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II. Kurzfassung 
Polymere poröse Materialien, also MOFs (Metal-organic frameworks), COFs (covalent-organic 

frameworks) und HOFs (hydrogen-bonded organic frameworks), sind neuartige und vielseitige 

Materialien, deren chemische Eigenschaften und deren Variabilität, kombiniert mit den hohen 

Oberflächen durch die hohe Porosität, sie für eine Vielzahl von Anwendungen interessant machen. Die 

Charakterisierung der Oberflächeneigenschaften erfolgt dabei üblicherweise durch 

Gassorptionsmessungen, welche viele Informationen liefern können, besonders auch im Hinblick auf 

die Nutzung im Zusammenhang mit Gasen und diesbezüglicher Selektivität. 

In einem ersten Paper wurde ein Vertreter einer neuartigen Familie kovalenter organischer Gerüste 

(COFs) vorgestellt, nämlich Pyrophosphonat-COFs, die über Pyrophosphonat-Verbindungen aufgebaut 

sind. Pyrophosphonat-COFs konnten durch eine einstufige Kondensationsreaktion des 

ladungsunterstützten, wasserstoffgebundenen organischen Gerüsts (HOF) GTUB5 synthetisiert 

werden, das aus Phenylphosphonsäure und 5,10,15,20-Tetrakis[p-phenylphosphonsäure]porphyrin 

aufgebaut ist. Das beschriebene Pyrophosphonat-COF, das wir GTUB5-COF nennen, wurde durch 

einfaches Erhitzen seines Zwei-Linker-HOF-Vorläufers GTUB5 ohne Verwendung chemischer 

Reagenzien synthetisiert. GTUB5-COF zeigte während der Gassorptionsmessungen eine gute Wasser- 

und Wasserdampfstabilität. Darüber hinaus wies GTUB5-COF eine außergewöhnliche 

elektrochemische Stabilität in 0,5 M Na2SO4-Elektrolyt in Wasser auf. Die Bildung von Pyrophosphonat-

Bindungen beim Erhitzen wurde durch Kernspinresonanzspektroskopie mit magischem Winkel, 

Fourier-Transform-Infrarotspektroskopie und Massenspektrometrie in Verbindung mit thermischer 

Analyse bestätigt. Das kondensierte Produkt Pyrophosphonat-COF kann CO2 effizient adsorbieren. Es 

hat einen günstigeren Adsorptionswärmewert für die CO2-Abscheidung bei niedrigen Drücken, was es 
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zu einem geeigneten Kandidaten für die selektive CO2-Abscheidung in Gegenwart von Wasserdampf 

macht. Die Absorption und Emission von GTUB5-COF wird durch lokalisierte Übergänge (Soret- und Q-

Bänder) innerhalb der Porphyrin-Einheit gesteuert, was zu einer breitbandigen Fluoreszenz im nahen 

Infrarotbereich bei etwa 800 nm führt. Analysen der mittleren quadratischen Verschiebung 

bestätigten, dass beide Gase räumlich innerhalb der Poren eingeschlossen bleiben. Diese Ergebnisse 

unterstreichen die chemische Robustheit und hohe Selektivität von TUB41 als MOF, das sich für 

Anwendungen in der Gastrennung, der photokatalytischen Wasserspaltung und der CO2-Reduktion 

unter schwierigen Bedingungen eignet. 

 

In dieser Arbeit wurde weiterhin die thermische und chemische Stabilität sowie das 

Gasadsorptionsverhalten eines Phosphonat-MOF mit gemischten Linkern, [Cu(4,4′-bpy)0,5(1,4-

NDPAH2)] (wobei bpy = Bipyridin und NDPAH4 = Naphthalindiphosphonsäure), genannt TUB41, 

untersucht. TUB41 weist eine bemerkenswerte chemische Stabilität über einen breiten pH-Bereich (1–

11) auf und behält seine strukturelle Integrität auch nach zwei Jahren wiederholter Adsorptionszyklen 

und Aktivierung bei 80 °C unter Umgebungsfeuchtigkeit bei. Kryogene Adsorptionsversuche zeigten, 

dass die Poren von TUB41 selektiv Gase mit größeren kinetischen Durchmessern wie N2 und Ar 

ausschließen, während sie bei erhöhten Temperaturen kleinere Moleküle wie CO2 und H2O 

aufnehmen. Die Adsorptionsenthalpien für CO2 bei einer Beladung von 0,01 mmol g−1 und H2O bei 

einer Beladung von 0,7 mmol g−1 betragen −41 bzw. −38 kJ mol−1, was ihre starken 

Anziehungswechselwirkungen mit TUB41 unter verschiedenen Bedingungen widerspiegelt. 

Molekulardynamiksimulationen zeigen, dass CO2-Moleküle unter dem Einfluss starker nichtbindender 

Wechselwirkungen eine geordnete Anordnung in den zentralen hydrophoben Bereichen der Poren 

einnehmen, während H2O-Moleküle bevorzugt an die hydrophilen sekundären Bausteine binden. 

Analysen der mittleren quadratischen Verschiebung bestätigen, dass beide Gase räumlich innerhalb 

der Poren eingeschränkt bleiben. Diese Ergebnisse unterstreichen die Bedeutung von TUB41 als 

chemisch robustes und hochselektives MOF mit Potenzial für Anwendungen in der Gastrennung, der 

photokatalytischen Wasserspaltung und der CO2-Reduktion unter schwierigen Bedingungen. 

Darüber hinaus wurden in einigen Kooperationen zahlreiche poröse Verbindungen (MOFs mit 

integriertem Makrozyklus, fluorierte Käfigverbindungen, bimetallische MOFs, etc.) auf Ihre 

Gassorptionseigenschaften, Selektivitäten und Interaktionen bezüglich verschiedener Gase und 

Dämpfe charakterisiert. 

III. Abstract 
 

Polymeric porous materials, i.e., MOFs (metal-organic frameworks), COFs (covalent-organic 
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frameworks), and HOFs (hydrogen-bonded organic frameworks), are novel and versatile materials 

whose chemical properties and variability, combined with their high surface area due to high porosity, 

make them interesting for a wide range of applications. The surface properties are usually 

characterized by gas adsorption measurements, which can provide a wealth of information, especially 

with regard to their use in connection with gases and their selectivity in this context. 

A first paper presented a representative of a novel family of covalent organic frameworks (COFs), 

namely pyrophosphonate COFs, which are built up from pyrophosphonate compounds. 

Pyrophosphonate COFs were synthesized by a one-step condensation reaction of the charge-assisted, 

hydrogen-bonded organic framework (HOF) GTUB5, which is built from phenylphosphonic acid and 

5,10,15,20-tetrakis[p-phenylphosphonic acid]porphyrin. The pyrophosphonate COF described, which 

we call GTUB5-COF, was synthesized by simply heating its two-linker HOF precursor GTUB5 without 

the use of chemical reagents. GTUB5-COF exhibited good water and water vapor stability during gas 

adsorption measurements. 

Furthermore, GTUB5-COF exhibited exceptional electrochemical stability in 0.5 M Na2SO4 electrolyte 

in water. The formation of pyrophosphonate bonds upon heating was confirmed by magic angle 

nuclear magnetic resonance spectroscopy, Fourier transform infrared spectroscopy, and mass 

spectrometry coupled with thermal analysis. The condensed product pyrophosphonate-COF can 

efficiently adsorb CO2. It has a more favorable adsorption heat value for CO2 capture at low pressures, 

making it a suitable candidate for selective CO2 capture in the presence of water vapor. The absorption 

and emission of GTUB5-COF is controlled by localized transitions (Soret and Q bands) within the 

porphyrin unit, resulting in broadband fluorescence in the near-infrared range at around 800 nm. 

Analysis of the mean square displacement confirmed that both gases remain spatially confined within 

the pores. These results underscore the chemical robustness and high selectivity of TUB41 as a MOF 

suitable for applications in gas separation, photocatalytic water splitting, and CO2 reduction under 

harsh conditions. 

This work also investigated the thermal and chemical stability as well as the gas adsorption behavior 

of a phosphonate MOF with mixed linkers, [Cu(4,4′-bpy)0.5(1,4-NDPAH2)] (where bpy = bipyridine and 

NDPAH4 = naphthalenediphosphonic acid), called TUB41. TUB41 exhibits remarkable chemical stability 

over a wide pH range (1–11) and maintains its structural integrity even after two years of repeated 

adsorption cycles and activation at 80 °C under ambient humidity. Cryogenic adsorption experiments 

showed that the pores of TUB41 selectively exclude gases with larger kinetic diameters, such as N2 

and Ar, while absorbing smaller molecules, such as CO2 and H2O, at elevated temperatures. The 

adsorption enthalpies for CO2 at a loading of 0.01 mmol g−1 and H2O at a loading of 0.7 mmol g−1 are 

−41 and −38 kJ mol−1, respectively, reflecting their strong attractive interactions with TUB41 under 
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different conditions. Molecular dynamics simulations show that CO2 molecules, under the influence of 

strong non-bonding interactions, adopt an ordered arrangement in the central hydrophobic regions of 

the pores, while H2O molecules preferentially bind to the hydrophilic secondary building blocks. 

Analyses of the mean square displacement confirm that both gases remain spatially confined within 

the pores. These results underscore the importance of TUB41 as a chemically robust and highly 

selective MOF with potential for applications in gas separation, photocatalytic water splitting, and CO2 

reduction under harsh conditions. 

In addition, numerous porous compounds (MOFs with integrated macrocycles, fluorinated cage 

compounds, bimetallic MOFs, etc.) were characterized in several collaborations for their gas sorption 

properties, selectivities, and interactions with various gases and vapors. 
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1. Introduction 
1.1 Porous coordination polymers 

 

MOFs (Metal-organic frameworks) are a class of porous coordination polymers consisting of metal 

ions, known as SBUs (secondary building units), connected via organic linkers. These organic linkers 

coordinate to the metal ions for example by carboxylate, phosphonate, azide, or heterocyclic groups, 

forming 1-, 2-, or 3-dimensional networks. [1] [2] [3] [4] 

They have gathered an ever-rising amount of interest, shown in the yearly increasing number of 

publications (Figure 1) and the recently awarded Nobel prize of chemistry 2025 for some of the 

founding fathers of the research field.  

 

Figure 1: Yearly publications concernings MOFs according to SciFinder [5] 

 

These materials offer a wide range of possible applications due to their high surface area, tunable pore 

size and volume, and sheer number of possible linker-SBU-combinations, presenting many different 

available chemistries. Possible uses include gas sorption [6] [7], gas separation [8], gas storage [9], sensor 

technology, ion exchange, hosts for drugs, nanoparticles, dyes and polymerization reactions, cooling 

applications, and catalysis. [10] [11] 

Similarly, COFs (Covalent organic frameworks) build their network via covalent bonds while HOFs 

(Hydrogen bonded organic frameworks) do so via hydrogen bonds. [12] [13] They offer similar application 

potentials as MOFs with also a very broad range of forms, while the different type of binding may lead 

to advantages, depending on final use. [14] [15] [16] [17] [18] [19] 
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Figure 2: Schematic presentation of different MOF structures, reprinted with permission from [1] © 

Royal Society of Chemistry 1987 

 

1.2 Gas adsorption 

Adsorption is the process of gas (or fluid) atoms, ions or molecules, called adsorbate in the attached, 

and adsorptive in the fluid or gaseous state, attaching to a solid surface, the adsorbent. Alternatively, 

a gas could be adsorbed on a fluid film. In contrast to the related absorption, the adsorbate does not 

infiltrate the interior of the adsorbent. Bonding between adsorbate and adsorbent can be based on 

chemi- or physisorption. This work only deals with aspects of the physisorption of gases. [20] 

Gas ad- and desorption is often used to characterize materials, especially porous solids and fine 

powders, and their surface properties. Gas sorption properties are important characteristics for 

materials for gas capture, gas separation and gas storage, heterogenous catalysis, batteries, drug 

delivery, or simply as a quick tool of quality control.  

There are two main methods for the measurement of gas sorption properties, one based on direct 
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measurement of the uptaken gas by gravimetry, the other based on manometric measurements of the 

gas uptake by determining the amount removed from the gas phase. Independent of measurement 

method, before the measurement guest molecules have to be removed from the sample to empty 

pores and make adsorption of gas molecules possible. This activation step is crucial for precise and 

reproducible measurements. Usually it is performed under vacuum conditions and increased 

temperatures, which have to be high enough to remove solvent molecules, and possibly water 

adsorbed under ambient conditions, while not damaging the sample.  

Equally, a sufficient amount of material has to be used to minimize weighing errors and guarantee 

adsorption high enough to be measured precisely with the equipment available, while too much 

material will lead to unnecessary long measurement times.  

For the volumetric measurements known amounts of the adsorbtive gas are dosed into the 

measurement cell. After equilibrium has been reached, the pressure is measured and by comparison 

to the theoretical pressure without adsorbate the amount adsorbed by the sample is calculated.  

Pore classes 

Pores are usually distributed into macropores with widths larger than 50 nm, mesopores, whose 

widths lie between 2 and 50 nm, and micropores, which are even smaller. Micropores can be further  

subclassified into ultramicropores (width < 0.7 nm) and supermicropores (width 0.7-2 nm).  

The most commonly used gas is nitrogen at cryogenic temperatures (77 K), due to its inertness, size, 

availability, prize and ease of measurement (usually using liquid nitrogen in a dewar for temperature 

control). The largest part of characterizations and measurements is done by this and most evaluation 

methods, at least initially, are based on its use. [20] 

 

1.3 Isotherm types 

The shape of the isotherm recorded gives information about the material properties. The most 

important classification is that by IUPAC, first published by Sing et al. in 1985 [21]  and updated by 

Thommes et al. in 2015. [22]  

Type I (a) and (b) show a reversible course, a steep increase in the low pressure region and reach a 

plateau value afterwards. This type is characteristic for microporous materials, where adsorbent-

adsorbate interactions cause a fast adsorbate uptake. For measurements with nitrogen and argon at 

cryogenic temperatures, 77 K and 87 K respectively, Type I (a) is characteristic for materials with 

narrow micropores (width < ∼ 1 nm), while Type I (b), with a slower rise in the beginning, stems 

from a wider pore size distribution and pores of a width of up to ∼ 2.5 nm. [22] 

Type II isotherms are characteristic for macroporous or nonporous materials and show a reversible 
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progression. Especially important is the point B, which marks the finished monolayer coverage in the 

case of a sharp knee. If this point is less distinctive this difference cannot be clearly determined from 

the isotherm. The adsorbed amount seems to increase limitlessly with p/p0 approaching 1. [22] 

Type III isotherms in contrast show no discernible Point B and thus no identifier for the completion of 

monolayer formation. Adsorbent-adsorptive interactions are relatively weak and clusters form around 

the most favourable sites of nonporous or macroporous solids. At saturation point a limit is reached. 

[22] 

Type IV isotherms stem from mesoporous materials. Both the adsorbent-adsorptive interactions and 

intermolecular forces in the condensed phase determine the adsorption behaviour. After formation of 

a monolayer, condensation inside the pores follows. In the case of IV (a) isotherms capillary 

condensation coincides with hysteresis. For this to happen, the pore widths have to exceed a certain 

critical width dependent on the combination of adsorbate, adsorbent and temperature (for example 

for nitrogen and argon at cryogenic temperatures hysteresis occurs for cylindrical pores wider than ca. 

4 nm). [23] [24] Smaller widths lead to reversible isotherms without hysteresis. [22] 

Type V isotherms have a similar shape as Type III in the low p/p0 range, because they also show weak 

adsorbent-adsorbate interactions. At higher pressures molecular interactions of the adsorbate lead to 

pore condensation and a quick rise in the amount adsorbed. [22] 

Finally, Type VI isotherms are observed in the case of layer-by-layer adsorption on highly uniform 

nonporous surfaces, with the height of singular steps correlating with the layer capacity and sharpness 

of the steps depending on system and temperature. [22] 
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Figure 3: Isotherm types according to IUPAC [22], reprint with permission by © IUPAC & De Gruyter 

2015  
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1.4 Desorption and Hysteresis 

Hysteresis in isotherms on the most basic level shows, that ad- and desorption follow different 

pathways, usually associated with capillary condensation. Metastable adsorption and/or network 

effects are the usual underlying reasons. For open-ended pores, for example cylindrical ones, 

metastability of the adsorbed multilayer can lead to delayed condensation and hinder the reaching of 

equilibrium on the adsorption branch. Evaporation, as the equivalent of a reversible liquid-vapour 

transition, does not involve nucleation and the desorption branch is thus in thermodynamic 

equilibrium. [24] [25] 

In materials with complex pore structures, for example with blocked pores or network effects, 

desorption can be influenced. One specific phenomenon occurs with wide pores with narrow necks 

(e.g., ink-bottle pore shape): The pore filling happens as before, but the desorption is dependent on 

the necks and occurs thus at a lower pressure and leads to a hysteresis. For networks, diameter and 

spatial distribution of pore necks effects desorption and cause, for sufficiently large neck sizes, a 

coordinated emptying of the pores at a characteristic relative pressure. By this, inferences can be made 

from the desorption curve regarding the pore necks.  

Both theoretical and experimental studies were conducted to explore the desorption mechanism in 

porous materials. It was found, that neck sizes smaller than an adsorbate specific value (estimated as 

roughly 5-6 nm for nitrogen at cryogenic temperatures), combined with larger pores, show a 

desorption mechanism involving cavitation, the formation and growth of gas bubbles within the 

metastable condensed fluid. In this case no quantitative inferences regarding neck sizes can be gained 

from the desorption curve. [22] 

6 distinct hysteresis shapes, linked to a particular kind of pore structure and adsorption mechanism, 

have been classified by IUPAC (see Figure 4).  [22] 
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Figure 4: Hysteresis shapes according to IUPAC [22], reprint reprint with permission by © IUPAC & De 

Gruyter 2015 

 

Type H1 is typical for solids with a narrow pore size distribution of mesopores, but can also be seen in 

networks of ink bottle pores. Network effects are irrelevant and the loop with a steep gradient of both 

adsorption and desorption curve, close to each other, shows the delayed condensation in the 

mesopores during adsorption. [22] 

More complicated pore structures with significant network effects show hysteris loops of Type H2. 

H2(a) is marked by a precipitious gradient of the hysteresis desorption loop, attributable to either pore 

-blocking/percolation of a narrow range of neck sizes or evaporation characterized by cavitation. H2(b) 

is typical for a much broader neck size distribution while still being connected to pore blocking. [22] 

H3 types are marked by a Type (II) adsorption branch (see above) and a lower end of the loop 

determined by the relative pressure necessary for cavitation formation. 

 Type H4 is similar, but the adsorption branch now resembles a mixture of Type I and Type II, with a 

steep uptake increase at low relative pressures due to micropores. 

The unusual Type H5 loop is connected to pore structures with both open and partially blocked 

mesopores. [22] 

The steep fall of the desorption branch of Types H3, H4 and H5 is common to all of them and the 

position on the x-axis is usually defined by temperature and adsorbate, for example p/p0 is roughly 
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0.4-0.5 for nitrogen at 77 K. [22] 

1.5 Analysis of gas sorption isotherms 

Besides just characterizing the shapes of isotherms, many different ways to analyze the results have 

been developed over the last century. A few important ones are explained in a little bit more detail 

below.  

 

1.5.1. Brunauer-Emmett-Teller – BET 

 

The Brunauer-Emmett-Teller method is still the most common way to access the surface area of porous 

materials and fine powders, despite several known issues. Only for nonporous, macroporous or 

mesoporous solids with well-defined isotherms (Type II or Type IV (a) a “true” surface area can be 

determined. Despite this limitation it is widely used for all kinds of materials and the values gained still 

allow some comparison between materials and quality control, but it’s important to keep in mind, that 

for all other conditions, and especially microporous materials, the value is only the apparent surface 

area. [23] [26] [27] 

To use the BET method, the isotherm first has to be transformed into the “BET-plot”, from which the 

monolayer capacity, nm, is calculated. By multiplication with the corresponding molecular cross-

sectional area ơ of the used adsorptive a surface area can be calculated. The linear form of the BET 

equation is this 

 

௣/௣బ

௡(ଵି
೛

೛బ)
=

ଵ

௡೘
+

஼ିଵ

௡೘஼
(

௣

௣బ
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where n is the specific amount adsorbed at the relative pressure p/p0, nm is the specific monolayer 

capacity and C is exponentially related to the energy of monolayer adsorption. To derive nm from the 

BET equation, the linear relation between (p/p0)/n(1-p/p0) and p/p0 is used. When put into a graph, 

this is called the BET plot. It is important to choose only that area of the graph, where this equation 

gives a good fit and C is positive. The traditional range lies between a relative pressure of 0.05 and 0.3, 

usually for type II and type IVa isotherms, but can vary depending on pore sizes and interactions [22]. 
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1.5.2. NLDFT and GCMC 

 

Non-localized density functional theory (NLDFT) and Grand Canonical Monte Carlo (GCMC) method 

have been developed as new ways to evaluate sorption results based on the increase in computational 

power available.  

First steps were made by Evans and Tarazon, studying adsorption and fluid phases in pores through 

molecular modeling based on DFT (density functional theory). [28] [29] Seaton et al., based on that work, 

calculated pore size distributions. Since this method still had several issues, especially regarding 

micropores, NLDFT was developed by Lastoskie, Gubbins and Quirke [30] [31]. With this, adsorption of 

many adsorbents and adsorbates can be explained and then be used to calculate the pore size 

distribution. [32] One important feature of these theories is the assumption of a periodic chance of 

adsorption density from solid surfaces, in contrast to the classical assumption of liquid state adsorption 

(Kelvin theory). NLDFT uses a molecular-based statistical thermodynamic theory, which allows for a 

variety of factors to be included. For correct results, proper choice of these calculation parameters is 

essential. These include pore structure (slit, cylindrical or cage), temperature, adsorptive (e. g. N2, Ar, 

CO2) and adsorbent (e. g. carbon, zeolites).  

Based on these parameters various theoretical isotherms are calculated and by minimizing deviation 

the best fit to the experimental isotherm is found, providing a full description of the pore structure. 

Erroneous choice of parameters invalidates the results. Since proper models for MOFs are often not 

available, all results have to be seen as approximations, but if a good fit can be found, that can still give 

some valuable information. 

GCMC on the other hand, repeatedly defines the parameters (adsorptive molecule, adsorbent surface 

atom, pore diameter and shape, etc.), placing the virtual adsorptive molecule within the simulated 

pore, simulates movement and checks whether the step lead to a more stable system (negative 

energy) or not. With this whole process, GCMC practically performs an actual adsorption experiment. 

[33] 

 

1.5.3. Enthalpy of adsorption 

 

The isosteric enthalpy of adsorption, ΔHads, is defined as the heat to be released or required when an 

adsorptive binds to or detaches from the surface of an adsorbent. By measuring adsorption isotherms 

at different temperatures, close enough to each other to make the processes comparable (usually 10 

K apart), and use of the Clausius-Clapeyron approach, this value can be determined. For a favourable 

binding, this value should be negative, and the higher the magnitude the stronger the binding. The 
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relevant equation is the Clausius-Clapeyron equation [34]: 

∆𝐻௔ௗ௦(𝑛) =  −𝑅 ∗ ln (
௣మ

௣భ
) భ் మ்

మ்ି భ்
      (2) 

R here is the ideal gas constant, p pressure and T temperature. To find the enthalpy of adsorption, 

points of equal adsorption amount have to found. Usually the actual isotherms don’t offer enough 

points to make that feasible, thus a mathematic fit to the isotherms is necessary. Different models can 

be used for that, for example Langmuir, dual-site Langmuir, Toth, Sips, Freundlich-Langmuir or another 

fit. [35] 

From the heat of adsorption one can estimate the strength of binding between adsorbent and 

adsorptive, compare this value between materials and also possibly gain an insight into different 

binding sites, in case of a strong change over the course of adsorption.  

 

1.5.4. IAST 

 

An easy method to evaluate selectivity of different gases in a mixture from single component 

isotherms, which is much easier to accomplish than working with mixed gases, is IAST (Ideal Adsorbed 

Solution Theory) . It was first published in 1965 by Myers und Prausnitz and offers predictions regarding 

multi-component gas mixtures from single-component adsorption isotherms, based on 

thermodynamic theories.  

Three assumptions are made for this theory: Molecules in the adsorbate have equal access to the 

adsorbent, the adsorbent is homogenous and the adsorbate behaves as an ideal solution. [36] [37] 

The reality is obviously more complex, but in many cases IAST predictions have shown good agreement 

with later experiments. [38] [39] 

 

2. Motivation 
 

The aim of this dissertation was to explore and understand the sorption properties of different porous 

materials, gases and vapours.  

A multitude of materials was researched and the interactions with different gases over wide 

temperature ranges were measured and characterized. 

A variety of analysis devices and methods were used and measurement conditions and procedures 

were optimized for each material to give optimal results and gain as much information as possible.  

Special interest was paid to phosphonate compounds, which show promise for selective adsorptions 

of carbon dioxide, the most important greenhouse gas, under harsh conditions. 
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To properly characterize these materials, many different measurement methods had to be tested 

because of the difficulty of access to the pores for the gas molecules. 

 

 

3. Cumulative Part 
 

The following chapters show the results of the dissertation, which have been published with a first 

authorship in international journals. Publications are sorted by publication date. Each of them stands 

for itself, including its own references and its own order of figures, tables and schemes. Both 

publications will be introduced by title, author and journal names, a short summary and a marking of 

the author’s contributions. 

3.1 Polyphosphonate covalent organic frameworks 

Ke Xu, Robert Oestreich und Takin Haj Hassani Sohi, Mailis Lounasvuori, Jean G. A. Ruthes, Yunus Zorlu, 

Julia Michalski, Philipp Seiffert, Till Strothmann, Patrik Tholen, Ozgur Yazaydin, Markus Suta, Volker 

Presser, Tristan Petit, Christoph Janiak, Jens Beckmann, Jörn Schmedt auf der Günne, Gündoğ Yücesan 

Nature Communications 15, Article number: 7862 (2024) 

DOI: 10.1038/s41467-024-51950-1 

Reprint under a Creative Commons Attribution 4.0 International License 

 

Summary:  

A polyphosphonate covalent organic framework (COF) constructed via P-O-P linkages was synthesized 

by a simple single-step condensation reaction from the HOF precursor material, which is composed of 

phenylphosphonic acid and 5,10,15-20-tetrakis[p-phenylphosphonic acid]porphyrin. The structural 

change is triggered by a simple heating procedure without additional chemical reagents. When a 

temperature of 210 °C is surpassed, an amorphous microporous polymeric structure is formed by 

oligomerization of P-O-P bonds. This could be confirmed by constant-time solid-state double-quantum 
31P nuclear magnetic resonance experiments. This polyphosphonate COF shows good water and water 

vapor stability during gas sorption measurements, and electrochemical stability in 0.5 M Na2SO4 

electrolyte in water. This family of COFs fills an important gap in the literature in the form of stable 

microporous COFs suitable for use in water and electrolytes, accessible by an easy and sustainable 

synthesis route, and able to effectively capture CO2 in its narrow pores.  

Contributions to this work:  
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 Design of experiments, writing and check of manuscript iterations 
 Measurement of gas and water sorption 
 Stability tests 
 Resynthesis of TUB5 for further measurements 
 Organization of TEM measurements at Jülich 
 Performance of optical measurements in collusion with Professor Suta 
 Ke Xu performed the NMR characterization, generated the corresponding figures and 

contributed to the manuscript 
 Professor Jörn Schmedt auf der Günne did the analysis of the DQ NMR experiments 
 Takin Haj Hassani Sohi performed the PXRD work and the chemical stability testing 
 Mailis Lounasvuori performed the temperature variable FT-IR measurements and wrote the 

corresponding section. 
 Professor Jean G.A. Ruthes performed the SEM-EDX analysis and the electrochemical stability 

testing and wrote the corresponding section.  
 Julia Michalski performed the XPS measurements and wrote the corresponding section.  
 Philipp Seiffert performed the TGA experiments and Till Strothmann designed the TGA-MS 

experiments.  
 Patrik Tholen synthesized reproduced GTUB5 to be used in this work.  
 Yunus Zorlu synthesized the second batch of GTUB5 and contributed to the figures.  
 A.Ozgur Yazaydin performed the DFT calculations and wrote the corresponding section.  
 Professor Markus Suta performed the optical measurements and wrote the corresponding 

section.  
 Volker Presser supervised the work of Jean G.A.Ruthes and contributed to the corresponding 

text.  
 Tristan Petit supervised the FT-IR studies and contributed to the corresponding text. 
 Professor Christoph Janiak supervised the gas sorption for BET measurements and edited the 

manuscript.  
 Gündoğ Yücesan and Jörn Schmedt auf der Günne created the hypothesis, supervised the 

entire project and wrote the introduction and conclusion and edited the entire manuscript. 
Jens Beckmann provided helpful insights and discussions during the work and contributed to 
the manuscript 

 Submission of the final manuscript at the international journal Nature Communications after 
final discussions with Doctor Yücesan and Professor Doctor Christoph Janiak 
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3.2 Stable Ultramicroporous Metal–Organic Framework with Hydrophilic and 

Hydrophobic Domains for Selective Gas Adsorption 

Oestreich, R.; Fetzer, M. N. A.; Zhang, Y.; Schreiber, A.; Knebel, A.; Suta, M.; Janiak, C.; Hanna, G. & 

Yücesan, G. 

Stable Ultramicroporous Metal–Organic Framework with Hydrophilic and Hydrophobic Domains for 

Selective Gas Adsorption  

Angewandte Chemie International Edition, Wiley, 2025, 64 

 

Summary: In this publication the thermal and chemical stability as well as the gas adsorption behavior 

of a phosphonate MOF with mixed linkers, [Cu(4,4′-bpy)0.5(1,4-NDPAH2)], called TUB41 (where bpy = 

bipyridine and NDPAH4 = naphthalenediphosphonic acid) were described. TUB41 exhibits remarkable 

chemical stability over a wide pH range (1–11) and maintains its structural integrity even after two 

years of repeated adsorption cycles and activation at 80 °C under ambient humidity. Cryogenic 

adsorption experiments show that the pores of TUB41 selectively exclude gases with larger kinetic 

diameters, such as N2 and Ar, while absorbing smaller molecules, such as CO2 and H2O, at elevated 

temperatures. The adsorption enthalpies for CO2 at a loading of 0.01 mmol g−1 and H2O at a loading 

of 0.7 mmol g−1 are −41 and −38 kJ mol−1, respecƟvely, reflecƟng their strong aƩracƟve forces with 

TUB41 under different conditions. Molecular dynamics simulations show that CO2 molecules, under 

the influence of strong non-bonding interactions, adopt an ordered arrangement in the central 

hydrophobic regions of the pores, while H2O molecules preferentially bind to the hydrophilic secondary 

building blocks. Analyses of the mean square displacement confirm that both gases remain spatially 

confined within the pores.  

 

Contributions to this work:  

 Design and Performance of gas sorption studies 
 Performance of optical measurements under supervision by Professor Markus Suta 
 Writing of these parts for the manuscript 
 Control and reworking of the manuscript  
 Marcus Fetzer resynthesized TUB41, developed a new method for the linker synthesis, and 

performed the stability experiments and took SEM pictures.  
 Yifei Zhang set up and performed the MD simulations, generated the corresponding figures, 

and wrote the initial drafts of the computational parts of the manuscript.  
 Andreas Schreiber performed the repeat of N2 and Ar adsorption measurements,  
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 Alexander Knebel performed the in situ temperature variable PXRD measurements and wrote 
the corresponding section,  

 Professor Markus Suta supervised the optical measurements, wrote the corresponding 
section, and edited the manuscript.  

 Professor Doctor Christoph Janiak supervised and interpreted the gas adsorption work, 
created the crystallographic figures, and edited the manuscript.  

 Gabriel Hanna supervised the work of Yifei Zhang, provided critical feedback on several 
experimental sections of the manuscript, revised the computational parts of the manuscript, 
and edited the entire manuscript.  

 Gündoğ Yücesan created the hypothesis, supervised the work of Marcus Fetzer and Robert 
Oestreich, and wrote the majority of the abstract, introduction, conclusion sections, and 
contributed experimental sections of the manuscript. 
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3.3 Publications as Co-Author 

In addition to the two publications as shared first author I participated in several publications as a 

shared author with varying degrees of involvement. Publications, relevant excerpts and my 

contributions are listed in the following part, sorted by publication date. 

3.3.1 Metal-Organic Framework MIL-68(In)-NH2 on the Membrane Test Bench for Dye 

Removal and Carbon Capture  

Monjezi, B. H.; Sapotta, B.; Moulai, S.; Zhang, J.; Oestreich, R.; Ladewig, B. P.; Müller-

Buschbaum, K.; Janiak, C.; Hashem, T. & Knebel, A. 

Chemie Ingenieur Technik, Wiley, 2022, 94, 135-144. DOI: 10.1002/cite.202100117 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Proofreading of the manuscript 

The metal-organic framework (MOF) MIL-68(In)-NH2 was tested for dye removal from wastewater and 

carbon capture gas separation. MIL-68(In)-NH2 was synthesized as a neat, supported MOF thin film 

membrane and as spherical particles using pyridine as a modulator to shape the morphology. The neat 

MIL-68(In)-NH2 membranes were employed for dye removal in cross-flow geometry, demonstrating 

strong molecular sieving. MIL-68(In)-NH2 particles were used for electro- spinning of poylethersulfone 

mixed-matrix membranes, applied in dead-end filtration with unprecedented adsorption values. 

Additionally, the neat MOF membranes were used for H2/CO2 and CO2/CH4 separation. 

 

3.3.2 Observation of Rare Tri6Di9 Imine Cages Using Highly Fluorinated Building Blocks  

Fleck-Kunde, T.; Wolpert, E. H.; Horst , L. z.; Oestreich, R.; Janiak, C.; Jelfs, K. E. & Schmidt, 

B. M. 

Ligand Following the Principles of the Supramolecular Building Layer Approach  

Molecules, MDPI AG, 2022, 27, 5374. DOI: 10.1039/D2CE01170K 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Performance and analysis of gas sorption measurements 
 Proofreading of the manuscript 

Two structurally distinct Tri6Di9 cages were synthesized by combining a highly fluorinated aldehyde 

with two ditopic amines. Although the pure compounds could not be isolated despite many attempts, 

the information obtained is critical for the future design of large supramolecular structures. 

Computational and experimental methods indicate that the addition of perfluorinated aromatic linkers 
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in the assembly of porous organic cages opens up new possibilities for influencing the reaction 

pathway towards rare and unknown structures. 

 

All samples were degassed at 80 °C under vacuum for 18 h. Nitrogen, hydrogen, carbon dioxide and 

methane adsorption measurements were performed for characterization. A micropore volume of 0.18 

cm3 g-1 and a total pore volume of 0.30 cm3 g-1 were determined from the nitrogen isotherm 

measured at 77 K. The CO2 measurements at 273 K in contrast showed only a much smaller micropore 

volume of 0.011 cm3 g-1, showing only a few ultramicropores suitable for carbon dioxide adsorption.  

 

 

Figure 5: Gas adsorption measurements of the amorphous cage mixture Tri4Di6 + Tri6Di9 isolated 
via precipitation from n-hexane. Adsorption and desorption curves for N2 (top left), H2 (top right), 
CO2 (bottom left) and CH4 (bottom right). 

 

NLDFT calculations (using the adsorption branch of the nitrogen isotherm and assuming slit/cylindrical 

pores) showed a narrow pore size distribution centered at a half-pore width of 6.8 Å with some larger 

mesopores with a half-pore width between 17 and 40 Å (Figure 6). 
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3.3.3 Synthesis of a Chiral 3,6T22-Zn-MOF with a T-Shaped Bifunctional Pyrazole-

Isophthalate Ligand Following the Principles of the Supramolecular Building Layer Approach  

Woschko, D.; Millan, S.; Ceyran, M.-A.; Oestreich, R. & Janiak, C. 

Molecules, MDPI AG, 2022, 27, 537 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Performance and analysis of gas sorption measurements 
 Proofreading of the manuscript 

A new metal–organic framework (MOF) [Zn(Isa-az-tmpz)]·~1–1.5 DMF with the novel T- shaped 

bifunctional linker 5-(2-(1,3,5-trimethyl-1H-pyrazol-4-yl)azo)isophthalate (Isa-az-tmpz) was 

synthesized. Both enantiomers, with the chiral tetragonal space groups P43212 or P41212, were 

produced in different ratios. Topological analysis of the product showed the rare 3,6T22-

topology, in contrast to the expected rtl-topology, in which pyrazolate-isophthalate-

functionalized MOFs, also synthesized by using the supramolecular building layer (SBL) approach, 

crystallize. 3,6T22-[Zn(Isa-az-tmpz)]·~1–1.5 DMF is a potentially porous, three-dimensional structure 

and DMF molecules are incorporated into the corrugated channels along the a and b-axis of the as 

synthesized material. Due to the small trigonal cross-section of about 6 × 4 Å (assuming van der 

Figure 6: Pore size distribution of the imine cage mixture Tri4Di6 + Tri6Di9 
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Waals surface) N2 and Ar can’t enter the ul t ramicropores  under cryogenic conditions. 

Only the smaller H2 (at 87 K) and CO2 (at 195 K)  molecules are able to infiltrate the structure, with 

gas uptakes of 2 mmol g–1 and 5.4 mmol g–1, respectively. A BET surface area of 496 m2·g–1 was 

calculated from CO2 adsorption. Thermogravimetric analysis of the compound shows a thermal 

stability of up to 400 ◦C. 

 

Before gas sorption measurements the product was dried with supercritical carbon dioxide. After 

activation for 3 h at 120 °C under vacuum nitrogen and argon isotherms were recorded at 

cryogenic temperatures (77 and 87 K, respectively), but no significant gas uptake could be 

detected due to kinetic limitations at these low temperatures. To test for the expected 

ultramicropores, a hydrogen (87 K) isotherms was recorded (Figure 7, left), showing an uptake of 

2 mmol g-1. The carbon dioxide isotherm measured at 195 K displayed type I(b) behaviour 

according to the IUPAC classification, characteristic for microporous materials (Figure 7, right). 

From this, a Langmuir surface area of  588 m2·g–1 and a BET surface area of 496 m2 g-1 were 

calculated. Following the Gurvich rule, and by dividing the amount of CO2 adsorbed at 1 bar, 120 cm3 

g-1, through the density of the adsorbed carbon dioxide, assumed as ρCO2(195 K) = 1.08 g cm-3, gave 

a total accessible pore volume of 0.22 cm3 g-1. These differences in uptake can be explained by the 

different kinetic diameters of N2, Ar, H2 and CO2 (3.64, 3.4, 2.89 and 3.30 Å respectively) and the kinetic 

hindrances for nitrogen and argon at the cryogenic measurement temperatures, while the kinetic 

inhibition was much reduced for hydrogen and carbon dioxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Isotherms of H2 at 87 K  (left) and CO2 at 195 K (right) 
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3.3.4 A diamantane-4,9-dicarboxylate based UiO-66 analogue: challenging larger 

hydrocarbon cage platforms  

Gvilava, V.; Vieten, M.; Oestreich, R.; Woschko, D.; Steinert, M.; Boldog, I.; Bulánek, R.; 

Fokina, N. A.; Schreiner, P. R. & Janiak, C. 

CrystEngComm, Royal Society of Chemistry (RSC), 2022, 24, 7530-7534. DOI: 

10.1039/D2DT03719J 

Reprinted according to Creative Commons 3.0 

Contributions to this publication:  

 Performance and analysis of gas sorption measurements 
 Proofreading of the manuscript 

A bulky barrel-shaped diamantine based ligand was used for the first time in HHUD-3, an analogue 

to UiO-66, in which access to the pores is only possible due to defect structure. A defect rate of 

35 % missing linker was determined from crystal structure and sorption measurements, leading 

to higher methane, but reduced carbon dioxide and hydrogen uptake compared to UiO-66. 

After activation at 140 °C under vacuum, nitrogen and argon sorption measurements were 

performed under cryogenic temperatures ( 

). Both gases showed a similar BET surface area of 869 m2 g-1 and 811 m2 g-1,  respectively. The 

micropore volume was determined as 0.244 cm3 g-1 and 0.211 cm3 g-1. These values were 

compared with the calculations of a theoretical surface area based on different defect rates and 

lay roughly in the middle between a defect-free compound and one with the theoretical maximum 

of effects, indicating a defect rate of 50 %. The type I(b) behaviour shown by both isotherms 

suggests micropores, while the minimal hysteresis most closely resembles type H3, showing a 

textural effect of aggregated crystals.  
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Figure 8 shows the adsorption isotherms for hydrogen, carbon dioxide and methane. Compared to 

UiO-66 uptake of CO2 at 273 K is reduced from 3.14 mmol g-1 to 1.90 mmol g-1, of H2 at 77 K from 6.95 

mmol g-1 to 5.88 mmol g-1 and increased for CH4 from 0.84 mmol g-1 to 1.01 mmol g-1. Lowered uptake 

of CO2 and H2 is in accordance with the decreased surface area, while the increased amount of 

adsorbed CH4 can tentatively be explained by suitably-shaped diamantane-lined pockets in HHUD-3 in 

the structure, which can form multiple CH⋯HC London dispersion contacts with significant 

cumulative strength. 

 

3.3.5 Enhanced sorption in an indium-acetylenedicarboxylate metal–organic framework 

with unexpected chains of cis-μ-OH-connected {InO6}octahedra 

Woschko, D.; Yilmaz, S.; Jansen, C.; Spieß, A.; Oestreich, R.; Ntep, T. J. M. M. & Janiak, C. 

Dalton Transactions, Royal Society of Chemistry (RSC), 2023, 52, 977-989.  

DOI: 10.1039/D2DT03719J 

Reprinted according to Creative Commons 3.0 

Contributions to this publication:  

 Performance and analysis of gas sorption measurements 
 Proofreading of the manuscript 

Single crystals of the new metal–organic framework (MOF) In-adc (HHUD-4) were obtained 

through the reaction of linear acetylenedicarboxylic acid (H2adc) with In(NO3)3·xH2O. Gas sorption 

measurements showed micropores and good uptake of both hydrogen and carbon dioxide. 

Figure 8: H2, CH4, and CO2 sorption isotherms for 

HHUD-3 (the adsorption branches are represented 

by filled symbols and the desorption branches by 

empty symbols). 

 

Figure 9: N2 and Ar adsorption isotherms for 

HHUD-3 (the adsorption branches are represented
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Measurements were also performed for the related MOF In-fum to provide a comparison 

between the triple and double bonds in the . Following vapor sorption measurements revealed 

high uptake of volatile organic compounds (VOC) at low pressures and good selectivity between 

benzene and n-hexane.  

Nitrogen sorption measurements (Figure 10) at cryogenic temperatures showed type I isotherms, 

characteristic for micropores, with a minimal type H4 hysteresis, possibly from inter-particle 

voids. BET surface areas between 660 m2 g-1 and 940 m2 g-1 were found, with the lower values 

similar to the ones measured for In-fum. On these low-surface samples and In-fum CO2, CH4 and 

H2 measurements were performed (Figure 11) at varying temperatures to determine selectivities 

and heats of adsorption.  

 

 

 

 

 

 

 

 

 

 

 

 

The results showed a CO2 uptake increased by 56% for the new HHUD-4 in comparison to In-fum, 

showcasing the advantage of the C-C triple bond. From isotherms obtained at 273 and 293 K the 

isosteric heat of adsorption was calculated, giving a zero-coverage heat of adsorption 𝑄ௌ்
଴  of circa 

29 kJ mol-1. Methane capacity was also increased by about 29 % compared to In-fum, while 𝑄ௌ்
଴  

was 26  respectively 29 kJ mol-1, showing only minor differences in the affinity.  Hydrogen uptake 

was only slightly increased from 5.78 mmol g-1 to 6.36 mmol g-1, but 𝑄ௌ்
଴  was ca. 40 % higher (11.4 

kJ mol-1 compared to 8.2 kJ mol-1. 

Figure 10: Volumetric N2 sorption experiments of high and low surface area HHUD-4 

and In-fum at 77 K (filled symbols for adsorption, empty symbols for desorption). 
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Figure 11: CH4 and CO2 sorption isotherms at 273 and 293 K and H2 sorption isotherms at 77, 87 and 

100 K for HHUD-4 (a and c) and In-fum (b and d), respectively (filled symbols for adsorption, empty 

symbols for desorption). 

 

3.3.6 A facile spray-pressing synthesis approach for reusable photothermal masks  

Lu, Y.; Liu, Y.-X.; Wang, Y.; Oestreich, R.; Xu, Z.-Y.; Zhang, W.; Hügenell, P.; Janiak, C. & Yang, X.-Y. 

iScience, Elsevier BV, 2023, 26, 107286. DOI: 10.1016/j.isci.2023.107286 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Proofreading of the manuscript 

A facile spray-pressing technique for the production of face masks by adding a graphene layer on one side 

of meltblown fabric and a functional MOF-layer on the other side was developed. The possibility for upscaling 

was tested in a model plant. Antibacterial properties and stability were researched. 
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3.3.7 [Zr6(μ3-O)4(μ3-OH)4](1-adamantanecarboxylate)12]: a model for extrinsic “defect-

engineerable” porosity  

Gvilava, V.; Vieten, M.; Heinen, T.; Oestreich, R.; Boldog, I. & Janiak, C.  

Zeitschrift für anorganische und allgemeine Chemie, Wiley, 2023, 649. DOI: 10.1002/zaac.202300106 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Proofreading of the manuscript 
 Gas sorption measurements and evaluation 

 

The molecular zirconium-oxo cluster with 1-adamantecarboxylate, with theideal formula 

[Zr6O4(OH)4(AdCA)12] (AdCA = 1-adamantanecarboxylate),is near spherical in shape with a 

hydrophobic “shell” of bulky rigid adamantyl groups. Both formic acid, used as a modulator, and a large 

excess of the HAdCA were found to be essential for its reproducible synthesis and the formation of 

well-formed rhombohedral single crystals of 100-150 µm. Crystallization in the presence of formic acid 

however leads to ligand-substitution defects (1-2 out of 12), which were quantified by 

thermogravimetry and NMR. A defect-engineering with a higher defect ratio in such oxo clusters is a 

promising approach aiming at extrinsic porosity. 

 

First measurements of surface via nitrogen sorption isotherms at 77 K, after activation at elevated 

temperatures and vacuum, showed no accessible surface area. A repeated measurement after 

supercritical CO2 drying, followed by further activation at 190 °C under vacuum, yielded a BET surface 

area of ca 146 m2 g-1. A minimal H2-type hysteresis indicated a mesoporous solid with ‘ink-bottle’ type 

pores.  
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A carbon dioxide isotherm recorded at 273 K gave an uptake of 0.55 mmol g-1, while hydrogen uptake 

was measured to be 1.2 mmol g-1 at 77 K and 1 bar. Both these values agreed with the expected values 

from the calculated structure. 

 

3.3.8 Synthesis of Ketjenblack Decorated Pillared Ni(Fe) Metal-Organic Frameworks as 

Precursor Electrocatalysts for Enhancing the Oxygen Evolution Reaction  

Beglau, T. H. Y.; Rademacher, L.; Oestreich, R. & Janiak, C. 

Molecules, MDPI AG, 2023, 28, 4464. DOI: 10.3390/molecules28114464 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Proofreading of the manuscript 
 Gas sorption measurements and evaluation 

Through a facile one-step solvothermal method, the Ni-based pillared metal-organic framework 

[Ni2(BDC)2DABCO] (BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-diazabicyclo[2.2.2]octane), its 

bimetallic nickel-iron form [Ni(Fe)(BDC)2DABCO], and their modified Ketjenblack (mKB) composites 

were synthesized and tested toward OER in an alkaline medium (KOH 1 mol L−1) and showed promising 

properties as a catalyst for that reaction. Furthermore, insight into the in situ transformation of 

Ni(Fe)DMOF into OER-active α/β-Ni(OH)2, β/γ-NiOOH, and FeOOH was gained. Residual porosity, 

characterized by  powder X-ray diffractometry and N2 sorption analysis, inherited from the MOF 

structure, contributed to the favourable properties. Benefitting from the porosity structure of the MOF 

precursor, the nickel-iron catalysts outperformed the solely Ni-based catalysts due to their synergistic 

effects and exhibited superior catalytic activity and long-term stability in OER.  

 

Since the electrochemical performance of the electrode materials is strongly correlated to surface area 

and properties, nitrogen isotherms were measured (Figure 12, left). Type I isotherms, characteristic 

for microporous materials, were found for NiDMOF and Ni(Fe)DMOF (. BET calculations gave a surface 

area of 2104 m2 g-1 and a total pore volume of 0.82 cm3 g-1 for NiDMOF, and 1942 m2 g-1 and 0.80 cm3 

g-1 for Ni(Fe)DMOF. The modified Ketjenblack carbon (mKB) showed a BET surface area of 1234 m2 g-1 

and a total pore volume of 1.5 cm3 g-1, identical to the unmodified Ketjenblack.  



86 

 

 

 

 

  

 

 

 

 

 

 

For the composites of NiDMOF and mKBx (x = 7, 14, 22, 34 wt. %) and Ni(Fe)DMOF/mKB14 the 

calculated surface areas were lower than the estimates based on a simple mass weighted combination 

of both materials, indicating the occurrence of mutual pore blocking effects. This might be caused by 

the growth of NiDMOF into the mKB pores or on top of the mKB surface, thus limiting access to the 

pores. This was confirmed by SEM pictures.  

 

In contrast to the other samples, NiDMOF/mKB14 showed higher total pore volume than expected 

from just assuming a combination (1.18 cm3 g-1 instead of 0.92 cm3 g-1), also giving the highest pore 

volume of all samples.  

 

By NLDFT calculations, assuming cylindrical channels, the pore size distributions were determined 

(Figure 12, right), showing micropores with a diameter between 1.2 and 1.7 nm. For the composites 

NiDMOF/mKBx and Ni(Fe)DMOF/mKB14 small mesopores just above 2 nm diameter were also found.  

The increased pore volume of NiDMOF/mKB14 was traced to interparticle pores with a diameter 

around 5 nm. 

 

These open cylindrical channels offer active sites for the OER and mesoporous channels enhance 

electrolyte diffusion. 

 

 

Figure 12: Nitrogen sorption isotherms at 77 K (filled symbols adsorption; empty symbols 

desorption), left, and pore size distribution of NiDMOF, NiDMOF/mKB14, Ni(Fe)DMOF, 

Ni(Fe)DMOF/mKB14 and mKB, right 
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3.3.9 Nano-Sized Channels Resulting from the Packing of Discrete 3d–4f Metal Complexes in 

Crystals  

Apostol, A. A.; Oestreich, R.; Maxim, C.; Romanitan, C.; Badea, M.; Janiak, C. & Andruh, M. 

Crystal Growth & Design, American Chemical Society (ACS), 2023, 23, 3740-3746. DOI: 

10.3390/molecules28062716 

Reprinted with permission from [40] © American Chemical Society 2023 

Contributions to this publication:  

 Proofreading of the manuscript 
 Gas and vapor sorption measurements and evaluations 
 Discussion and input to further measurement methods 

 

The heterobinuclear complexes [MIIDyIII(valpn)(hfac)2(pb)]·0.67H2O·(solvent)  were synthesized and 

analyzed (M = Zn 1a, Cu 2, Ni 3; hfac− = hexafluoroacetylacetonate; valpn2− is the dianion of the Schiff 

base that resulted from the condensation reaction between o- vanillin and 1,3-diaminopropane; and pb− 

= 1-pyrenebutyrate). These complexes from large and small channels, with the large channels being 

padded by CF3 groups arising from the hfac− ligands. Considering the van der Waals surface, the 

diameter of the almost circular cross-section of the large channels is about 1.2 nm. Five different crystals 

were won, 1b being 1a with removed solvent molecules and 1c was formed by incorporating iodine 

molecules in the small channels of 1b. In compounds 1a, 1b, 1c, and 2, the 3d metal ions (ZnII and CuII) 

show a square-pyramidal geometry. If the 3d metal ion is nickel(II), with an octahedral geometry, the 

packing of the molecules, [NiIITbIII(MeOH)(valpn)- (hfac)2(pb)]·3, is different, without formation of 

channels. In all these compounds, the segregation of the trifluoromethyl groups was observed.  

 

In order to characterize the porosity of the complex [ZnIIDyIII(valpn)(hfac)2(pb)]·0.67H2O·(solvent) , 

nitrogen and carbon dioxide isotherms, at 77 and 273 K respectively, were recorded after activation at 

120 °C for 3 h under vacuum.  

 

For both gases only a minimal adsorption was found, corresponding to a BET-surface area of 3 m2 g-1 

for nitrogen and 10 m2 g-1 for carbon dioxide. Since the theoretical structure included large channels, 

an argon isotherm was measured at 87 K, but the adsorption was very low again.  

 

Following that, vapor sorption measurements were undertaken, both with water and 

hexafluorobenzene, C6F6, at 293 K. For both vapors sizeable adsorption could be detected, especially 
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for C6F6: Water uptake reached 14 mg g-1 at the isotherm end point (relative pressure 0.92, absolute 

pressure 0.0228 bar), while hexafluorobenzene uptake was 201 mg g-1 at a relative pressure of 0.90 

(0.07985 bar).  

The explanation for this phenomenon is the existence of only small pores, which are also lined with 

perfluorinated groups, excluding most molecules, which cannot positively interact with the pore walls.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.10 Formation of Gold Nanoclusters from Goldcarbonyl Chloride inside the Metal-Organic 

Framework HKUST-1  

Hassan, Z. M.; Guo, W.; Welle, A.; Oestreich, R.; Janiak, C. & Redel, E. 

Formation of Gold Nanoclusters from Goldcarbonyl Chloride inside the Metal-Organic Framework 

HKUST-1  

Molecules, MDPI AG, 2023, 28, 2716. DOI: 10.1039/D3DT03695B 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Proofreading of the manuscript 

To form gold clusters within the pores of HKUST 1  ([Cu3(BTC)2(H2O)2], Cu-BTC) SURMOFs (surface-

mounted metal-organic frameworks; BTC = benzene-1,3,5-tricarboxylate), the gaseous precursor, 

carbonylchloridogold(I), Au(CO)Cl, decomposed within the pores of HKUST-1 through hydrolysis with 

the aqua ligands on Cu. I n  t h e  m e d i u m - s i z e d  p o r e s  o f  t h e  H K U S T - 1  m a t r i x  s mall 

Aux clusters with an average atom number of x ≈ 5 are formed, distributed homogenously and 

crystallographically ordered. This was supported by simulations of the powder X-ray diffractometric 

Absolute pressure [bar] Absolute pressure [bar] 

Figure 13: Vapor sorption isotherms of C6F6 (red) and water (blue) with uptake 

in mg/g (logarithmic scale of y-axis (left) and in mmol/g (right) 
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characterization. Further characterization of Aux@HKUST-1 was performed by nfrared reflection 

absorption (IRRA) as well as Raman spectroscopy, by scanning electron microscopy (SEM), inductively 

coupled plasma optical emission spectroscopy (ICP-OES), time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS). 

 

 

3.3.11 Bimetallic CPM-37(Ni,Fe) metal–organic framework: enhanced porosity, stability and 

tunable composition  

Abdpour, S.; Fetzer, M. N. A.; Oestreich, R.; Beglau, T. H. Y.; Boldog, I. & Janiak, C. 

Dalton Transactions, Royal Society of Chemistry (RSC), 2024, 53, 4937-4951. DOI: 

10.1039/D3DT03695B 

Reprint according to Creative Commons 3.0 

Contributions to this publication:  

 Proofreading of the manuscript 
 Gas and vapor sorption measurements and evaluations 
 Discussion and input to further measurement methods 

A new series of bimetallic CPM-37(Ni,Fe) metal-organic frameworks with differing iron to nickel ratio 

(Ni/Fe ca 2, 1, 0.5, designated as CPM-37(Ni2Fe), CPM-37(NiFe) and CPM-37(NiFe2)) was synthesized. 

Nitrogen isotherms were recorded at 77 K, showing very high BET surface areas of 2039, 1955 and 

2378 m² g-1 for CPM-37(Ni2Fe), CPM-37(NiFe) and CPM-37(NiFe2), largely increased compared to the 

monometallic CPM-37(Ni) and CPM-37(Fe) with 87 and 368 m² g-1 only. The reason for this lies in an 

increased structural robustness of the mixed-metal MOFs through  better charge balance at the 

coordination bonded cluster. This opens interesting options for applications of mixed-metal CPM-37 

and other less-stable MOFs. Derivatives of the CPM-37, α,β-Ni(OH)2, γ-NiO(OH), and, plausibly, γ-

FeO(OH), obtained by the MOF`s decomposition in the alkaline medium demonstrated potent 

electrocatalytic properties for the oxygen evolution reaction (OER), with the best OER activity being 

achieved by CPM-37(Ni2Fe). This material boasted a small overpotential of 290 mV at 50 mA cm-2, a 

low Tafel slope of 39 mV dec-1, and a higher stability regarding OER than RuO2 after 20 h 

chronopotentiometry at 50 mA cm-2. 

 

Porosity of the samples was studied by nitrogen sorption isotherms measured at 77 K (Figure 14a). All 

samples showed a type Ib isotherm, characteristic for microporous materials, although with very 

different porosities. The monometallic samples CPM-37(Ni) and CPM-37(Fe), which are most likely less 

stable than their bimetallic counterparts, show much lower porosities (87 and 368 m² g-1). The 
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bimetallic MOFs compare very favourable to this with their high surface areas of 2039 m² g-1 (CPM-

37(Ni2Fe)), 1955 m² g-1 (CPM-37 (NiFe)) and 2378 m² g-1 (CPM-37(NiFe2)).  

 

Figure 14: (a) Nitrogen adsorption isotherms of the CPM-37 samples at 77 K (adsorption: filled 

circles; desorption: empty circles), (b) NLDFT-based pore size distributions for the CPM-37 

samples. 

 

NLDFT calculations were undertaken to determine the pore size distributions and showed a trimodal 

distribution in the microporous range (Figure 14 b, 0.5-2.0 nm pore diameter). This contrasts with the 

expected unimodal distribution, possibly because the lack of proper DFT kernels for MOFs or because 

of defect formation. The one exception is CPM-37(Ni), which had a broad pore size distribution over 

the micro- and mesoporous range up to a diameter of 10 nm, attributed to a partial structural collapse 

during the activation process. 

 

As expected from their surface areas, all bimetallic MOFs showed a much higher pore volume than the 

monometallic materials: 2.25, 1.50 and 1.30 cm³ g-1 for CPM-37(Ni2Fe), CPM-37(NiFe) and CPM-

37(NiFe2) respectively, and only 0.11 and 0.58 cm³ g-1 for CPM-37(Ni) and CPM-37(Fe). 

 

3.3.12 Fluorinated vs. non-fluorinated tetrahedral Tri4Tri4 porous organic cages for H2, CO2, 

and CH4 adsorption  

David, T.; Oestreich, R.; Pausch, T.; Wada, Y.; Fleck-Kunde, T.; Kawano, M.; Janiak, C. & Schmidt, B. M. 

Fluorinated vs. non-fluorinated tetrahedral Tri4Tri4 porous organic cages for H2, CO2, and CH4 

adsorption  

Chemical Communications, Royal Society of Chemistry (RSC), 2024, 60, 14762-14765. DOI: 

10.1039/D4CC05277C 

Reprinted according to Creative Commons 3.0 
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Contributions to this publication:  

 

 Proofreading of the manuscript 
 Gas sorption measurements and evaluations 
 PXRD measurements 
 Discussion and input to further measurement methods 

 

Two porous complementary tetrahedral Tri4Tri4 imine cages, one fluorinated, one non-fluorinated, 

were synthesized, with high Brunauer-Emmett- Teller (BET) surface areas of 591 m2 g-1 and 753 m2 g-1. 

They proved to be suitable for the adsorption of H2, CO2, and CH4.  The cages were compared regarding 

thermal stability, crystallinity, selectivity and porosity, and the results highlight the promising properties 

of fluorinated and non-fluorinated porous organic cages as functional materials. 

 

Several gas isotherms were recorded for the characterization of both materials and especially to 

evaluate the differences between the fluorinated and non-fluorinated form. Before measurements the 

cages were activated under vacuum at 80 °C for Et4F4 and at 140 °C for Et4H4 overnight. After each 

measurements the samples were again heated to 80 °C under vacuum.  

Nitrogen isotherms measured at 77 K (Figure 15) for both cages showed a type I behaviour in the low 

pressure region, characteristic for a microporous material, followed by the slow increase of nitrogen 

adsorption for higher pressures, typical of type II isotherms with multilayer condensation in 

macropores, presumably between particles. The large H4 hysteresis, with a distinct step at a relative 

pressure p/p0 of 0.5, more pronounced in Et4F4, is most likely caused by two different ink bottle type 

pores. The BET surface areas were calculated to be 591 m2 g−1 for  Et4F4 and 753 m2 g−1  for Et4H4, 

respectively. This was the highest surface area measured for tetrahedral Tri4Tri4  cages up to date. 

Total nitrogen uptake, measured at  p/p0 0.95, to avoid effects of condensation, was 14.5 mmol g-1 

(28.9 wt. %) for Et4H4 and 10.1 mmol g-1 for Et4F4.  
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Figure 15: Nitrogen isotherms at 77 K for 

 

Theoretical calculations by GCMC as well as by NLDFT were undertaken to determine the pore 

volumes, with GCMC, assuming cylindrical pore shape, giving the closest fit to the actual isotherms  . 

Et4F4 was determined to have a total pore volume of 0.39 cm3 g−1 and a micropore volume of 0.21 

cm3 g−1 , while Et4H4 showed a total pore volume of 0.59 cm3 g−1 and 0.24 cm3 g−1. The pore size 

distribution of Et4F4 shows a narrow peak around 5.8 Å, in agreement with expectations from SC-XRD 

data (Figure 16). For Et4H4 a broader pore size distribution showed micropores centered on 14 Å and 

some larger mesopores between 20 and 80 Å, which would be larger than the cages themselves, 

indicating cracks in the material (Figure 17). 
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Figure 16: Grand canonical Monte Carlo (GCMC, cylindrical pore shape) pore size distribution of Et4F4 

 

 

 

Figure 17: Grand canonical Monte Carlo (GCMC, cylindrical pore shape) pore size distribution of  Et4H4  
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Since the small pores should make the cages suitable for separation processes, especially regarding 

gases with small molecules, hydrogen sorption isotherms were recorded at 77 K (Figure 18). Both cages 

show a good hydrogen adsorption of 6.1 mmol g-1 for Et4H4 and 3.9 mmol g-1 for Et4F4. 

 

Figure 18: Hydrogen sorption isotherms measured at 77 K for Et4H4 and Et4F4 

Both CO2 and CH4 adsorption isotherms were also measured for both cages at 273 K. The uptake for 

Et4H4 at 1 bar was 3.0 mmol g-1 for CO2 and only 0.8 mmol g-1 for CH4, higher than the amount adsorbed 

for Et4F4, 1.5 mmol g-1 (CO2) and 0.4 mmol g-1 (CH4) (Figure 19 and Figure 20). This is simply due to the 

higher pore volume available in Et4H4. 
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Figure 19: Methane isotherms measured at 273 K for Et4H4 (green) and  Et4F4(black) 

Figure 20: Carbon dioxide isotherms measured at 273 K for Et4F4 (black) and Et4H4 (red) 
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By setting the molar amount adsorbed in relation to the molar amounts of cage, derived from 

their mass, we could also estimate the gas molecules adsorbed per cage, which is also an 

interesting property to compare between materials. All values are recorded in Table 1, again 

with Et4H4 showing superior gas adsorption per cage unit. But both cages show a high loading 

compared to other cage materials.  

 
Table 1: Overview of the gas absorption properties at 1 bar of the non-fluorinated cage Et4H4 and the fluorinated cage Et4F4. 

Gas Et4H4 Et4F4 

mmol/g wt% mol/mol mmol/g wt% mol/mol 

N2[a] 14.50 28.89 33.98 10.05 21.96 32.23 

N2 18.18 33.75 42.61 11.20 23.88 35.92 

H2 6.05 1.21 14.19 3.85 0.77 12.35 

CO2 (273K) 3.05 11.82 7.14 1.52 6.28 4.89 

CO2 (293K) 1.84 7.49 4.31 0.79 3.37 2.54 

CH4 (273K) 0.84 1.34 1.98 0.39 0.62 1.25 

CH4 (293K) 0.43 0.69 1.02 0.13 0.21 0.42 

[a] Values at 0.95 p/p0 before macropore condensation starts. 

 

Even more important than pure adsorption is the selectivity between gases for many applications. 

Therefore we calculated the selectivites for CO2 over CH4 using Ideal adsorbed solution theory (IAST), 

based on the sorption isotherms measured at 273 K (Figure 1Figure 21). At an equimolar mixture at 1 

bar, both cages exhibit near identical selectivity for CO2 over CH4, 8.8 and 8.71 for Et4H4 and Et4F4, 

respectively. With decreasing carbon dioxide content the selectivity of Et4H4 decreases to 6.6 to a 

value of 6.6 at 95 % CH4. In contrast, the selectivity of the fluorinated cages increases with the methane 

content, reaching 9.7 at the same point. Since flue gases usually contain a surplus of methane, higher 

selectivity for low carbon dioxide concentrations is preferable for many applications.  
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Via PXRD measurements the stability of both cages were tested before and after sorption 

measurements. Et4F4 showed higher crystallinity, which was retained after the sorption 

experiments, whereas Et4H4 showed only very broad peaks, characteristic of a largely 

amorphous material (Figure 22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Selectivities of both cages for a CO2/CH4 mixture  according to 

IAST at 1 bar and 273 K (orange Et4H4, blue Et4F4) 

Figure 22: Powder patterns of Et4F4 and Et4H4before (top) and after (bottom) measurements 
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3.3.13 Metal–Organic Azolate Frameworks with an Acetylene-bis-pyrazolate Linker: 

Assessing the Role of the Triple-Bond Spacer in Gas and Vapor Sorption  

 

Jordan, D. N.; Müller, T.; Oestreich, R.; Strothmann, T.; Boldog, I. & Janiak, C. 

Crystal Growth & Design, American Chemical Society (ACS), 2024, 24, 3837-3854. DOI: 

10.1021/acs.cgd.4c00165 

Reprinted with permission from reference [41] ©  American Chemical Society 2024 

Contributions to this publication:  

 Proofreading of the manuscript 
 Gas sorption measurements and evaluations 

The diprotonated linker precursor in the form of the salt [H4bpe2+](TFA−)2 (H2bpe = 1,2-bis(1H- 

pyrazol-4-yl)ethyne; HTFA = trifluoroacetic acid) with Zn(NO3)2· 4H2O in DMF reacted at 75 °C for 9 

days to single crystals of the metal−organic framework (MOF) [Zn(bpe)]·1.8DMF (ortho-1· 1.8DMF) 

(HHUD-5). The crystals contain rhombic channels and  show the orthorhombic space group. This is a 

polymorph of the previously reported structure of [Zn(bpe)]·1.2DMF (tetra-1·1.2DMF) which 

crystallizes in the tetragonal space group P42/mmc and forms square channels as shown in powder X-

ray diffraction (PXRD) data. Microporous ortho-1 and tetra-1 have similar porosities and surface areas 

(pore 

volumes) of 2135 m2/g (0.77 cm3/g at p/p0 = 0.95) and 1904 m2/g (0.73 cm3/g at p/p0 = 0.95) when 

an optimized activation is employed (only 1380 m2/g was reported previously for tetra-1).  

Crystals of the MOF [Ni8(OH)4(H2O)2(bpe)6]·nSolv (2·nSolv, HHUD-6) in the cubic space group Fm3m 

were produced by the reaction of the boc-protected linker precursor Boc2bpe with Ni(OAc)2· 4H2O in 

DMF/water under reflux. Compound 2 is the newest member of the isoreticular series of 

[Ni8(OH)4(H2O)2L6] (L = bis-pyrazolate or carboxylate-pyrazolate) and exhibits a surface area of 1415 

m2/g and a pore volume of 0.78 cm3/g at p/p0 = 0.80. The CO2 uptake at 273 K and 1 bar was 3.99 

mmol/g for ortho-1 and 5.84 mmol/g for 2; the CH4 uptake was 1.11 mmol/g for ortho-1 and 1.64 

mmol/g for 2, all in line with the higher heat of adsorption of the gases in 2, where open metal sites 

are possible after activation. Above 2 bar for CO2, and above 6 bar for CH4, the uptake in ortho-1 

surpasses that in 2 due to the higher surface area of ortho-1. Both MOFs show high H2 uptakes of 11.6 

mmol/g for ortho-1 and 8.7 mmol/g for 2 at 77 K and 1 bar. Comparison to the CO2, CH4, and H2 

uptake in the analogous MOFs with the slightly longer 4,4′-(1,4- phenylene)bis(pyrazolate) linker 

(having phenylene instead of acetylene spacer) suggests an advantage of the −CΞC− triple bond. Vapor 

adsorption experiments with volatile organic compounds at 293 K for ortho-1 yielded uptakes of 8.2 
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mmol/g for benzene, 6.6 mmol/g for cyclohexane, and 5.7 mmol/g for n-hexane with type I isotherms. 

Compound 2 gave uptakes of 10.4 mmol/g for benzene, 10.7 mmol/g for cyclohexane, and 8.8 mmol/g 

for n-hexane with type II isotherms. Both MOFs are water stable as indicated by water vapor sorption 

and stability tests which also show a hydrophobicity of the bpe2− linker. 

 

 

For both compounds, ortho-1 and 2, nitrogen isotherms were recorded at 77 K (Figure 23Figure 1). 

ortho-1 showed clear type I isotherm behaviour, while 2 began as a type I(a) isotherm and changed 

into type IV(a), indicating a mixture of micro- and mesopores. High BET surface areas (2135 and 1415 

m2g-1) and pore volumes (0.77 and 0.78 cm3g-1) were calculated for ortho-1 and 2. No hysteresis was 

visible for ortho-1, but 2 had a small hysteresis in the high-pressure region, caused by the mesoporous 

part. Remarkable are the two steps in the isotherm of (ortho-1), which become clearly visible on a 

logarithmic of pressure and demonstrate the existence of two very discrete kinds of micropores and 

excellent crystallinity. Neither non-local density functional theory (NLDFT) nor grand canonical Monte 

Carlo simulations could give a good fit for the measured isotherms and were thus not usable to gather 

informations about the pore size distribution. 

 

 

Figure 23: Nitrogen adsorption isotherms at 77 K of [Zn(bpe)] (ortho-1) and [Ni8(OH)4(H2O)2(bpe)6] 

(2) (a) using a linear pressure scale and (b) using a logarithmic pressure scale (filled symbols for 

adsorption, empty symbols for desorption) 

 

Carbon dioxide (273 and 293 K), methane (273 and 293 K) and hydrogen isotherms were also recorded 

(Figure 24). Ortho-1 showed a CO2 uptake of 3.99 mmol/g at 273 K, compared to  
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Figure 24: Gas sorption isotherms of [Zn(bpe)] (ortho-1) and [Ni8(OH)4(H2O)2(bpe)6] (2) for (a) CO2 at 

273 and 293 K, (b) CH4 at 273 and 293 K and (c) H2 at 77 and 87 K (filled symbols for adsorption, empty 

symbols for desorption) 

 

 

 

Figure 25: Water vapor sorption isotherm of [Zn(bpe)] (ortho-1) and [Ni8(OH)4(H2O)2(bpe)6] (2) at 293 
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K (filled symbol adsorption, empty symbols desorption) 

 

3.3.14 Calix[4]arene@MIL-101 as host@MOF for cage-in-cage pore space partitioning for 

enhanced CO2 separation and catalysis  

Navid, S. S.; Hosseinzadeh, R.; Oestreich, R.; Abdpour, S.; Beglau, T. H. Y. & Janiak, C. 

Calix[4]arene@MIL-101 as host@MOF for cage-in-cage pore space partitioning for enhanced CO2 

separation and catalysis  

Journal of Materials Chemistry A, Royal Society of Chemistry (RSC), 2025, 13, 3894-3902. DOI: 

10.1039/D4TA07357F 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Performance and evaluation of sorption measurements 
 Computational evaluation of selectivities 
 Revision of manuscript 

 

Highly stable para-sulfonated calix[4]arene (SCA), a bowl-shaped macrocycle with intrinsic porosity, 

was incorporated by adsorption from solution into the spherical cavities of the micro-mesoporous 

metal-organic framework MIL-101(Cr). The pore space distribution in the MOF by polar functionalized 

macrocyclic molecules, which can also act as hosts, resulted in the Host@MOF composite material 

SCA@MIL-101, which exhibited a high affinity for CO2 without the usage of alkaline amino 

functionalities. The SCA@MIL-101-w materials with w = 5, 10, and 30 wt% SCA showed high stability 

(even in aqueous media, under non-basic conditions) and slow leaching kinetics due to the nearly 

matching size of SCA and the pore entrances of the MOF. Despite the smaller surface area and pore 

volume for w = 30 wt% SCA in MIL-101 (SBET = 1073 m2 g−1 and Vpore = 0.52 cm3 g−1) compared to MIL-

101 (2660 m2 g−1 and 1.0 cm3 g−1), the pore-space partitioning approach enables an improvement in 

CO2 absorption capacity to 103 cm3 g−1 for SCA@MIL-101-30 compared to MIL-101 with 66 cm3 g−1 (273 

K and 1 bar). It also increases the CO2 /N2 selectivity, so that SCA@MIL-101-30 has an improved 

selectivity of 11 over the 4 reached by MIL-101 at 293 K and 1 bar for a 15 : 85 v:v mixture of carbon 

dioxide and nitrogen. 
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Figure 26: N2 adsorption isotherms of MIL-101 and the derived SCA@MIL-101 composites at 77 K, (b) 

pore size distribution of all composites AND MIL-101, (c) and (d) CO2 adsorption isotherms of 

SCA@MIL-101-w ((w = 5, 10, 30), and MIL-101 measured up to 1 bar at 273 K and 293 K  

 

3.3.15 NanoMOF-Based Multilevel Anti-Counterfeiting by a Combination of Visible and 

Invisible Photoluminescence and Conductivity  

Maxeiner, M.; Maile, R.; Cuvalli, M.; Wolf, A.; Komal, A.; Oestreich, R.; Janiak, C.; Mandel, K.; Knebel, 

A. & Müller-Buschbaum, K. 

NanoMOF-Based Multilevel Anti-Counterfeiting by a Combination of Visible and Invisible 

Photoluminescence and Conductivity  

Advanced Functional Materials, Wiley, 2025. DOI: 10.1002/adfm.202500794 

Reprinted according to Creative Commons 4.0 

Contributions to this publication:  

 Performance and evaluation of gas sorption measurements 
 Revision of manuscript as coauthor 
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In this work multifunctional mixed matrix membranes (MMMs) and composite powders based on 

nanoscale metal-organic frameworks (nanoMOFs) were synthesized as highly sensitive reaction 

materials for multi-stage anti-counterfeiting based on reaction-stimulus. Composite materials based 

on nanoMOFs offer a wide range of applications as anti-counterfeiting markers due to their 

physicochemical properties. Nine materials are presented, consisting of nanoMOFs containing 

trivalent lanthanides ([Ln3(bdc)4,5(H2O)3(dmf )2] (nLn-bdc); bdc2−═benzene-1,4-dicarboxylate; Ln═Eu, 

Tb, Yb) and the polymers polystyrene sulfonate, pyrolyzed resorcinol-formaldehyde, and polysulfone 

as matrices. These materials have inherently distinct properties, the combination of which enables the 

emission of visible and near-infrared light as well as specific conductivity for multi-level counterfeit 

protection. The developed anti-counterfeiting materials ensure that changing one feature inevitably 

affects other features by the additive and interdependent nature of their security features, thereby 

enhancing the overall integrity and resilience of the security mechanism. Even the jet-black composites 

made of nLn-bdc and pyrolyzed resorcinol-formaldehyde exhibit bright light emission in the near-

infrared range when stimulated with UV light suitable for black materials.  

 

Figure 27: Nitrogen isotherms at 77 K and the derived pore size distribution of nTb-bdc (A,B) and nEu-

bdc (C,D) 
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Figure 28: Nitrogen isotherms and pore size distribution of bulk Tb-bdc (A,B) and bulk Eu-bdc (C, D). 

Corrugation of isotherms is caused by the low adsorption values 

 

3.3.16 Carbon dioxide adsorption properties in 3D ultramicroporous diamondoid 

lanthanide-oxalate frameworks  

Khotchasanthong, K.; Wannarit, N.; Díaz Torres, R.; Arayachukiat, S.; Kielar, F.; Dungkaew, W.; 

Rungtaweevoranit, B.; Kheawhom, S.; Oestreich, R.; Janiak, C. & Chainok, K. 

Journal of Materials Chemistry A, Royal Society of Chemistry (RSC), 2025, 13, 36091-36103 

Reprint with permission from reference [42] © Royal Society of Chemistry 

Contributions to this publication:  

 Support with measurement and evaluation of isotherms 
 

Two series of three-dimensional (3D) lanthanide-based MOFs (LnMOFs), namely 

(Me2NH2)[Ln(C2O4)2(H2O)]*3H2O (1Ln; Ln=Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er) and 

(Me2NH2)[Ln(C2O4)2]H2O (2Ln; Ln = Tm, Yb, Lu), were synthesized, with careful regulation of the 

ultramicropores to match the kinetic diameters of polarized CO2 molecules. The coordination 

geometries {LnO9} in 1Ln and {LnO8} in 2Ln are linked by bidentate oxalate ligands (C2O4
2−) to form 
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diamond-like (dia) anionic frameworks containing charge-balancing dimethylammonium cations 

(Me2NH2+) in ultramicroporous channels. The removal and readsorption of water facilitates the 

transition between the crystal structures of 1Ln and 2Ln, resulting in changes in the coordination 

number and geometry of the metal centers. At cryogenic temperatures and ambient pressure, 

the tailor-made ultramicroporosity facilitates a sieving effect in LnMOFs, resulting in increased 

CO2 uptake compared to N2, CH4, and Ar, as shown by the examples of 1Gd, 1Er, and 2Yb. 

Furthermore, investigations of CO2 sorption at higher pressure for 1Gd and 2Yb show steep S-

shaped adsorption-desorption isotherms characterized by hysteresis. In situ investigations using 

diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) show, that this phenomenon 

is due to the formation of dimethylcarbamic acid, which results from the chemisorption of guest 

Me2NH+ cations and carbon dioxide.   

  

Figure 29 Water sorption isotherms at 283 and

293 K for (a) 1Er and (b) 2Yb. 

Figure 30 Adsorption (darker coloured spheres) and desorption (lighter- coloured

spheres) isotherms for CO2 (195 K), N2 (77 K), Ar (87 K), and CH4 (273 K) in (a) 1Gd, 

(b) 1Er, and (c) 2Yb. 
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Figure 31: CO2 adsorption (darker coloured spheres)–desorption (lighter-coloured spheres) isotherms 

at temperatures of 195, 273, and 298 K for (a) 1Gd, (b) 1Er, and (c) 2Yb. (d) The isosteric heat of 

adsorption for 1Gd, 1Er, and 2Yb, calculated from the CO2 isotherm data obtained at 273 and 298 K. 

5. Devices and measurement parameters 
5. 1. Powder X-ray diffractometry (PXRD) 

Powder diffractograms were measured at room temperature with a Bruker D2 Phaser (300 W, 30 kV, 

10 mA) with Cu-Kα-radiation (λ = 1.541826 Å) and a scanning rate of 0.0125 °/s. Single crystal silica 

sample holders were used. The most intensive reflexes were normalized on a value of 1.  

5.2. Sorption measurements 

Sorption measurements were performed on a variety of instruments. The list includes the Autosorb-

6iSA by Quantachrome, the Nova, the Quantachrome Autosorb IQ MP automatic adsorption analyzer, 

the 3P and the BELSORP-max II (MicrotracBEL Corporation), with the main part of the work conducted 

on that last one. 

Temperature was regulated via liquid nitrogen (77 K), Julabo-Corio or Julabo Dyneo and an ethylene 

glycol water mixture (263 to 323 K) or a CTI Cryogenics Cryodine Refrigerator, CTI Cryogenics 8200 

Compressor and a LakeShore Cryogenics temperature controller (87 or 195 K).  

Evaluation was performed with the programs ASwin  by Quantachrome, BELMaster Version 7.4.3.1 by 
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Microtrac and 3P sim by 3P instruments.  

All gases had a purity of at least 99.995 %. 

  

5.3. Scanning electron microscopy (SEM) 

SEM pictures were recorded with the JSM-6510LV device by Jeol, using tungsten- and LaB6 cathode 

5.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was conducted  on a TG Tarsus 209 F3 by Netzsch. 

5.5. Transmission electron microscopy (TEM) 

TEM pictures were recorded with a FEI Tecnai G2 F20 or a CM20 by Philips. Measurements were 

performed with an acceleration voltage of 200 kV. Analysis was performed with Digital Micrograph. 

5.6. Nuclear magnetic resonance (NMR) 

NMR spectra were recorded with an Avance-III-600, Bruker Avance DRX-500 or a Bruker Avance III-300 

spectrometer 

5.7. Infrared spectroscopy (IR) 

IR-spectra were recorded on a Bruker Tensor 37 IR and measured with an ATR cell or in solvent with a 

cuvette with KBr-window between 4000 – 600 cm-1 . 
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