoic and formic acid in order to 

isolate zirconium clusters. After countless attempts, compound 19 was crystallized using 

formic acid as modulator.  
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The 19 crystallizes in the orthorhombic space group Pnma with the unit cell parameters 

a = 24.357(1) Å, b = 40.052(2) Å and c = 13.5121(7).  

 The use of formic acid allowed the formation of zirconium hexanuclear cluster. 

Interestingly, eight carboxylic acid “arms” of L7 ligands are connected to Zr atoms and 

may be grouped into two categories by coordination mode (Fig. 6.8, a). Six “arms” 

connects to two Zr atoms through the most common syn,syn-carboxylic acid coordination 

mode, while two other arms connects to Zr through less common bis-monodentate 

bridging mode. In addition, two formic acid are connected to the formed cluster, thus, 

stabilizing it. Overall, the hexanuclear Zr cluster is connected to three octatopic porphyrin 

ligand to give 6-connected MBB (Fig. 6.8, b). Similarly as in the case of compound 18 the 

ligand is considered as a 6-connected MBB, as each ligand is connected to six Zr clusters 

(Fig. 6.8, c). The topological analysis had led to the simplification of obtained compound 19 

into edge transitive binodal nia net (Table 6.3). 

Table 6.3 Topos output for 19 as 6,6-connected nia net. 

Coordination sequences 
---------------------- 
V1:  1  2  3   4   5   6   7   8    9   10 
Num  6 18 42  74 114 162 222 290  366  450 
Cum  7 25 67 141 255 417 639 929 1295 1745 
---------------------- 
V2:  1  2  3   4   5   6   7   8    9   10 
Num  6 20 42  74 114 164 222 290  366  452 
Cum  7 27 69 143 257 421 643 933 1299 1751 
---------------------- 
TD10=1748 
 
Point symbol for net: {4^12.6^3}{4^9.6^6} 
6,6-c net with stoichiometry (6-c)(6-c); 2-nodal net 
 
Topological type: nia 
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Figure 6.8 Structural analysis of compound 19: (a) hexanuclear Zr cluster; (b),(c) 
connectivity of obtained hexanuclear cluster and L6 ligand used in the synthesis, (d-f) 

molecular structure of nia net viewed along a, b, c directions. 
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The attempts to activate the prepared material for sorption experiments were not 

performed due to safety reasons (the use of formic acid had led to the explosion of several 

vials). The estimated free volume from crystallographic structure was only about 30%. 

Interestingly, despite the ligand extension in compound 19 when compared to compound 

18, the resultant MOF 19 possessed a lower estimated free volume. 

In order to target compounds with higher symmetry and more accessible pore volumes, 

we have aimed to synthesize 10,15,20-tetraphenylporphyrin with 4-

(hydroxymethyl)benzoic acid “arms” in meta-position of phenyls. Different synthetic 

conditions were screened targeting zirconium or lanthanide clusters. Eventually, the 

highly symmetrical compound 20 was formed. The 20 crystallizes in the tetragonal space 

group P4/mmm with the unit cell parameters a = 19.5524(8) Å and c = 22.0049(9) Å.  

The use of acetic acid, in this case, had led to the formation of hexanuclear zirconium 

cluster, similar to that observed in compound 17 with terbium (Fig. 6.9). The topological 

analysis had led to the simplification of the obtained compound 20 into a simple 8-connected 

bcu net (Table 6.4). Each ligand is connected to eight clusters and vice versa. 

Table 6.4 Topos output for 20 as 6,6-connected bcu net. 

Coordination sequences 
---------------------- 
V1:  1  2  3   4   5   6   7    8    9   10 
Num   8 26 56  98 152 218 296  386  488  602 
Cum   9 35 91 189 341 559 855 1241 1729 2331 
---------------------- 
TD10=2331 
 
Point symbol for net: {4^24.6^4}s 
8-c net; uninodal net 
 
Topological type: bcu (body centered cubic) 
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Figure 6.9 Structural analysis of compound 20. The simplification of (a) the obtained 
hexanuclear cluster and (b) octatopic ligand to 8-connected nodes, (c) molecular 

structure of obtained bcu net. 

 

From the analysis of crystal structure of the prepared compound 20 it appeared to be 

highly porous with an estimated free volume of around 80%. 

Notably, according the SCXRD and UV-Vis analysis the synthetic condition for the 

construction of compounds 17- 20 have not led to the metallation of porphyrin core in 

the ligand. The possibility to postsynthetically metallate obtained compounds needs to 

be yet verified experimentally.  

Further explorations of the properties of the compounds synthesized in this chapter are 

required in order to assess the potential areas in which their use can be beneficial. 

Currently, in the studies are in progress in our group. 
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6.4 Conclusion and Outlook  

In this subchapter four new compounds based on newly synthesized flexible porphyrin 

ligands and highly connected Zr or Tb clusters were synthesized (Fig. 6.10). 

The clusters involved in the construction of 17-20 possess the sites potentially 

accessible for modifications and can be potentially grafted with catalytically active 

species. Thus, the developments of new double sited MOF-based catalysts can be 

potentially targeted.(300, 365)  

Another potentially interesting aspect of the prepared materials for the properties 

exploration is their anticipated flexibility.  

 

 
Figure 6.10 The summary of compounds prepared in chapter 6 based on (a,b) Tb (17-18) 

and Zr (19-20) metal ions.  
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Chapter 7: General Summary and Conclusion  

The unique modular chemistry and hybrid organic-inorganic nature of MOFs have 

attracted much scientific attention in recent years as it allows the construction of infinite 

number of potentially porous networks “tailored” on a molecular level fit for any given 

application. The research presented in this dissertation presents explorative studies 

concerning MOF materials with emphasis on the construction of MOF thin films and their 

applications. The materials studied in this thesis fall within various subclasses of MOFs 

including sql SBL MOFs, MOFs based on fluorometalate pillars, and ZMOFs.  

The fabrication of MOF thin films by attaching them onto a surface further extends 

the areas in which MOFs can be applied, such as sensing devises and membranes, among 

others. The main advantage of thin films is that a relatively low amount of material is 

required compared to bulk amount required for example for sorption applications 

(storage or separation).  Therefore, the scientific aspiration to create a MOF as a film had 

historically triggered the development of a number of fabrication techniques, including in 

situ solvothermal growth, colloidal depositions, and liquid phase stepwise growth 

methods (LbL). The LbL technique offers several advantages over other methods, 

whereby the growth of homogeneous and smooth films with controllable thickness can 

be achieved. In addition, the crystal orientation in the film can be controlled by 

deliberately electing the surface functional groups on the support.  

In this dissertation, the power of the LbL approach is particularly demonstrated in 

two case studies: a) fabrication of continuous CO2-selective M’2(pyr)2(SiF6) (M’=Ni,Cu) 
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membranes and b) synthesis of a hierarchical “MOF-on-MOF” thin film system, based on 

the sql SBL approach. In addition, the LbL approach was used to synthesize a MOF-2 for 

the explicit purpose of testing a capacitive sensing system (this system was developed in 

collaboration with Prof. Salama). Finally, a new facile technique for the growth of MOF 

thin films was developed based on modifying the LbL approach to create an LbL spin 

coating method, leading to advantages such as shortened film growth time and reduced 

chemical consumption. 

However, as the LbL approach is limited to the synthesis of only certain MOFs (i.e., 

those MOFs that are built from simple building blocks and that are synthesized at 

relativity low or room temperature), the conventional solvothermal growth approach was 

also used in this study. Three MOF thin films were created using this approach: MFM-300, 

used for sensing applications, and sod-ZMOF and ana-ZMOF, both used for the 

preparation of membranes for gas separation. SAM and PVP were used in the synthesis 

to enhance a number of functional groups on the substrate surfaces and promote the film 

growth.   

Along with the development of various thin films, I could not resist taking 

advantage of the simple and beautiful synthetic chemistry used to make sophisticated 

MOFs. Therefore, I dedicated some effort to exploring the synthesis of novel MOFs, 

resulting in the construction of: 

• an sql SBL-based MOF with 8-connected L-L pillaring (compound 1), 

• fsc MOFs with fluorometalate pillars (some of which are stable in water) (compounds 

2-3),  
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• isostructural analogs of earlier reported ZMOFs (compounds 4-9),  

• various analogs of a new (compounds 12-16) and related structures (compounds 10-

11), all based on the 2-Amino-4,5-PmDc ligand, 

• MOFs with high free volume, which are based on 8-connected flexible porphyrin 

ligands and either zirconium or terbium metal clusters (compounds 17-20). 

Despite the fact that most of the design strategies and synthetic approaches utilized in 

this study were not novel (many were developed previously in our group), it is still a great 

challenge to find the proper conditions to isolate the targeted structures. This is notably 

a problem when “side” structures (i.e., unintended byproducts) are crystalize along with 

desired product and it is especially common in ZMOF synthesis. 

This thesis intentionally targeted specific areas of application, such as gas sensing 

and separation, but there are likely applications of the developed materials in many other 

fields.  The particular highlights of this study in context of MOF applications are presented 

below:  

• The first MOF-based SO2 sensor with excellent performance was developed based 

on MFM-300 MOF. 

• Three adsorption-driven MOF membranes, namely Ni2(pyr)2(SiF6), sod-

ZMOF(Ca2+), and ana-ZMOF, have been synthesized and have shown high 

performance for separating CO2/H2 mixtures with a preferential permeation of 

CO2 over H2. Notably, the change of the MOF membrane performance upon the 

cation exchange was evaluated for the first time on sod-ZMOF membrane. In 

sddition to CO2/H2 separation, ana-ZMOF membrane have shown great promise 
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for the butane isomer separation, overperforming benchmark materials reported 

in the literature.  

• The newly synthesized ZMOF with unprecedented tile-transitive topology was tested 

have shown the potential for diffusion-based sorption separation of propane from 

propylene.  

• The selective sensing of inorganic anions was explored using the Pt(II)TMPyP 

encapsulated in rho-ZMOF. 

Undoubtedly, MOFs have become a platform for diverse applications, taking advantage 

of immense potential for diverse structure and chemistry. Advancements in the areas of 

CO2 capture, methane and hydrogen storage, hydrocarbon separation, and similar fields 

are among the most ambitious goals that MOF researchers are addressing. However, to 

achieve such lofty goals, the field will have to shift from lab-scale to large-scale (i.e., 

industrial-scale) applications and synthesis. Many current research efforts do not 

adequately consider industrial feasibility (e.g., availability or costs of raw materials, or the 

lack of suitable modules for developed materials to be implemented). In the long run, 

these ambitious goals will likely be realized, but in the short term, smaller markets may 

be the most promising future for MOF implementation.  

 While it may sound like a cliché, it is true that MOFs are only limited by our 

imagination. However, efforts and resources should be targeted towards solving the 

actual needs of society. Open and frequent communication among experimentalists, 

theoretical chemists, engineers, and potential end users is therefore critical to ensure 

optimal advancement of the MOF field. As a young and relatively immature field, there 
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remains some burden on MOF researchers to demonstrate the full potential of MOFs. I 

am confident that the current pace of exciting advances in fundamental research, 

combined with directed efforts towards selected problems as described above, will lead 

to serious impact on global challenges. 
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APPENDICES 
Appendix A. SCD Structural Analysis and Refinement Data 

Table A.1. Crystal data and structure refinement for Compound 1: new 8-c sql SBL-
based MOF  
Empirical formula C116H72.67Cu9N4O46.33 

Formula weight 2835.64 

Crystal system, space group Orthorhombic, Fmm2 

Unit cell dimensions a = 51.713(9) Å, b = 28.010(5) Å, 

c = 39.187(7) Å  

Volume 56760(20) Å3 

Z, calculated density 12, 0.995 Mg m-3 

F(000) 17140 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 1.58 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.102 and 0.046 

Crystal size 0.005 × 0.10 × 0.30 mm 

Shape, colour Thin plate, brown-red 

 range for data collection 1.7– 33.4° 

Limiting indices -36 ≤ h ≤ 36, -20 ≤ k ≤ 20, -27 ≤ l ≤ 27 

Reflection collected / unique / observed 

with I > 2σ(I) 

15542 / 5113 (Rint = 0.087) / 2951 

Completeness to θmax = 33.4° 99.8 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5113 / 227 / 442 

Final R indices [I > 2σ(I)] R1 = 0.125, wR2 = 0.295 

Final R indices (all data) R1 = 0.194, wR2 = 0.351 

Weighting scheme [σ2(Fo
2) + (0.2P)2]-1* 

Goodness-of-fit 1.29 

Largest diff. peak and hole 1.33 and -0.52 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.2. Crystal data and structure refinement for Compound 2:  

[Co(GeF6)( TPyP)]n MOF 

 

Empirical formula C20H10CoF6GeN4 

Formula weight 551.84 

Crystal system, space group Tetragonal, P4/mcc 

Unit cell dimensions a = 13.9600(9) Å, c = 15.079(2) Å  

Volume 2938.7(5) Å3 

Z, calculated density 2, 0.624 Mg m-3 

F(000) 542 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 3.07 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.137 and 0.055 

Crystal size 0.003 × 0.04 × 0.04 mm 

Shape, colour Square plate, brown-red 

 range for data collection 3.2–54.2° 

Limiting indices -5 ≤ h ≤ 14, -13 ≤ k ≤ 14, -15 ≤ l ≤ 7 

Reflection collected / unique / observed 

with I > 2σ(I) 

4909 / 942 (Rint = 0.075) / 671 

Completeness to max = 54.2° 98.8 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 942 / 42 / 70 

Final R indices [I > 2σ(I)] R1 = 0.094, wR2 = 0.310 

Final R indices (all data) R1 = 0.114, wR2 = 0.324 

Weighting scheme [σ 2(Fo
2) + (0.1614P)2 + 13.6107P]-1* 

Goodness-of-fit 1.19 

Largest diff. peak and hole 0.46 and -0.53 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.3. Crystal data and structure refinement for Compound 3: 

[Zn(GeF6)(Sn(OH)2-TPyP)]n MOF 

 

Empirical formula C40H34F6GeN8O6SnZn 

Formula weight 1093.40 

Crystal system, space group Tetragonal, P4/mmm 

Unit cell dimensions a = 13.9824(3) Å, c = 7.7103(2) Å  

Volume 1507.42(8) Å3 

Z, calculated density 1, 1.204 Mg m-3 

F(000) 544 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 4.84 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.149 and 0.054 

Crystal size 0.15 × 0.20 × 0.20 mm 

Shape, colour Tetragonal prism, red 

 range for data collection 3.2–66.2° 

Limiting indices -10 ≤ h ≤ 16, -16 ≤ k ≤ 12, -9 ≤ l ≤ 8 

Reflection collected / unique / observed 

with I > 2σ(I) 

7682 / 814 (Rint = 0.029) / 804 

Completeness to max = 66.2° 98.3 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 814 / 0 / 69 

Final R indices [I > 2σ(I)] R1 = 0.065, wR2 = 0.223 

Final R indices (all data) R1 = 0.065, wR2 = 0.223 

Weighting scheme [σ2(Fo
2) + (0.141P)2 + 3.588P]-1* 

Goodness-of-fit 1.23 

Largest diff. peak and hole 0.93 and -1.49 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.4. Crystal data and structure refinement for Compound 4: 

ana-ZMOF (Dy) 

 

Empirical formula C34H28Cl2Dy3K3N14O24 

Formula weight 1692.40 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 28.068(3) Å  

Volume 22114(7) Å3 

Z, calculated density 16, 2.033 Mg m-3 

F(000) 12976 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 25.08 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.150 and 0.037 

Crystal size 0.025 × 0.025 × 0.025 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.9–67.9° 

Limiting indices -33 ≤ h ≤ 17, -31 ≤ k ≤ 20, -31 ≤ l ≤ 32 

Reflection collected / unique / observed 

with I > 2σ(I) 

26905 / 1681 (Rint = 0.049) / 1637 

Completeness to max = 67.9° 99.8 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1681 / 20 / 142 

Final R indices [I > 2σ(I)] R1 = 0.049, wR2 = 0.134 

Final R indices (all data) R1 = 0.049, wR2 = 0.134 

Weighting scheme [σ2(Fo
2) + (0.1042P)2 + 25.4908P]-1* 

Goodness-of-fit 1.67 

Largest diff. peak and hole 1.44 and -0.96 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.5. Crystal data and structure refinement for Compound 5: 

ana-ZMOF (Ho) 

 

Empirical formula C34H28Cl2Ho3K3N14O24 

Formula weight 1699.69 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 28.0853(4) Å  

Volume 22153.2(9) Å3 

Z, calculated density 16, 2.038 Mg m-3 

F(000) 13024 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 11.38 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.146 and 0.054 

Crystal size 0.025 × 0.025 × 0.025 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.9–64.5° 

Limiting indices -26 ≤ h ≤ 32, -32 ≤ k ≤ 11, -32 ≤ l ≤ 27 

Reflection collected / unique / observed 

with I > 2σ(I) 

34471 / 1571 (Rint = 0.035) / 1460 

Completeness to max = 64.5° 100.0 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1571 / 21 / 142 

Final R indices [I > 2σ(I)] R1 = 0.035, wR2 = 0.106 

Final R indices (all data) R1 = 0.037, wR2 = 0.107 

Weighting scheme [σ 2(Fo
2) + (0.0737P)2 + 9.601P]-1* 

Goodness-of-fit 1.25 

Largest diff. peak and hole 1.25 and -0.30 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.6. Crystal data and structure refinement for Compound 6: 

ana-ZMOF (Er) 

 

Empirical formula C34H28Cl2Er3K3N14O24 

Formula weight 1706.68 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 28.0013(9) Å  

Volume 21955(2) Å3 

Z, calculated density 16, 2.065 Mg m-3 

F(000) 13072 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 11.92 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.149 and 0.050 

Crystal size 0.20 × 0.20 × 0.30 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.8–66.6° 

Limiting indices -33 ≤ h ≤ 26, -28 ≤ k ≤ 32, -33 ≤ l ≤ 32 

Reflection collected / unique / observed 

with I > 2σ(I) 

50826 / 1632 (Rint = 0.043) / 1629 

Completeness to max = 66.6° 99.9 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1632 / 140 / 21 

Final R indices [I > 2σ(I)] R1 = 0.037, wR2 = 0.120 

Final R indices (all data) R1 = 0.037, wR2 = 0.120 

Weighting scheme [σ2(Fo
2) + (0.0692P)2 + 181.7731P]-1* 

Goodness-of-fit 1.20 

Largest diff. peak and hole 0.92 and -1.20 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.7. Crystal data and structure refinement for Compound 7: 

ana-ZMOF (Tm) 

 

Empirical formula C34H28Cl2K3N14O24Tm3 

Formula weight 1711.69 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 27.917(2) Å  

Volume 21758(4) Å3 

Z, calculated density 16, 2.090 Mg m-3 

F(000) 13120 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 12.60 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.149 and 0.046 

Crystal size 0.30 × 0.30 × 0.30 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.9–66.7° 

Limiting indices -30 ≤ h ≤ 33, -23 ≤ k ≤ 26, -16 ≤ l ≤ 33 

Reflection collected / unique / observed 

with I > 2σ(I) 

26785 / 1622 (Rint = 0.045) / 1621 

Completeness to max = 66.7° 99.9 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1622 / 21 / 142 

Final R indices [I > 2σ(I)] R1 = 0.049, wR2 = 0.145 

Final R indices (all data) R1 = 0.049, wR2 = 0.145 

Weighting scheme [σ2(Fo
2) + (0.095P)2 + 262.3594P]-1* 

Goodness-of-fit 1.15 

Largest diff. peak and hole 1.62 and -1.87 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.8. Crystal data and structure refinement for Compound 8: 

ana-ZMOF (Yb) 

 

Empirical formula C34H28Cl2K3N14O24Yb3 

Formula weight 1724.02 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 27.934(2) Å  

Volume 21797(4) Å3 

Z, calculated density 16, 2.101 Mg m-3 

F(000) 13168 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 12.95 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.149 and 0.055 

Crystal size 0.10 × 0.10 × 0.10 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.9–66.6° 

Limiting indices -31 ≤ h ≤ 33, -30 ≤ k ≤ 30, -33 ≤ l ≤ 31 

Reflection collected / unique / observed 

with I > 2σ(I) 

102959 / 1623 (Rint = 0.030) / 1623 

Completeness to max = 66.6° 100.0 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1623 / 21 / 142 

Final R indices [I > 2σ(I)] R1 = 0.035, wR2 = 0.124 

Final R indices (all data) R1 = 0.035, wR2 = 0.124 

Weighting scheme [σ2(Fo
2) + (0.076 P)2 + 92.0443P]-1* 

Goodness-of-fit 1.28 

Largest diff. peak and hole 1.05 and -0.67 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.9. Crystal data and structure refinement for Compound 9: 

ana-ZMOF (Lu) 

 

Empirical formula C34H28Cl2K3Lu3N14O24 

Formula weight 1729.81 

Crystal system, space group Cubic, Ia-3d 

Unit cell dimensions a = 27.9146(5) Å  

Volume 21752(1) Å3 

Z, calculated density 16, 2.113 Mg m-3 

F(000) 13216 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 13.86 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.149 and 0.055 

Crystal size 0.20 × 0.20 × 0.30 mm 

Shape, colour Cubic, colorless 

 range for data collection 3.9–66.6° 

Limiting indices -31 ≤ h ≤ 30, -33 ≤ k ≤ 32, -32 ≤ l ≤ 27 

Reflection collected / unique / observed 

with I > 2σ(I) 

52449 / 1610 (Rint = 0.049) / 1474 

Completeness to max = 66.6° 99.9 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1610 / 21 / 140 

Final R indices [I > 2σ(I)] R1 = 0.029, wR2 = 0.094 

Final R indices (all data) R1 = 0.032, wR2 = 0.095 

Weighting scheme [σ 2(Fo
2) + (0.0752P)2]-1* 

Goodness-of-fit 1.13 

Largest diff. peak and hole 1.40 and -0.39 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.10. Crystal data and structure refinement for Compound 10: 

lvt-MOF 

 

Empirical formula C16H22CdN8O8 

Formula weight 566.81 

Crystal system, space group Tetragonal, I-42d 

Unit cell dimensions a = 25.8732(8) Å, c = 8.3778(2) Å  

Volume 5608.3(4) Å3 

Z, calculated density 8, 1.343 Mg m-3 

F(000) 2288 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.67 mm-1 

Absorption correction Multi-scan 

Max and min transmission 1.000 and 0.719 

Crystal size 0.01 × 0.01 × 0.08 mm 

Shape, colour Rod, yellow 

 range for data collection 4.8–59.0° 

Limiting indices -28 ≤ h ≤ 28, -18 ≤ k ≤ 19, -9 ≤ l ≤ 9 

Reflection collected / unique / observed 

with I > 2σ(I) 

1797 / 1138 (Rint = 0.047) / 1054 

Completeness to max = 59.0° 99.0 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1138 / 22 / 136 

Final R indices [I > 2σ(I)] R1 = 0.056, wR2 = 0.144 

Final R indices (all data) R1 = 0.059, wR2 = 0.145 

Weighting scheme [σ2(Fo
2) + (0.0947P)2 + 24.1646P]-1* 

Goodness-of-fit 1.09 

Largest diff. peak and hole 1.38 and -0.63 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.11. Crystal data and structure refinement for Compound 11: 

3,4-connected MOF 

 

Empirical formula C75.67H83.67Br0.83Er6N37.83O50 

Formula weight 3393.28 

Crystal system, space group Cubic, I-43m 

Unit cell dimensions a = 37.2135(6) Å  

Volume 51535(2) Å3 

Z, calculated density 12, 1.312 Mg m-3 

F(000) 19676 

Temperature (K) 296.0(2) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.02 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.750 and 0.552 

Crystal size 0.05 × 0.05 × 0.05 mm 

Shape, colour Cubic dodacahedron, yellow 

 range for data collection 1.7–38.4° 

Limiting indices -30 ≤ h ≤ 29, -28 ≤ k ≤ 29, -27 ≤ l ≤ 22 

Reflection collected / unique / observed 

with I > 2σ(I) 

18034 / 2580 (Rint = 0.060) / 2114 

Completeness to max = 38.4° 99.9 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2580 / 324 / 353 

Final R indices [I > 2σ(I)] R1 = 0.041, wR2 = 0.109 

Final R indices (all data) R1 = 0.055, wR2 = 0.117 

Weighting scheme [σ2(Fo
2) + (0.0657P)2 + 172.578P]-1* 

Goodness-of-fit 1.05 

Largest diff. peak and hole 0.51 and -0.25 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.12. Crystal data and structure refinement for Compound 12: 

1tile-ZMOF (Er) 

 

Empirical formula C14H14.44ErN7O8.22 

Formula weight 579.58 

Crystal system, space group Tetragonal, P41212 

Unit cell dimensions a = 22.702(3) Å, c = 44.666(5) Å  

Volume 23021(6) Å3 

Z, calculated density 36, 1.505 Mg m-3 

F(000) 10124 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.52 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.150 and 0.052 

Crystal size 0.15 × 0.15 × 0.27 mm 

Shape, colour Tetragonal bipyramid, yellow 

 range for data collection 2.2–67.8° 

Limiting indices -26 ≤ h ≤ 27, -26 ≤ k ≤ 26, -52 ≤ l ≤ 53 

Reflection collected / unique / observed 

with I > 2σ(I) 

216119 / 20702 (Rint = 0.036) / 19873 

Completeness to max = 67.8° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 20702 / 84 / 997 

Final R indices [I > 2σ(I)] R1 = 0.036, wR2 = 0.111 

Final R indices (all data) R1 = 0.038, wR2 = 0.117 

Weighting scheme [σ2(Fo
2) + (0.0821P)2]-1* 

Goodness-of-fit 1.09 

Largest diff. peak and hole 1.11 and -0.45 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.13. Crystal data and structure refinement for Compound 13: 

1tile-ZMOF (Ho) 

 

Empirical formula C14H16.22HoN7O9.11 

Formula weight 593.27 

Crystal system, space group Tetragonal, P41212 

Unit cell dimensions a = 22.8306(6) Å, c = 44.441(1) Å  

Volume 23165(1) Å3 

Z, calculated density 36, 1.531 Mg m-3 

F(000) 10408 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.21 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.151 and 0.051 

Crystal size 0.05 × 0.05 × 0.10 mm 

Shape, colour Tetragonal bipyramid, yellow 

 range for data collection 2.2–68.2° 

Limiting indices -25 ≤ h ≤ 25, -26 ≤ k ≤ 26, -51 ≤ l ≤ 51 

Reflection collected / unique / observed 

with I > 2σ(I) 

244829 / 19235 (Rint = 0.062) / 16907 

Completeness to max = 68.2° 90.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19235 / 6 / 1072 

Final R indices [I > 2σ(I)] R1 = 0.039, wR2 = 0.109 

Final R indices (all data) R1 = 0.048, wR2 = 0.114 

Weighting scheme [σ2(Fo
2) + (0.0617P)2 + 21.1612P]-1* 

Goodness-of-fit 1.05 

Largest diff. peak and hole 0.67 and -0.39 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.14. Crystal data and structure refinement for Compound 14: 

1tile-ZMOF (Tm) 

 

Empirical formula C14H16.67N7O9.33Tm 

Formula weight 601.27 

Crystal system, space group Tetragonal, P41212 

Unit cell dimensions a = 22.8121(6) Å, c = 44.315(1) Å  

Volume 23061(1) Å3 

Z, calculated density 36, 1.559 Mg m-3 

F(000) 10560 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.97 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.147 and 0.052 

Crystal size 0.10 × 0.10 × 0.20 mm 

Shape, colour Tetragonal bipyramid, yellow 

 range for data collection 2.2–65.0° 

Limiting indices -22 ≤ h ≤ 26, -26 ≤ k ≤ 26, -51 ≤ l ≤ 51 

Reflection collected / unique / observed 

with I > 2σ(I) 

276875 / 19576 (Rint = 0.053) / 18476 

Completeness to max = 65.0° 99.9 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19576 / 6 / 1089 

Final R indices [I > 2σ(I)] R1 = 0.033, wR2 = 0.093 

Final R indices (all data) R1 = 0.036, wR2 = 0.095 

Weighting scheme [σ2(Fo
2) + (0.0627P)2 + 16.1023P]-1* 

Goodness-of-fit 1.04 

Largest diff. peak and hole 0.97 and -0.32 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.15. Crystal data and structure refinement for Compound 15: 

1tile-ZMOF (Yb) 

 

Empirical formula C16.01H22.25N7.67O10.45Yb 

Formula weight 662.44 

Crystal system, space group Tetragonal, P41212 

Unit cell dimensions a = 22.7651(7) Å, c = 44.261(2) Å  

Volume 22938(2) Å3 

Z, calculated density 36, 1.726 Mg m-3 

F(000) 11722 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 7.37 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.151 and 0.051 

Crystal size 0.10 × 0.10 × 0.20 mm 

Shape, colour Tetragonal bipyramid, yellow 

 range for data collection 2.2–66.7° 

Limiting indices -25 ≤ h ≤ 27, -26 ≤ k ≤ 26, -26 ≤ l ≤ 51 

Reflection collected / unique / observed 

with I > 2σ(I) 

74926 / 20022 (Rint = 0.038) / 18213 

Completeness to max = 66.7° 99.2 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 20022 / 74 / 1283 

Final R indices [I > 2σ(I)] R1 = 0.043, wR2 = 0.113 

Final R indices (all data) R1 = 0.047, wR2 = 0.116 

Weighting scheme [σ2(Fo
2) + (0.0831P)2]-1* 

Goodness-of-fit 1.03 

Largest diff. peak and hole 1.40 and -0.54 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.16. Crystal data and structure refinement for Compound 16: 

1tile-ZMOF (Lu) 

 

Empirical formula C14.67H21.56LuN7.22O11.22 

Formula weight 653.58 

Crystal system, space group Tetragonal, P41212 

Unit cell dimensions a = 22.6993(5) Å, c = 44.259(1) Å  

Volume 22805(1) Å3 

Z, calculated density 36, 1.713 Mg m-3 

F(000) 11552 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 8.05 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.147 and 0.053 

Crystal size 0.03 × 0.03 × 0.05 mm 

Shape, colour Tetragonal bipyramid, yellow 

 range for data collection 2.2–65.0° 

Limiting indices -24 ≤ h ≤ 26, -26 ≤ k ≤ 26, -51 ≤ l ≤ 51 

Reflection collected / unique / observed 

with I > 2σ(I) 

197519 / 19306 (Rint = 0.084) / 17219 

Completeness to max = 65.0° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19306 / 2 / 1176 

Final R indices [I > 2 σ(I)] R1 = 0.045, wR2 = 0.123 

Final R indices (all data) R1 = 0.052, wR2 = 0.127 

Weighting scheme [σ2(Fo
2) + (0.0906P)2]-1* 

Goodness-of-fit 1.04 

Largest diff. peak and hole 1.24 and -0.52 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.17. Crystal data and structure refinement for Compound 17: 

dia-MOF (Tb) 

 

Empirical formula C136H96N26O48Tb6 

Formula weight 3815.90 

Crystal system, space group Tetragonal, I41/amd 

Unit cell dimensions a = 37.660(3)Å, c = 25.496(2) Å  

Volume 36159(6) Å3 

Z, calculated density 4, 0.701 Mg m-3 

F(000) 7472 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 5.97 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.998 and 0.696 

Crystal size 0.012 × 0.05 × 0.17 mm 

Shape, colour Plate, yellow/red 

 range for data collection 2.1–33.4° 

Limiting indices -18 ≤ h ≤ 24, -26 ≤ k ≤ 26, -18 ≤ l ≤ 17 

Reflection collected / unique / observed 

with I > 2 σ(I) 

21599 / 1824 (Rint = 0.139) / 1096 

Completeness to max = 33.4° 99.8 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1824 / 44 / 60 

Final R indices [I > 2 σ(I)] R1 = 0.399, wR2 = 0.722 

Final R indices (all data) R1 = 0.479, wR2 = 0.771 

Weighting scheme [σ2(Fo
2) + (0.2P)2]-1* 

Goodness-of-fit 4.08 

Largest diff. peak and hole 8.95 and -4.19 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.18. Crystal data and structure refinement for Compound 18: 

nia-MOF-1 (Tb) 

 

Empirical formula C97H83N14O37Tb3 

Formula weight 2513.53 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 15.923(2) Å, b = 17.154(2) Å, c = 35.487(4) 

Å, α = 89.579(6)°,  = 87.970(6)°,  = 67.732(7)° 

Volume 8964(2) Å3 

Z, calculated density 2, 0.931 Mg m-3 

F(000) 2508 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 6.17 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.748 and 0.530 

Crystal size 0.12 × 0.15 × 0.33 mm 

Shape, colour Prism, violet 

 range for data collection 2.8–42.2° 

Limiting indices -13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -30 ≤ l ≤ 30 

Reflection collected / unique / observed 

with I > 2σ(I) 

22990 / 11418 (Rint = 0.049) / 6717 

Completeness to max = 42.2° 92.1 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11418 / 1299 / 1261 

Final R indices [I > 2σ(I)] R1 = 0.154, wR2 = 0.409 

Final R indices (all data) R1 = 0.208, wR2 = 0.428 

Weighting scheme [σ2(Fo
2) + (0.12P)2]-1* 

Goodness-of-fit 1.65 

Largest diff. peak and hole 1.73 and -1.34 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.19. Crystal data and structure refinement for Compound 19: 

nia-MOF-2 (Zr) 

 

Empirical formula C116H98N6O43Zr6 

Formula weight 2811.32 

Crystal system, space group Orthorhombic, Pnma 

Unit cell dimensions a = 24.357(1) Å, b = 40.052(2) Å, c = 13.5121(7) 

Å  

Volume 13182(1) Å3 

Z, calculated density 4, 1.417 Mg m-3 

F(000) 5680 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 4.44 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.747 and 0.488 

Crystal size 0.003 × 0.04 × 0.10 mm 

Shape, colour Rectangular plate, brown 

 range for data collection 3.5–50.5° 

Limiting indices -20 ≤ h ≤ 24, -37 ≤ k ≤ 40, -13 ≤ l ≤ 10 

Reflection collected / unique / observed 

with I > 2σ(I) 

29956 / 7020 (Rint = 0.094) / 4347 

Completeness to max = 50.5° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7020 / 229 / 711 

Final R indices [I > 2σ(I)] R1 = 0.075, wR2 = 0.189 

Final R indices (all data) R1 = 0.122, wR2 = 0.208 

Weighting scheme [σ2(Fo
2) + (0.0979P)2 + 46.3132P]-1* 

Goodness-of-fit 1.04 

Largest diff. peak and hole 0.91 and -0.78 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table A.20. Crystal data and structure refinement for Compound 1: 

bcu-MOF-1 (Zr) 

 

Empirical formula C108H86N4O40Zr6 

Formula weight 2627.12 

Crystal system, space group Tetragonal, P4/mmm 

Unit cell dimensions a = 19.5524(8) Å, c = 22.0049(9) Å  

Volume 8412.4(8) Å3 

Z, calculated density 1, 0.519 Mg m-3 

F(000) 1322 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 1.72 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.096 and 0.047 

Crystal size 0.013 × 0.05 × 0.05 mm 

Shape, colour Square plate, brown-red 

 range for data collection 2.0–34.8° 

Limiting indices -13 ≤ h ≤ 14, -14 ≤ k ≤ 14, -16 ≤ l ≤ 16 

Reflection collected / unique / observed 

with I > 2 σ(I) 

7910 / 1109 (Rint = 0.057) / 905 

Completeness to max = 34.8° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1109 / 272 / 165 

Final R indices [I > 2 σ(I)] R1 = 0.113, wR2 = 0.322 

Final R indices (all data) R1 = 0.124, wR2 = 0.332 

Weighting scheme [σ2(Fo
2) + (0.2P)2]-1* 

Goodness-of-fit 1.59 

Largest diff. peak and hole 0.48 and -1.22 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Appendix B. Synthesis of the ligands  

Synthesis of L1: 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene)) octaisophthalic acid 

L1 was prepared in 4 steps by Dr. Czaban at KAUST.  

L1, step 1: Diethyl 5-(bromomethyl)isophthalate 

 

To a solution of diethyl 5-(hydroxymethyl)isophthalate (5.170 g, 20.49 mmol) in dry DCM 

(100 mL), tetrabromomethane (8.835 g, 26.64 mmol) and triphenylphosphine (6.988 g, 

26.64 mmol) were added and the reaction mixture was stirred under argon for 3 h. 

Solvent was evaporated and residue was chromatographed with 20% EtOAc in hexanes 

to give diethyl 5-(bromomethyl)isophthalate (6.38 g, 99 %). 

1H NMR (400 MHz, CDCl3): δ, 8.59 (t, J = 1.6 Hz, 1H), 8.23 (d, J = 1.6 Hz, 2H), 4.54 (s, 2H), 

4.41 (q, J = 7.1 Hz, 4H), 1.41 (t, J = 7.1 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ 165.42, 138.83, 134.21, 131.78, 130.62, 61.72, 31.76, 

14.47ppm. 

 

L1, step 2: Tetraethyl 5,5'-(((2-formyl-1,3-phenylene)bis(oxy))bis (methylene)) 

diisophthalate 
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2,6-dihydroxybenzaldehyde (1.00 g, 7.24 mmol) and diethyl 5-(bromomethyl) 

isophthalate (5.02 g, 15.9 mmol) were dissolved in DMF (20 mL) . To this solution 

potassium carbonate (10.0 g, 72.4 mmol) and cesium carbonate (1.18 g, 3.62 mmol) were 

added and the reaction mixture was stirred overnight at RT. The reaction mixture was 

diluted with brine (100 mL) and ethyl acetate (100 mL) and filtered through filter paper. 

The collected solid was washed with water and ethyl acetate, dried in vacuo. Tetraethyl 

5,5'-(((2-formyl-1,3-phenylene)bis(oxy))bis (methylene))diisophthalate (3.57 g, 81.3 %) 

was obtained as white solid. 

1H NMR (400 MHz, CDCl3): δ, 10.65 (s, 1H), 8.65 (t, J = 1.6 Hz, 2H), 8.36 (d, J = 1.6 Hz, 4H), 

7.43 (t, J = 8.4 Hz, 1H), 6.66 (d, J = 8.5 Hz, 2H), 5.25 (s, 4H), 4.42 (q, J = 7.2 Hz, 8H), 1.43 (t, 

J = 7.1 Hz, 12H) ppm. 

13C NMR (101 MHz, CDCl3): δ, 188.65, 165.72, 160.88, 137.36, 135.83, 132.36, 131.61, 

130.45, 115.55, 106.14, 69.94, 61.67, 14.47 ppm. 

 

 

L1, step 3: Hexadecaethyl 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin-5,10,15,20-tetrayl 

tetrakis (benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octaisophthalate 
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A solution of tetraethyl 5,5'-(((2-formyl-1,3-phenylene)bis(oxy))bis(methylene)) 

diisophthalate (2.32 g, 3.82 mmol) and 1H-pyrrole (256 mg, 0.265 mL, 3.82 mmol) in DCM 

(1 L) was deoxygenated by purging argon for 30 min. Boron trifluoride etherate (54.3 mg, 

0.0485 mL, 383 µmol) was added and the reaction mixture was stirred under argon and 

protected by light for 2 h. After that time 2,3,5,6-tetrachlorocyclohexa-2,5-diene-1,4-

dione (940 mg, 3.82 mmol) was added and the reaction mixture was refluxed for 1 h. The 

reaction was cooled to RT and solvent was evaporated. The residue was 

chromatographed on silica gel with DCM. The obtained product was redissolved in DCM 

and precipitated with MeOH yielding hexadecaethyl 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-

(((porphyrin-5,10,15,20-tetrayltetrakis(benzene-2,1,3-triyl))octakis(oxy))octakis 

(methylene))octaisophthalate (0.75 g, 30 %) as purple solid. 

1H NMR (400 MHz, CDCl3): δ, 8.93 (s, 8H), 8.05 (s, 8H), 7.56-7.46 (m, 20H), 6.86 (d, J = 8.5 

Hz, 8H), 4.88 (s, 16H), 3.72 (q, J = 7.1 Hz, 32H), 0.77 (t, J = 7.1 Hz, 48H), -2.22 (s, 2H) ppm. 

13C NMR (101 MHz, CDCl3): δ, 165.15, 159.32, 138.38, 130.98, 130.73, 130.02, 129.35, 

121.80, 110.57, 106.85, 69.55, 60.84, 13.91 ppm. 

ESI-MS: 2617 [M+H]+ 

 

L1, step 4: 8. 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene)) octaisophthalic acid 
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Hexadecaethyl 5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene)) octaisophthalate (0.700 g, 268 

µmol) was dissolved in THF (50 mL) and potassium hydroxide (3.75 g, 66.9 mmol) in Water 

(15 mL)was added. The reaction mixture was placed in a preheated oil batch and stirred 

overnight at 80°C. The reaction mixture was cooled to RT, evaporated, diluted with water 

(15 mL) and acidified with concentrated HCl. It was filtered on a fritted funnel, washed 

several times with water, followed by EtOAc, and dried on air. 

5,5',5'',5''',5'''',5''''',5'''''',5'''''''-(((porphyrin - 5, 10, 15, 20 – tetrayltetrakis (benzene - 2, 1, 

3 – triyl ))octakis(oxy))octakis (methylene)) octaisophthalic acid (0.57 g, 98 %) was 

obtained as green solid. 

1H NMR (400 MHz, DMSO-d6): δ, 13.01 (s, 18H), 8.99 (s, 8H), 8.02 (s, 8H), 7.76 (d, J = 1.5 

Hz, 16H), 7.58 (t, J = 8.4 Hz, 4H), 6.94 (d, J = 8.6 Hz, 8H), 5.07 (s, 16H), -2.47 (s, 2H) ppm. 

13C NMR (126 MHz, DMSO-d6): δ, 166.57, 159.03, 139.21, 131.45, 131.07, 129.03, 120.36, 

111.40, 107.12, 69.08, 55.40 ppm. 

ESI-MS: 2169 [M-H]- 

 

 

Synthesis of L2: trans-dihydroxo[5,10,15,20-tetrakis(4- pyridyl)porphyrinato]tin(IV) 

L2 was prepared in 2 steps by the author.  

L1, step 1: trans-dichloride[5,10,15,20-tetrakis(4-pyridyl)porphyrinato]tin(IV) 

 

 



324 
 

5,10,15,20-Tetrakis(4-pyridyl)-porphyrin (TPyP) (0.62 g, 1 mmol) was dissolved in 200 mL 

of pyridine and SnCl2·2H2O (0.45 g, 2 mmol) was added. The reaction mixture was heated 

at reflux for 10 h. After cooling down, the solvent was removed in vacuo. The residue was 

dissolved in CHCl3 and filtered through a Celite® pad. The filtrate was evaporated under 

reduced pressure to yield a crude dark purple powder of trans-dichloride[5,10,15,20-

tetrakis(4-pyridyl)porphyrinato]tin(IV) product.  

 

L2, step 2: trans-dihydroxo[5,10,15,20-tetrakis(4- pyridyl)porphyrinato]tin(IV) 

 

The crude trans-dichloride[5,10,15,20-tetrakis(4-pyridyl)porphyrinato]tin(IV) and 

potassium carbonate (9.7 g, 7 mmol) were dissolved in tetrahydrofuran (300 mL) and 

water (80 mL) and heated at reflux for 4 h. The solvent was concentrated in vacuo until 

THF was removed and then was left in a refrigerator for one day. The produced bright 

purple solid of trans-dihydroxo[5,10,15,20-tetrakis(4-pyridyl)porphyrinato]tin(IV) was 

filtered, washed with water, and dried under vacuum. Yield: 85%.  
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Synthesis of L3: 4,6-dicarboxylic acid (PmDc)  

L3 was prepared in 2 steps by Dr. Weselinski and later repeated by author multiple times. 

The second step involves the purification of compound. 

 

L3, step 1: 4,6-dimethylpyrimidine (6.9 g; 64 mmol) and NaOH (1.7 g, 42 mmol) was 

dissolved in water (80 mL) in a 500 ml round-bottom flask, and the hot solution of KMnO4 

(7.2 g; 65 mmol) dissolved in 250 mL of H2O was added dropwise. The solution was 

refluxed overnight. The reaction mixture was then cooled, 5 mL of EtOH was added to 

decompose the remaining KMnO4 and the mixture was filtered through Celite®, and 

concentrated on rotovap to a minimum volume. It was acidified using conc. HNO3/H2O 

(20mL each) solution to produce white precipitate, that was filtered, washed with DI 

water and dried in air to give product as a white solid (6 g, 50%). 

 L3, purification step: crude PmDc (6 g) was refluxed in a solution of 150 mL of MeOH and 

two Pasteur pipettes of H2SO4 conc. acid overnight at 80°C. Later the solution was 

concentrated on a rotovap to a minimum volume. 150 mL of CH2Cl2 and 150 mL of 

saturated solution of NaHCO3 were added, and after vigorous shaking separated using a 

separatory funnel. The bottom layer was dried with MgSO4, filtered through cotton, 

concentrated on rotavap and analyzed using TLC with 40% Ethyl Acetate in Hexanes. 6 

molar excess of NaOH (7 g) in 100 mL of water was added, followed by additional water 

was added to break a suspension, then 80 mL THF and 20 mL of MeOH were added and 

the solution was stirred for 2 hours at room temperature. Water was added until salts 

were dissolved. The organic impurities were extracted with 100 mL Et2O. It was acidified 

using conc. HNO3/H2O (20 mL each) solution to produce a white precipitate, that was 

filtered, washed with DI water and dried in air to give the product as white solid (5.1 g, 

85%). 
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Synthesis of L4: 2-aminopyrimidine-4,6-dicarboxylic acid (2-Amino-PmDc)  

L4 was prepared in one step by Dr. Weselinski and later repeated by author multiple 

times.  

 

2-Amino-4,6-dimethylpyrimidine (2 g; 16.3 mmol) was dissolved in pyridine (80 mL) in a 

250 mL round-bottom flask, and selenium dioxide (7.2 g; 65 mmol) was added in one 

portion, the flask was sealed with septum and heated at 80 °C for 3 - 5 days with vigorous 

stirring. The reaction mixture was then cooled, diluted with aq. NH3 (200 mL), followed by 

water (100 mL), filtered through Celite®, washing additionally with aq. NH3, and 

concentrated on a rotovap to ± 150 ml vol. It was acidified using 2N HCl to produce orange 

precipitate, which was filtered, washed with DI water and dried in air to give the product 

as a brown solid (2.47 g, 83%).  

1H NMR (700 MHz, DMSO-d6): δ, 7.45 (s, 1H), 7.27 (br s, 2H) ppm.  

13C NMR (176 MHz, DMSO-d6): δ, 165.6 (Cq), 164.4 (Cq), 159.3 (Cq), 107.8 ppm. 
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Synthesis of L5: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-((porphyrin-5,10,15,20-tetrayltetrakis 

(pyrimidine-5,4,6-triyl))octakis(oxy))octabenzoic acid. 

L5 was prepared in 3 steps by Dr. Weselinski.  

L5, step 1: 4,6-Bis(4-methoxycarbonylphenoxy)pyrimidine-5-carbaldehyde 

 

This compound was synthesized according to the reported procedure.(366) To a well-

stirred suspension of anhydrous potassium carbonate (3.04 g, 22 mmol) in THF (120 mL), 

methyl 4-hydroxybenzoate (1.34 g, 8.8 mmol) was added, and the mixture was stirred at 

80 ˚C for 1 hour under argon. Then 4,6-dichloropyrimidine-5-carbaldehyde (0.704 g, 4 

mmol) was added, and the stirring was continued at the same temperature for 6 hours 

under argon. The reaction mixture was cooled, filtered through Celite® and the solvent 

was removed under vacuum. The residue was taken in dichloromethane (100 mL) and 

washed sequentially with aq. NaHCO3 (100 mL), water (100 mL), and brine (100 mL). The 

organic layer was dried over MgSO4 and evaporated to give the crude product, which was 

taken in methanol. The resulting suspension was filtered and the product dried in air to 

obtain an off-white solid, 1.40 g (86%).  

1H NMR (700 MHz, CDCl3): δ, 10.65 (s, 1H), 8.39 (s, 1H), 8.16-8.15 (d, J = 9.1, 4H), 7.28-

7.26 (d, J = 9.1, 4H), 3.93 (s, 6H) ppm.  

13C NMR (175 MHz, CDCl3): δ, 185.32, 185.26, 169.8, 166.2, 160.9, 155.6, 131.6, 128.4, 

122.0, 103.6, 52.5 ppm. 
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L5, step 2: 5,10,15,20-Tetrakis[4,6-bis(4-methoxycarbonylphenoxy)-pyrimidin-5-yl] 

porphyrin (366) 

 

This compound was synthesized according to the reported procedure.(366) A solution of 

4,6-bis(4-methoxycarbonylphenoxy)pyrimidine-5-carbaldehyde (1.5 g, 3.6 mmol) and 

pyrrole (0.26 mL, 3.6 mmol) in dichloromethane (Fisher Scientific, 800 mL) was 

deoxygenated by purging with argon for 15 min. Boron trifluoride etherate (50 μl, 0.36 

mmol) was added by syringe, and the solution was stirred under argon and protected 

from light for 1.5 hour at room temperature. p-Chloranil (0.90 g, 3.6 mmol) was added, 

and the mixture was stirred at 45 ˚C for 1 h. The solvent was removed, and the residue 

was chromatographed on silica gel (dichloromethane to 30% EtOAc in dichloromethane). 

The obtained product was redissolved in warm dichloromethane and precipitated with 

MeOH, filtered and dried in air to give the product as a purple-violet solid, 0.56 g (33%).  

1H NMR (500 MHz, DMSO-d6): δ, 9.61 (b, 8H), 8.96 (s, 4H), 7.81-7.80 (d, J = 9.0, 16H), 7.23-

7.22 (d, J = 9.0, 4H), 3.78 (s, 24H), -2.81 (s, 2H) ppm. 
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L5, step 3: 5,10,15,20-Tetrakis[4,6-bis(4-carboxyphenoxy)-pyrimidin-5-yl]porphyrin 

 

 

5,10,15,20-Tetrakis[4,6-bis(4-methoxycarbonylphenoxy)-pyrimidin-5-yl]porphyrin (0.45 

g, 0.25 mmol) was added to a round bottom flask containing tetrahydrofuran (150 mL). 

An aq. KOH solution (3.3 g, 60 mmol in 30 mL H2O) was added and the mixture was heated 

at 80 °C for 27 h. The solution was cooled, phases were separated, and the aqueous layer 

was acidified using concentrated HCl. The precipitate was separated by filtration using F-

fritted funnel, washed several times with small amounts of DI water, followed by EtOAc. 

The product was finally dried in air at 65 °C to obtain a brown-purple solid, 0.35 g (83%).  

1H NMR (500 MHz, DMSO-d6): δ, 13.4 (b, 8H), 12.8 (b, 4H), 9.40 (b, 8H), 8.65 (s, 4H), 7.78-

7.82 (m, 16H), 7.23-7.10 (m, 16H), -3.00 and -3.03 (s, 2H) ppm. Complicated spectra 

suggest the presence of some impurities.  
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Synthesis of L6: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-

tetrayltetrakis(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoic acid 

L6 was prepared in 4 steps by Dr. Czaban.  

L6, step 1: 2,6-dihydroxybenzaldehyde: 

 

At 0°C a 0.5 L argon-purged flask was charged with anhydrous aluminum trichloride (12 

g, 90 mmol) and dry DCM (150 mL). A solution of 2,6-dimethoxybenzaldehyde (5.0 g, 30 

mmol) in dry DCM (15 mL) was then added dropwise. Reaction was stirred overnight and 

2N HCl (100 mL) was added carefully. The phases were separated and aqueous phase was 

extracted with EtOAc (3x 100 mL). The combined organic phases were dried over NaSO4, 

filtrated and concentrated in vacuo. Purification on CC with 20% EtOAc in hexanes 

afforded 2,6-dihydroxybenzaldehyde (3.00 g, 72 %) as a bright yellow solid.  

1H NMR (400 MHz, DMSO-d6): δ, 11.27 (s, 2H), 10.25 (s, 1H), 7.36 (t, J = 8.2 Hz, 1H), 6.37 

(d, J = 8.2 Hz, 2H) ppm. 

 

 

L6, step 2: Dimethyl 4,4'-(((2-formyl-1,3-phenylene)bis(oxy))bis(methylene)) dibenzoate 
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2,6-Dihydroxybenzaldehyde (1.30 g, 9.41 mmol) and methyl 4-(bromomethyl)benzoate 

(4.74 g, 20.7 mmol) were dissolved in DMF (20 mL). To this solution potassium carbonate 

(13.0 g, 94.1 mmol) and cesium carbonate (1.53 g, 4.71 mmol) were added and the 

reaction mixture was stirred overnight at RT. The reaction mixture was diluted with ethyl 

acetate (100 mL) and brine (100 mL) and filtered through filter paper. The collected solid 

was washed with water and ethyl acetate, dried in vacuo. Dimethyl 4,4'-(((2-formyl-1,3-

phenylene)bis(oxy))bis (methylene))dibenzoate (3.37 g, 82.4 %) was obtained as an off-

white solid. 

1H NMR (400 MHz, CDCl3): δ, 8.11 – 8.03 (m, 1H), 7.59 – 7.52 (m, 1H), 5.24 (s, 1H), 3.92 (s, 

1H) ppm. 

13C NMR (101 MHz, CDCl3): δ, 188.9, 166.9, 160.9, 141.5, 135.8, 130.1, 129.9, 126.7, 115.4, 

105.9, 70.1, 52.3 ppm. 

 

L6, step 3: 3. Octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayl 

tetrakis(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoate 

 

 

 



332 
 

A solution of dimethyl 4,4'-(((2-formyl-1,3-phenylene)bis(oxy))bis (methylene)) 

dibenzoate (1.66 g, 3.82 mmol) and 1H-pyrrole (25.6 mg, 26.7 µL, 382 µmol) in DCM (1 L) 

was deoxygenated by purging argon for 30 min. Boron trifluoride etherate (54.2 mg, 45.2 

µL, 382 µmol) was added and and the reaction mixture was stirred under argon and 

protected by light for 2 h. After that time p-Chloroanil (939 mg, 3.82 mmol) was added 

and the reaction mixture was refluxed for 1 h. The reaction was cooled to RT and the 

solvent was evaporated. The residue was chromatographed on silica gel using DCM. The 

obtained product was redissolved in DCM and precipitated with MeOH yielding 

octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoate (0.47 g, 25 %) as a 

purple solid. 

1H NMR (400 MHz, CDCl3): δ, 8.88 (s, 8H), 7.58 – 7.46 (m, 20H), 6.90 (d, J = 8.5 Hz, 8H), 

6.81 (d, J = 8.1 Hz, 16H), 4.96 (s, 16H), 3.65 (s, 24H), -2.16 (s, 2H). 

13C NMR (101 MHz, CDCl3): δ, 166.7, 159.2, 142.6, 130.0, 129.5, 128.9, 126.1, 121.4, 111.2, 

106.3, 69.5, 68.12, 51.9, 25.8. 

ESI-MS: 1928.8 [M+H]+ 

 

L6, step 4: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoic acid 
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Octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene)) octabenzoate (0.200 g, 104 µmol) 

was dissolved in THF (30 mL)and potassium hydroxide (931 mg, 16.6 mmol) in water (5 

mL)was added. The reaction mixture was placed in a preheated oil batch and stirred 

overnight at 80 °C. The reaction mixture was cooled to RT, evaporated, diluted with water 

(15 mL) and acidified with concentrated HCl. The precipitate was filtered on a fritted 

funnel, washed several times with water, followed by EtOAc, and dried in air. 

4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis (benzene-2,1,3-

triyl))octakis(oxy))octakis(methylene))octabenzoic acid (0.187 g, 99.3 %) was obtained as 

a green solid.  

1H NMR (400 MHz, DMSO-d6): δ, 12.70 (s, 8H), 8.91 (s, 6H), 7.68 (t, J = 8.5 Hz, 5H), 7.49 – 

7.42 (m, 17H), 7.12 (d, J = 8.6 Hz, 9H), 6.90 (d, J = 8.1 Hz, 17H), 5.12 (s, 16H), -2.52 (s, 2H) 

ppm. 

ESI-MS: 1813 [M-H]- 
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Synthesis of L7: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoic acid 

L7 was prepared in 4 steps by Dr. Czaban.  

L7, step 1: 2,6-dihydroxybenzaldehyde: 

 

At 0°C a 0.5 L argonated flask was charged with the anhydrous aluminum trichloride (12 

g, 90 mmol) and dry DCM (150 mL). A solution of 2,6-dimethoxybenzaldehyde (5.0 g, 30 

mmol) in dry DCM (15 mL) was then added dropwise. The reaction was stirred overnight 

and 2N HCl (100 mL) was added carefully. The phases were separated and an aqueous 

phase was extracted with EtOAc (3x 100 mL). The combined organic phases were dried 

over NaSO4, filtrated and concentrated in vacuo. Purification on CC with 20% EtOAc in 

hexanes afforded 2,6-dihydroxybenzaldehyde (3.00 g, 72 %) as a bright yellow solid.  

1H NMR (400 MHz, DMSO-d6): δ, 11.27 (s, 2H), 10.25 (s, 1H), 7.36 (t, J = 8.2 Hz, 1H), 6.37 

(d, J = 8.2 Hz, 2H) ppm. 

 

 

L7, step 2: Dimethyl 4,4'-(((2-formyl-1,3-phenylene)bis(oxy))bis(methylene)) dibenzoate: 
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2,6-dihydroxybenzaldehyde (1.30 g, 9.41 mmol) and methyl 4-(bromomethyl)benzoate 

(4.74 g, 20.7 mmol) were dissolved in DMF (20 mL). To this solution potassium carbonate 

(13.0 g, 94.1 mmol) and cesium carbonate (1.53 g, 4.71 mmol) were added and the 

reaction mixture was stirred overnight at RT. The reaction mixture was diluted with ethyl 

acetate (100 mL) and brine (100 mL) and filtered through filter paper. The collected solid 

was washed with water and ethyl acetate, and dried in vacuo. Dimethyl 4,4'-(((2-formyl-

1,3-phenylene)bis(oxy))bis (methylene))dibenzoate (3.37 g, 82.4 %) was obtained as off-

white solid. 

1H NMR (400 MHz, CDCl3): δ, 8.11 – 8.03 (m, 1H), 7.59 – 7.52 (m, 1H), 5.24 (s, 1H), 3.92 (s, 

1H) ppm. 

13C NMR (101 MHz, CDCl3): δ, 188.9, 166.9, 160.9, 141.5, 135.8, 130.1, 129.9, 126.7, 115.4, 

105.9, 70.1, 52.3 ppm. 

 

 

L7, step 3: Octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayl 

tetrakis (benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoate 
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A solution of dimethyl 4,4'-(((2-formyl-1,3-phenylene)bis(oxy))bis (methylene)) 

dibenzoate (1.66 g, 3.82 mmol) and 1H-pyrrole (25.6 mg, 26.7 µL, 382 µmol) in DCM (1 L) 

was deoxygenated by purging argon for 30 min. Boron trifluoride etherate (54.2 mg, 45.2 

µL, 382 µmol) was added and and the reaction mixture was stirred under argon and 

protected by light for 2 h. After that time p-Chloroanil (939 mg, 3.82 mmol) was added 

and the reaction mixture was refluxed for 1 h. The reaction was cooled to RT and the 

solvent was evaporated. The residue was chromatographed on silica gel using DCM. The 

obtained product was redissolved in DCM and precipitated with MeOH yielding 

octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoate (0.47 g, 25 %) as a 

purple solid. 

1H NMR (400 MHz, CDCl3): δ, 8.88 (s, 8H), 7.58 – 7.46 (m, 20H), 6.90 (d, J = 8.5 Hz, 8H), 

6.81 (d, J = 8.1 Hz, 16H), 4.96 (s, 16H), 3.65 (s, 24H), -2.16 (s, 2H) ppm. 

13C NMR (101 MHz, CDCl3): δ, 166.7, 159.2, 142.6, 130.0, 129.5, 128.9, 126.1, 121.4, 111.2, 

106.3, 69.5, 68.12, 51.9, 25.8 ppm. 

ESI-MS: 1928.8 [M+H]+ 

 

L7, step 4: 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis (methylene))octabenzoic acid 
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Octamethyl 4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis 

(benzene-2,1,3-triyl))octakis(oxy))octakis(methylene)) octabenzoate (0.200 g, 104 µmol) 

was dissolved in THF (30 mL) and potassium hydroxide (931 mg, 16.6 mmol) in water (5 

mL)was added. The reaction mixture was placed in a preheated oil batch and stirred 

overnight at 80 °C. The reaction mixture was cooled to RT, evaporated, diluted with water 

(15 mL) and acidified with concentrated HCl. The precipitate was filtrated on a fritted 

funnel, washed several times with water followed by EtOAc, and dried on air. 

4,4',4'',4''',4'''',4''''',4'''''',4'''''''-(((porphyrin-5,10,15,20-tetrayltetrakis (benzene-2,1,3-

triyl))octakis(oxy))octakis(methylene))octabenzoic acid (0.187 g, 99.3 %) was obtained as 

a green solid.  

1H NMR (400 MHz, DMSO-d6): δ, 12.70 (s, 8H), 8.91 (s, 6H), 7.68 (t, J = 8.5 Hz, 5H), 7.49 – 

7.42 (m, 17H), 7.12 (d, J = 8.6 Hz, 9H), 6.90 (d, J = 8.1 Hz, 17H), 5.12 (s, 16H), -2.52 (s, 2H) 

ppm. 

ESI-MS: 1813 [M-H]- 

 


