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Kurzzusammenfassung 

Die Verwendung von Materialien mit gezielt einstellbaren Eigenschaften ist eine 
elegante und ressourcenschonende Lösung, um bestmögliche Ergebnisse für 
spezifische Anwendungen in unterschiedlichsten akademischen sowie industriellen 
Bereichen zu erzielen. Hierbei könnten metallorganische Gerüstverbindungen (engl: 
Metal-organic frameworks, MOFs), aufgrund ihres modularen Aufbaus auf 
Molekülebene und der Möglichkeit postsynthetischer Modifikationen, einen lang 
ersehnten Hoffnungsschimmer darstellen. Individuell anpassbare Eigenschaften, wie 
hohe Oberflächen oder kontrollierbare Porengrößen, sind ein Grund dafür, warum 
MOFs Anwendungen in unterschiedlichsten Bereichen, unter anderem der Katalyse, 
Gasspeicherung und Sensorik, finden können. 

Die Dissertation behandelt den potentiellen Einsatz von MOF-basierten Materialien 
als chemische Sensoreinheiten. Es wurden zwei unterschiedliche MOFs und ein 
MOF-basierendes Wirt-Gast-Verbundmaterial hergestellt, charakterisiert und auf ihr 
jeweiliges Potential hinsichtlich der Adsorption industriell relevanter Gase untersucht. 
Hierbei lag der Fokus nicht nur darin, unterschiedliche experimentelle Ansätze zur 
Detektion der Gasspezies zu prüfen, sondern auch auf der Vereinfachung des 
Messaufbaus im Hinblick auf die Herstellung eines potentiellen, kommerziellen 
Sensors. 

Der erste Teil dieser Arbeit befasst sich mit dem Kobalt-basierten MOF-74. Zuerst 
wurde die adsorptive Interaktion zwischen Co-MOF-74 mit unterschiedlichen Gas- 
und Dampfmolekülen wie Kohlendioxid, Propan, Propen, Argon, Methanol und 
Wasser mithilfe spektroskopischer Methoden untersucht. Außerdem konnte das 
anisotrope optische Absorptionsverhalten des Materials durch 
Polarisationsmikroskopie nachgewiesen werden. Anschließend wurde ein  
Co-MOF-74 basiertes Wirt-Gast Verbundmaterial konzipiert und synthetisiert. Hierzu 
wurde das organische Halbleitermolekül Tetrathiafulvalen postsynthetisch in die 
MOF-74 Kanäle infiltriert. Dies führte zu einer Erhöhung der elektrischen Leitfähigkeit 
des Materials. Elektrische Leitfähigkeitsmessungen zeigten, dass Co-MOF-74-TTF 
eine durch Gasmoleküle induzierte Widerstandsänderung aufweist und somit als 
möglicher Sensor eingesetzt werden kann. 

Im zweiten Teil der Dissertation wird die Gasadsorption des Zr-MOFs UiO-66 sowie 
dessen Amino-funktionalisierten Pendants UiO-66-NH2 untersucht. FTIR 
Spektroskopie zeigte, dass UiO-66 und UiO-66-NH2 entsprechend ihrer Azidität und 
Basizität unterschiedlich mit Kohlenmonoxid, Stickstoff und Acetonitril wechselwirken. 
Sowohl die Sensitivität gegenüber geringen Kohlendioxidkonzentrationen (Kontrolle 
der Raumluftqualität), als auch die Sensitivität gegenüber höheren Kohlendioxid-
Konzentrationen (in Bereichen der Lebensmittelverpackungsindustrie), konnte 
mithilfe von Kapazitätsmessungen und FTIR Messungen gezeigt werden.  

Diese Dissertation beinhaltet vier Artikel, welche in national und international 
renommierten chemischen Journalen publiziert wurden, und innerhalb dieser Arbeit 
in logischer Reihenfolge, unterteilt in zwei Hauptkapitel, vorgestellt werden. 

Keywords: Metallorganische Gerüstverbindungen, Gassensoren, MOF-Gast-
Interaktionen, Infiltrierung von MOFs, leitfähige MOFs, Gasadsorption 
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Abstract 

In order to achieve optimal results for various specific applications, intentionally 
tailored materials with adjustable properties are a smart and sustainable solution for 
many research challenges. Here, metal-organic frameworks (MOFs) might be a 
glimmer of hope reasoned in their modular design at a molecular level and the 
possibility of post-synthetic modifications, which leads to a large number of materials 
with tailorable structural characteristics such as high surface areas and controllable 
pore sizes. These properties make them to promising materials in various research 
fields like catalysis, gas storage and sensing. 

This thesis discusses the potential deployment of MOFs into chemical sensing 
devices. Two different MOFs and one MOF-based host-guest composite were 
synthesized, characterized and tested upon their capability to adsorb various gases. 
Various experimental approaches were followed to detect and differentiate between 
the gas- and vapour-species and to identify the most feasible one for the incorporation 
into a possible sensor. 

The first part of this thesis is focused on cobalt-based MOF-74. Initially, the adsorptive 
interaction of Co-MOF-74 with different gas and vapour molecules, such as carbon 
dioxide, propene, propane, argon, methanol and water has been evaluated by diverse 
spectroscopic techniques.  

In addition to that, spectral measurements emphasize the anisotropic optical 
adsorption behaviour of the material when illuminated with polarized light. Afterwards 
a Co-MOF-74-based host-guest composite was designed and synthesized. The 
organic semiconductor tetrathiafulvalene was post-synthetically infiltrated into the 
channels of MOF-74, leading to an increased electrical conductivity of the compound 
compared to the non-infiltrated MOF. The following electrical measurements under 
various gas- and vapour-atmospheres showed a modification of resistivity when these 
guest molecules are adsorbed into the composite and therefore proved, that  
Co-MOF-74-TTF is a suitable candidate for gas sensing devices. 

Within the second part of this thesis, the performance of the zirconium-based UiO-66 
framework and the amino-functionalized equivalent UiO-66-NH2 regarding their gas 
adsorption capability was evaluated. FTIR spectroscopy showed, that according to 
their acid and basic properties, UiO-66 and UiO-66-NH2 interact differently with 
carbon monoxide, nitrogen and acetonitrile. The sensing capability towards low 
carbon dioxide concentrations, which could be applied for controlling indoor air 
concentrations and the capability towards high carbon dioxide concentrations, 
important for industrial applications, such as food packaging, were proven by capacity 
and FTIR measurements.  

This thesis includes four articles published in national and international renowned 
chemical journals, which are presented in a logical order, divided into two main 
chapters. 

Keywords: Metal-Organic Frameworks, Gas sensors, MOF-guest-interaction, 
Infiltration of MOFs, Conductive MOFs, Gas adsorption 
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1 Motivation 

In 2019 9742 articles featured the term metal-organic frameworks (MOFs) in their 

topics. When looking back at the tendencies of the last decades (see Figure 1), one 

can assume, that in the following years the number of articles dealing with MOFs will 

rise even further. Since Yaghi published the structure of the archetypical porous 

framework known as MOF-5[1] in 1999, MOFs have become the most investigated 

and discussed class of crystalline materials, covering topics from fundamental 

research to industrial and commercial applications. The increasing interest in this 

material class is based on their modular construction, which enables nearly limitless 

possible combinations within the synthesis route, resulting in highly versatile 

materials. 

 

Figure 1. Number of publications including “metal organic framework” in their topics (Source: ISI Web of 

Science, retrieved 10.01.2020) 

Constructed of metal ions or metal clusters, which are coordinated to organic linker 

molecules, two or three dimensional frameworks can be build up. These often highly 

flexible and highly porous structures can be modified on an atomic level, allowing the 

adjustment of properties such as pore dimensions and shape as well as the 

introduction of functionalities, just to mention a few. The properties of MOFs can be 

created via pre-synthetic design methods such as choosing suitable metal 

ions/clusters and organic linkers containing one or several functionalities as well as 

via post-synthetic modification methods.[2] These various possibilities to tailor the 
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properties of the framework, are the secrets behind their superiority compared to other 

porous materials (e.g. zeolites, active carbon, mesoporous materials)[3], with regard 

to the utilization for heterogeneous catalysis, energy storage, gas separation, sensing 

and biological applications.[4–7] Many classes of materials, which are implemented into 

these fields possess limited customization abilities resulting in a restricted use for 

specific applications. Even though MOFs suffer of relatively low thermal and chemical 

stabilities, their unique properties make them suitable materials for the aforesaid 

operational areas, when their major drawbacks can be overcome. 

This work focuses on the deployment of MOFs in gas sensing applications. New and 

innovative chemical sensors are, among other things, needed for environment and 

safety control systems, devices including smart network connected medical devices 

or industrial process monitoring systems.[8,9] Therefore, within this work two MOF 

types , MOF-74 and UiO-66, are examined for their possible integration into sensing 

applications. The interaction of several gases, such as carbon dioxide, propene, 

propane and argon, as well as the interaction of several vapours such as methanol 

and water, with the cobalt-based MOF-74 was studied. In addition to that, the 

conductivity of Co-MOF-74 was enhanced by introducing tetrathiafulvalene into its 

one dimensional pores. The conductivity of this new composite changes according to 

the surrounding atmosphere, which predestines Co-MOF-74 as a suitable material to 

be incorporated into gas sensing devices. Concerning the use of UiO-66 type MOFs 

for those, the detectability concerning various carbon dioxide concentrations was 

verified. Furthermore, the acidic and basic properties of UiO-66 type MOFs were 

studied by applying carbon monoxide, nitrogen and acetonitrile. 
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2 Coordination chemistry: From 0D to 3D 

Metal-organic Frameworks (MOFs) are hybrid inorganic-organic materials and can be 

considered as a subclass of coordination networks.[10] Therefore, MOFs eventually 

emerged from coordination chemistry, which beginnings date back to 1706 when the 

first coordination compound was reported. The pigment “Prussian blue” 

Fe3+
4[Fe2+(CN)6]3·H2O (Figure 2) was serendipitously synthesized by Johann J. 

Diesbach.[11,12] More than two centuries later, in 1913, the chemist Alfred Werner was 

awarded for the Nobel Prize in chemistry based on his work on the octahedral 

configuration of the transition metal complex [Co(NH3)6]Cl3 (Figure 2), which is 

considered to be the basis of modern coordination chemistry.[13,14] Various 

publications by chemists, inspired by Werner’s work, substantiated that coordination 

chemistry was no longer limited to a molecular (0D) level. Hofmann et al. published 

his findings of a 2D crystalline material with the general formula 

[Ni(NH3)Ni(CN)2](C6H6) in 1897, known as Hofmann clathrate (Figure 2).[15]  

 

Figure 2. Structures of the pigment Prussian blue and Werner complex (upper left and right). The lower 

image shows the structure of the Hofmann clathrate, consisting of alternating octahedral and square planar 

Ni2+ ions (green) linked by CN- ions (C: blue, N: yellow). In between these layers, benzene molecules are 

situated. 
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In 1952 Powell and coworkers were able to solve its crystal structure via single crystal 

X-ray diffraction.[16] The original Hofmann clathrate consists of 2D layers of alternating 

octahedral and square planar Ni2+ ions, which are linked by CN- ions.[16] When 

Iwamoto and coworkers replaced the terminal ammonia ligands with an bifunctional 

amino-linker called hexametylene-1,6-diamine (HMDA) they were able to link the 

adjacent layers together, resulting in a 3D network structure.[17] Since Iwamoto et al. 

were able to demonstrate the influence of the incorporation of organic linkers into 

Hofmann clathrates on their properties, the next logical step was, to link only metal 

ions through organic linker molecules.[2] This approach resulted in what is nowadays 

known as coordination networks. While the first coordination networks were published 

by Saito et al.[18–20] in 1959, it took 30 more years until Hoskins and Robson[21] outlined 

the potential of constructed porous coordination polymers in 1989. In 1995 the term 

“metal-organic framework” was first used by Yaghi et al.[22] for the porous structure of 

Co(BTC)(Py)2 (BTC = benzene-tricarboxylate, Py = pyridine). This MOF consists of 

Co-BTC layers separated by pyridine molecules, which are also coordinated to the 

metal centers.[2,22] The Co-BTC layers are built up of Co3+ ions, which are linked to 

three carboxylate groups of different BTC molecules.[2,22] One of the BTC molecules 

is coordinated to the metal centers in a bidentate fashion and the others are 

coordinated in a monodentade fashion.[2,22] The two major advantages in the use of 

charged linkers, as in the described example, are the increased bond strength and 

the resulting higher thermal and chemical stability, as well as the fact that charged 

linkers are able to compensate the charge of the metal centers, enabling the existence 

of ionic networks.[2]  

 

Figure 3. Structure of Co(BTC)(Py)2 consisting of Co-BTC layers separated by pyridine molecules, which 

are coordinated to the Co3+ centers. (Co: purple, C: blue, N: yellow, O: red) 

In the following years, a number of publications regarding porous frameworks were 

released, as for example, in 1997 Kitagawa et al.[23] reported a three-dimensional 

framework with the capability to reversibly adsorb CH4, N2 and O2. In 1999, when 

Yaghi[1] recorded his findings of a porous network called MOF-5, its surface area of 
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2900 m2g-1 surpassed even the ones of zeolites (note that in later contributions, the 

surface area of MOF-5 is determined even higher, with a value of 3800 m2g-1)[24]. From 

there on, the interest in MOFs exponentially increased.[25] Nowadays, the Cambridge 

Crystallographic Data Centre possesses 84185 MOF structures, and thousands of 

new structures are published each year.[26] 
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3 The chemistry of MOFs 

3.1 Building units 

The chemistry of linking molecules or clusters to obtain ordered structures such as 

MOFs is referred to as reticular chemistry.[27,28] Within the reticular chemistry of MOFs, 

inorganic and organic units are connected via strong bonds, such as coordinative 

bonds.[27,28] The designation secondary building units (SBUs) was originally used for 

the structural chemistry of zeolites, describing complex structures by simplifying an 

arrangement of molecules into one building unit.[29] Within the field of MOFs, SBUs 

describe the inorganic building units consisting of metal clusters or discrete 

coordinated metal ions. These are linked via organic molecules with at least two 

groups, which can connect at least two SBUs together, resulting in one-, two- or three-

dimensional frameworks. In order to explain the general buildup, Figure 4 shows the 

organic linkers, the SBUs and the resulting crystal structures of the two exemplary 

frameworks MOF-5 and HKUST-1 (HKUST = Hong Kong University of Science and 

Technology).  

The SBU of MOF-5 consists of a central oxygen atom which is coordinated to four 

zinc atoms, resulting in a Zn-tetrahedron. This is then capped by 6 carboxylate groups 

(from linker) forming a cluster of Zn4(O)(CO2)6.[1] This tetranuclear octahedrons are 

linked via linear, ditopic benzene-1,4-dicarboxylic acid (BDC) molecules, leading to a 

three-dimensional framework structure with a primitive cubic topology (pcu).[2]  

MOF-5 possesses two different, alternating and interconnected pores with diameters 

of 15.1 Å and 11.0 Å.[2] The second exemplary MOF, HKUST-1, is build up from a 

four-connected SBU: A dinuclear Cu2(CO2)4 paddlewheel, where the copper atoms 

are each coordinated by four oxygen atoms of the carboxylate groups of different 

linker molecules. In the presence of water, one additional oxygen is bound to the 

paddlewheel, forming a square pyramid.[30] It should be noted that the water 

molecules are bound axially to the copper-paddlewheel and thermal activation of 

HKUST-1 results in highly active open metal sites.[30] The 4-connected SBU is bridged 

by tritopic benzenetricarboxylate (BTC) linkers forming a 3,4-connected cubic network 

(tbo topology)[31] with three different pores, possessing diameters of 5 Å, 11 Å and 

13.4 Å.[32] 
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Figure 4: Schematic representation of Linker, SBU and structure of MOF-5 and HKUST-1. MOF-5 consists 

of BDC linkers which bridge the Zn4O(CO2)6 metal nodes. HKUST-1 is build up of Cu2(CO2)4 . In the 

presence of water, one additional oxygen interacts with the copper, resulting in a square pyramid. The 

additional oxygen of this water molecule within the HKUST-1 metal-node is depicted in a transparent way. 

The cavities of both MOFs are indicated by orange and purple spheres. (Zn, green, Cu:blue, C: black,  

O: red) 

3.2 Isoreticular MOFs 

While completely different MOFs can be obtained by changing the linker connectivity 

or by retaining the same linker and simply changing the geometry of the SBU, a series 

of isoreticular MOFs (IRMOFs) can be characterized by the same topology, when the 

organic linker is elongated or functionalized.[33,34] The advantage of having a series of 

MOFs with the same topology but different linkers lies in the easy tailorability of the 

specific properties.[34,35] The most prominent example for an isoreticular MOF series 

is based on the previously presented MOF-5. Yaghi and coworkers presented a series 

of 16 highly crystalline IRMOFs based on MOF-5 but with different functional groups 

(-Br, -NH2, -OC3H7, -OC5H11, -C2H4, -C4H4) or organic linkers with different length 

(biphenyl, tetrahydropyrene, pyrene, terphenyl).[34] Figure 5 shows IRMOF-1 (also 

known as MOF-5) and IRMOF-16, as well as a selection of the incorporated organic 

linkers. Within this series, the pore diameters can be varied from 3.8 Å (IRMOF-5) up 
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to 19.1 Å (IRMOF-16).[34] A closer look to the individual properties of the MOFs 

outlines the influence of the inserted linkers: While IRMOF-6 exhibits a high methane 

storage capacity (based on its high surface area, high pore volume and advantageous 

designed pore aperture), IRMOF-8, -10, -12, -14, -15 and -16 possess the lowest 

reported densities of a crystalline material known up until the publication of this 

IRMOF series.[34] 

 

Figure 5. Isoreticular series of MOF-5 analogues and the associated linker molecules of IRMOF-1 (BDC) 

IRMOF-2 (Br-BDC), IRMOF-3 (NH2-BDC), IRMOF-8 (2,6-NDC), IRMOF-14 (BPDC), IRMOF-12 

(HPDC), IRMOF-10 (PDC), IRMOF-16 (TPDC). The cavities of IRMOF-1 and 16 are indicated via orange 

spheres. 

The concept of isoreticular design was not only applied to MOF-5, but also to several 

other MOFs possessing isoreticular structures such as UiO-66, MOF-74 and the 

aforementioned copper based MOF HKUST-1.[36–38] Figure 6 depicts the structures of 

the latter two MOFs and for each one, an isoreticular counterpart is given. The design 

of isoreticular MOFs often implicates larger synthetic challenges: For the synthesis of 

IRMOF-74 with etb topology also the design of the linker molecules as well as the 

crystallization process of the structure exhibited challenges to overcome.[38] 

Nevertheless, the IRMOF-74 series includes linkers varying from 7 Å up to 50 Å, 

resulting in frameworks with pore apertures up to 98 Å, where within the pores of the 

wider representatives larger molecules like vitamin B12 (with a dimension of 27 Å) 

and even proteins can be infiltrated.[38,39] 
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Figure 6. Schematic representation of two exemplary isoreticular MOF systems: HKUST-1 and its 

isoreticular counterpart MOF-399 and MOF-74 and the isoreticular analogue IRMOF-74. 

As an example for a MOF build of a tritopic organic linker, HKUST-1 is depicted in 

Figure 6. The most prominent isoreticular frameworks of HKUST-1 are PCN-6 and 

MOF-399 (the latter one is shown in Figure 6).[40] In PCN-6 the organic linker  

4,4′,4″-s-triazine-2,4,6-triyl-tribenzoic acid (TATB) connects the copper paddlewheels 

instead of BTC in HKUST-1, while MOF-399 possesses 4,4′,4′′-benzene-1,3,5-triyl-

tribenzoate (BTB) linkers.[35,41] Up to now, MOF-399 has the lowest known density in 

regard to metal-organic frameworks with 0.126 g/cm-3.[40] 

A major drawback during the synthesis of isoreticular MOFs is the interpenetration of 

the networks. Those interwoven frameworks are formed when the size of the linker 

molecule exceeds a critical length. The pores of the framework exhibit enough space 

for a second framework filling these voids, thus resulting in two frameworks being 

located in each other’s pore system. Thereby the resulting pore volume is 

reduced.[42,43] In fact, the IRMOF series of MOF-5 possesses only two structures which 

do not form interpenetrated frameworks (H2BDC and 2,6-H2NDC), while the remaining 

structures tend to form twofold, entangled interpenetrated structures.[34] The 

somewhat simple solution in the case of the MOF-5 series is the use of more diluted 

educt solutions. This leads in most of the structures to non-interpenetrated 

isostructural frameworks.[34] Another approach to prevent the interpenetration of a 

framework, is presented by Wöll and coworkers.[44] They used a step-by-step method 

called liquid-phase epitaxy to suppress the formation of an interpenetrated 

framework.[44] 
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3.3 Modulation of properties 

The previous subchapters imparted a first impression of the immense variety of 

MOFs. This subchapter covers the opportunities of pre-synthetic design and in situ 

functionalization as well as the approach of post-synthetic modifications (PSMs) as a 

possibility to overcome the limitations of the former with regard to tailorability.  

3.3.1 Pre-synthethic design 

Introductions of functional groups 

The pre-synthetic design of MOFs offers the opportunity of chemical and structural 

control and, therefore, is a crucial part in order to realize highly tailored materials with 

unique properties like porosity, stability and even conductivity, which predestines 

them for unique applications.[45] By the prior design of the linker molecules, a variety 

of functionalities can be introduced into the final material.[46–49] Bipyridine-based or 

amino-substituted linkers are often used to specialize the properties of the MOFs even 

further. For the latter one, two intensively studied MOFs are UiO-66 (University of 

Oslo) and its derivate UiO-66-NH2 as well as MIL-125 (Materials Institute Lavoisier) 

and MIL-125-NH2. The Zr-based MOF UiO-66 consists of a 12-fold connecting 

zirconia based SBU and terephthalic acid as linking molecule. By changing the 

organic linker into 2-aminoterephthalic acid, the CO2/N2 and CO2/CH4 adsorption 

selectivities can be drastically improved, while the surface area and pore volume show 

no significant change.[48] In case of the titanium based MIL-125, which is linked by 

BDC molecules, the introduction of the amine group leads to a ligand-to-metal charge 

transfer, based on the electron donating feature of the introduced group, which results 

in the capability to reduce CO2 photocatalytically even under visible light irradiation.[50]  

Intrinsic electrical conduction 

Via the pre-design of organic linkers and the well-considered insertion of metal 

centers, the synthesis of electrical conducting MOFs is feasible. The main difficulties 

in the preparation of conductive MOFs are the relatively low concentrations and the 

low mobility of free charge carriers such as electrons and holes, due to the porous 

character of the frameworks.[51,52] To enhance the amount of freely moving charge 

carriers within the material metal ions with easily accessible electrons or holes and 

redox-active linkers which possess stable radical anions or cations, are desirable 

building blocks.[51] And even then, long range charge transport remains a problem to 

overcome, due to highly localized and isolated energy levels, reasoned in the poor 
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overlap between the linker and metal ion orbitals, which prevents a high electrical 

conductivity of more than 100 S/cm.[51–53] 

In order to design conductive MOFs, two possible main charge-transport mechanisms 

should be taken into account: hopping transport and band transport.[54] Within the 

hopping transport, the charge carriers (electrons and/or holes) are localized at specific 

sites with discrete energy levels and are able to hop between neighbouring sites, while 

according to the band transport mechanism, the charge carrier’s wavenfunctions are 

delocalized over the molecule.[52,55] The long-range charge transport can either be 

achieved by through-bond or by through-space approaches.[51–53,56] The through-bond 

approach is promoted by the covalent bondings between metals and ligands, based 

on an adequate overlap of the orbitals and leading to the delocalization of π-electrons 

of the conjugated organic linker over the whole framework.[51–53,56] In contrast, the 

through-space approach relies on non-covalent interactions such as π-π stackings 

between the organic components.[51–53,56] 

The first conducting 3D MOF, Cu[Cu(PDT)2] (PDT=2,3-pyrazinedithiolate), was 

published in 2009 by Kitagawa et al. and exhibits an electrical conductivity of  

6·10-4 S/cm at room temperature.[57] A through-bond mechanism is suggested for this 

material, where electrons from the mixed-valent Cu centers can move through the 

conjugated pdt linker molecules.[51,57] In 2015 Dincă et al. published a design principle 

of conductive MOF-74 analogues which exhibit an efficient overlap between the  

d-orbitals of the metals and the p-orbitals of the ligands, resulting in long-range charge 

movements.[58] The highest conductivity within this structural series of MOF-74 

showed Fe2(DSBDC) with a value of 3.9·10-6 S/cm. Due to the overlapping iron-d and 

sulfur-p orbitals, charge carriers (holes) are able to hop through the valence band.[58]  

A closer look at the highest, recently published, conducting frameworks reveals that, 

among these, a number of planar MOFs with extended 2D π-conjugation and 

graphene-like structures are situated.[53,56] These two dimensional MOFs, whose 

charge transport takes place via the through-bond approach, possess Cu(II), Ni(II), 

Co(II) or Pt(II) ions in a square planar arrangement and are linked by trigonal 

hexamino-, hexahydroxy-, hexathio-substiuted benzene or triphenylene 

molecules.[51,56,59–63] Some of these MOFs exhibit electrical conductivity values 

comparable with the previously described 3D frameworks, as for example the 

Ni3(HTTP)2
[64] (3.6·10-4 S/cm), consisting of 2,3,6,7,10,11-hexathiotriphenylene 

(HTTP) linkers combined with divalent nickel ions. Whereas others exhibit reasonable 

high conductivity values, for example the Ni3(HITP)2
[65,66] (40 S/cm), which is build up 
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with the organic linker 2,3,6,7,10,11-hexaminotriphenylene (HITP), as well as  

Cu-BHT[67] (280 S/cm for compressed nanocrystal pellets and 1580 S/cm for thin 

films), consisting of copper(II) and benzenehexathiol units. 

3.3.2 Post-synthetic design 

While the discussed pre-design offers various opportunities to tailor MOFs perfectly 

suited for the incorporation into industrial applications, this method is limited to a 

number of adequate substituents and linkers. A smart solution to overcome this lack 

of synthetic capabilities and to enable the incorporation of functional groups or 

appropriate metal species which are not accessible by conventional methods is the 

post-synthetic modulation (PSM). In the following part, some feasible approaches of 

PSM will be presented.  

Linker and metal ion exchange 

A variety of frequently used approaches of PSM, such as the installation, modification 

or exchange of linker molecules or the exchange of metal ions, will be discussed in 

the following sections. 

The conversion of ZIF-8 into ZIF8-A can be named as an adequate example for a 

post-synthetic linker exchange.[68] While ZIF8-A cannot be achieved via a direct 

synthesis, the post-synthetic modification offers a possibility to incorporate functional 

amine groups just by soaking the pristine ZIF-8 in a solution containing 3-amino-1,2,4-

triazole (Atz).[68] By varying the reaction time, Atz conversion rates from 15 % up to 

74 % can be reached, leading to enhanced CO2 adsorption selectivity and offering the 

opportunity for further chemical modification and crosslinking.[68]  

Via PSM, linkers can not only be exchanged with existing ones but also be inserted, 

which could even lead, for example, to the construction of 3D frameworks out of 2D 

ones. Kitaura et al. presented the formation of a 3D copper-based MOF by linking the 

two-dimensional layered framework [Cu(TFBDC)-(MeOH)] (TFBDC = tetrafluoro-

benzene-1,4-dicarbocylate), which possesses CuII ions with axial MeOH ligands that 

are bridged by the TFBDC ligands, with a pillar ligand called DABCO  

(1,4-diazabicyclo[2.2.2]octane).[69] An identical approach was presented by Chen et 

al. by linking a two-dimensional Zn-based MOF with the same pillar molecule.[70] The 

obtained 3D framework is even able to undergo a retransformation into the 2D starting 

material.[70] 

Besides the exchange and insertion of linker molecules, the already incorporated 

linker can undergo further chemical reactions resulting in the formation of new 
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covalent bonds. The often introduced amino-functionalized linker is able to undergo a 

wide range of reactions as shown in Figure 7. IRMOF-3, the amino-containing 

isoreticular analog of MOF-5, as well as MIL-125(NH2) and UiO-66-NH2 can undergo 

a formation into the corresponding amide-functionalized framework by coupling with 

an acid anhydride.[71,72] Furthermore the incorporation of alkyl-, imine-, amine-, 

sulfonic acid-, azide- or carboxylic acid-functional groups is possible via post-synthetic 

approaches which can be formed by modifying the NH2-functionalized MOFs.[72–80] By 

introducing the previously mentioned functionalities, drawbacks as stability issues and 

the general purification of the resulting MOFs can occur and need to be 

compensated.[2] The conversion rate is also a critical point to be named, since the 

incorporation highly depends in the relative size of the functional molecule to be 

incorporated and therefore needs to be taken into account.[71] 

 

Figure 7. Scheme of an exemplary amino-functionalized MOF and post-synthetic approaches to incorporate 

amine-, azide-, sulfonic acid-, amide-, carboxylic acid- and imine-functionalizations into the framework. 

Similar to the limited choice of linker molecules, some SBUs can only be formed with 

one specific type of metal ions. To overcome this limitation, metal ion exchange 

reactions can be performed, a prominent example being the Zr-based UiO-66. By 

exposing UiO-66(Zr) to titanium- or hafnium-containing DMF solutions, Ti(IV) and 

Hf(IV) cations can be introduced into the framework.[81,82] Especially titanium is not 

able to form the SBU clusters needed of UiO-66.[81,82] Depending on the titanium-salt, 

different amounts can be incorporated, based on the reactivity and instability of the 

metal salts.[81,82] TiBr4 showed the lowest exchange rate compared to TiCp2Cl2 or 

TiCl4(THF)2 (Cp = η5-cyclopentadienyl, THF = tetrahydrofuran).[81,82] By using 
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TiCl4(THF)2 over 90 % of the starting particles can be converted into Ti4+ (∼38 wt% of 

the metal ions in the sample).[81,82] In the case of hafnium incorporation into the 

framework only in 20 % of the particles the zirconia ions were exchanged by using 

HfCl4.[81,82] Another example of a successful transition metal exchange is  

SUMOF-1.[83] The SBUs are build up of paddle-wheel metal clusters which are linked 

by the tritopic BTB (1,3,5-triyl-benzoic acid) and the ditopic BPy (4,4’-bipyridine) 

molecules.[83] Here, Zn2+ can be reversibly exchanged by Co2+, Ni2+ or Cu2+.[83] The 

exchange rate of the metal ion within the framework depends on the stabilities of the 

forming metal clusters and is in good accordance with the Irving-Williams series.[83] 

While 50 % of the Zn2+ ions are replaced by Cu2+ within one hour, a 95 % conversion 

rate can be achieved within three days and an almost complete exchange of 99 % is 

accomplished within three months.[83] By soaking the SUMOF-1(Cu) in a  

Zn-containing DMF solution, 38 % of the Cu2+ ions could be re-exchanged by Zn2+ 

ions within three months.[83] 

The exchange of metal ions or linker molecules possesses a high potential for 

introducing novel functionalities into already formed and otherwise unachievable 

MOFs. Both approaches, the post-synthetic modification of metal ions and linker 

molecules, can also be combined, as for example Farha and coworkers reported for 

the already known Zn2(TMBDC)2(BPy) (tmbdc = tetramethylterephthalate), resulting 

in an even more specific functionalized framework Ni2(NDC)2(DABCO) (NDC = 2,6-

naphthalenedicarboxylate) with completely replaced components.[84] 

PSM polymerization and crosslinking 

The incorporation of separation-active MOFs into polymers could potentially lead to 

the deployment in separation applications, providing a simplified hybrid system design 

for continuous processes.[85] Therefore, the physical interaction between the polymer 

and MOF needs to be improved by post-synthetic modification or crosslinking 

mechanisms, resulting in decreased voids or defects and an improved mechanical 

stability.[85] Post-synthetic polymerization of MOF/polymer membranes might be the 

bridging point between MOF membranes possessing ideal selectivities/high fluxes 

and mixed matrix membranes which possess the advantages of easy processability, 

flexibility and durability due to the use of polymers.[85] In this context, Venna et al. 

presented a post-synthetic modification approach featuring UiO-66-NH2 which 

improved the interaction with the polymer Matrimid.[86] By introducing a phenyl acetyl 

group, hydrogen bondings and π-π stacking interactions are developed between 
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polymer and MOF (see Figure 8).[86] These interactions result in an increase of the 

CO2 permeability by 200 % and the selectivity by 25 % in CO2/N2 systems.[86]  

Another approach to enhance the polymer/MOF interaction is the indirect and direct 

crosslinking. Here, the MOF is covalently bound to the polymer.[87] An indirect 

crosslinked mixed matrix membrane (MMM) can be achieved with ZIF-90 particles 

and Matrimid, leading to an improved H2/CO2 separation factor.[87] The sodalite 

structure of ZIF-90 consists of Zn(II) ions and 2-carboxaldehyde imidazolate linkers.[87] 

By introducing ethylenediamine as bridging agent into the system, imine condensation 

reactions take place between ethylenediamine and ZIF-90, as well as between 

ethylenediamine and Matrimid (see Figure 8).[87]  

 

Figure 8. Scheme demonstrating the interactions between the Matrimid polymer and the post-synthetically 

modified MOFs UiO-66-NH2 and ZIF-90. The phenyl acetyl functionalized UiO-66-NH2 interacts with the 

polymer via hydrogen bonding and π-π stacking. The ethylenediamine modified ZIF-90 is covalently bound 

to Matrimid.  

Guest encapsulation and guest induced electrical conductivity 

Besides the already introduced approaches of PSM, guest molecules can be 

encapsulated within the pores of MOFs, leading to functional properties like 

catalytically active sites or electrical conductivity.[88–94]  

While the pre-synthetic design of conducting MOFs focuses on the incorporation of 

conductive ligands in order to achieve a good overlap between the linker and metal 

ion orbitals, non-conductive MOFs can be infiltrated with guest molecules to obtain a 

certain conductivity. A wide variety of guest molecules can lead to the development 
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of conductivity, as for example polymers[93,95–97], metal species[74,94,98] or redox-active 

dyes.[89–91,99] 

The post-synthetic introduction of monomer units of polymers, such as polypyrrole or 

polyaniline, and the subsequent polymerization of these, can result in a significant 

increase in conductivity, as Dhara and coworkers[93] were recently able to 

demonstrate. They presented a 3D fluorescent MOF [Cd(NDC)0.5(PCA)] (NDC = 2,6-

napthalenedicarboxylic acid, PCA = 4-pyridinecarboxylic acid) whose conductivity 

was enhanced from 10-12 S/cm up to ~10-3 S/cm.[93] A second possibility to derive a 

conducting material is the infiltration with metal species, like for examples 

nanoclusters[94] or nanoparticles[74]. Han et al.[94] presented a general strategy for 

achieving electrical conductivity in MOFs while preserving largely opened and 

accessible pores by introducing Ag-nanoclusters. The third option, which was already 

mentioned before, is the infiltration with redox-active molecules like ferrocene, 

iodine[92,100,101], TCNQ[90,91] (tetracyanoquinodimethane) or TTF[89] (tetrathiafulvalene). 

In the case of doping MOFs with iodine, it is assumed, that those are most probably 

situated in the MOF pores in a highly ordered way.[100] Allendorf and coworkers were 

able to enhance the conductivity of Cu[Ni(pyrazine2,3-dithiolate)2] up to 4 orders of 

magnitude (1·10–8 S/cm) by introducing iodine, due to a partial oxidation of the nickel 

centers.[92] It was also Allendorf and coworkers, who infiltrated TCNQ into HKUST-1 

in 2014.[91] Here, they were able to tune the electrical conductivity up to a value of 

0.07 S/cm just by soaking the MOF in a saturated solution of TCNQ in 

dichloromethane. Due to the coordination of TCNQ at the unsaturated  

Cu-paddlewheel nodes, these were crosslinked and paved the way for through-bond 

charge transport.[91] A comparable concept was presented by Shiozawa et al., who 

infiltrated TCNQ into Co-MOF-74. Unfortunately, this MOF was not as conductive as 

the TCNQ-HKUST-1 compound, which indicates, that the honeycomb structure of 

MOF-74 does not support the same continuous conducting path as it was suggested 

for HKUST-1.[90] 

3.3.3 In situ functionalization 

After reviewing the pre- and post-synthetic design strategies, the following part will 

cover the approach of in situ functionalization, discussing the incorporation of a 

second material during the synthesis of a MOF.[102] In situ functionalization can be 

advantageous in the area of trapping large molecules, which could not be 

incorporated by PSM because they do not fit through the pore openings of the 
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MOFs.[102] Furthermore, when nanoparticles are embedded into MOFs, the Ostwald 

ripening process of these particles or their aggregation can be prevented.[2,102] 

An appropriate example for in situ functionalization is the encapsulation of an enzyme 

within the structures of a MOF.[103] Therefore, it is important to choose a MOF which 

is synthesized under ambient conditions, to preserve the activity and stability of the 

enzyme.[103] A pioneering work within this area is published by Lyu et al., who 

synthesized ZIF-8 with encapsulated Cyt c enzyme molecules.[104] In order to prevent 

the aggregation of the enzyme, polyvinylpyrrolidone (PVP) was added.[104] Other 

studies encapsulated catalase (CAT) enzymes in ZIF-90 and were able to show that 

even though the catalytic activity of the enzyme was lowered by the encapsulation 

process, the MOF, acting as a shell, enhanced the systems stability. 

The encapsulation of nanoparticles into MOFs can lead, for example, to an 

improvement of their catalytically activity as well as their selectivity, as it was 

investigated for copper nanoparticles embedded into UiO-66.[105] The Cu⊂UiO-66 

composite was obtained by adding pre-synthesized Cu nanoparticles into the 

precursor solution of the MOF.[105] This approach resulted in higher selectivities and 

yields regarding the production of methanol from CO2.[105] 

3.4 Co-MOF-74 

In the following chapter, the structure and properties of MOF-74 will be clarified. The 

crystal structure of the three dimensional MOF-74 with honeycomb topology is 

comprised of one-dimensional channels, with a diameter of 11 Å, build up of metal 

atoms and the linker 2,5-dihydroxyterephthalic acid (see Figure 9).[106] The SBU of 

Co-MOF-74 is based on cobalt ions which are coordinated in a distorted octahedral 

fashion by six oxygen atoms.[106] The organic linker contributes all six of its oxygen 

atoms to the structure, building coordinative bonds with the cobalt center.[106]  

Each cobalt center is coordinated to five oxygen atoms of different organic linkers and 

to one oxygen atom of a water molecule.[106] One oxygen of the carboxylate group 

and the oxygen of the hydroxide group are each coordinated to two cobalt atoms and 

the second oxygen atom of the carboxylate group is only coordinated to one cobalt 

atom.[106] This construction leads to cobalt-oxygen octahedra which are linked on the 

edges in a cis orientation, resulting in a helix which is situated parallel to the c axis.[106] 

By the removal of water, the structure changes from octahedral coordination to 

square-pyramidal coordination and features open metal sites which are aligned 

insight of the hexagonal channels.[107]  
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Figure 9. Crystal structure of Co-MOF-74 with zoom-in to the octahedrally coordinated Co-sites, which are 

lining the insides of the pore and bridged by the organic linker 2,5-dihydroxyterephtalic acid. The open 

metal site is indicated by a white sphere. 

MOF-74, which is also called CPO-27, M2(DOBDC) or M2(DHTP), can be synthesized 

using various transition metal ions (M), such as Zn2+, Mg2+, Co2+, Mn2+, Fe2+ or Ni2+.[108] 

Yaghi et al. even presented a study, where up to 10 different divalent metal ions were 

incorporated into one stable structure via a solvothermal approach.[109] Besides the 

already named metal ions, also metal species which cannot be employed into the 

structure via the solvothermal route such as Ca2+, Sr2+, Ba2+ and Cd2+ can be 

incorporated via the multi-metal one-pot reaction.[109] The main synthesis route of 

MOF-74 is build upon solvothermal conditions, but also more economically and 

greener methods like milling or room temperature synthesis routes can lead to the 

formation of MOF-74.[110–113]  

Although the pore size of MOF-74 would in general be too large for gas separation 

purposes, its open metal sites enable it for separations of binary mixtures like 

ethane/ethane, propene/propane and selective CO2 adsorption.[114–117] The double 

bonds of alkenes enable them to develop π-backbonding interactions, while alkanes 

are not able to interact with the open metal sites.[118] Further responses due to 

interactions with the open metal sites were observed for the guest molecules NO, CO, 

C2H4 or H2.[119–121] Despite the possible application within the field of separation, its 

large specific surface area and good stability predestines MOF-74 for the field of 

catalysis, like when it is employed in the cycloaddition reaction between styrene oxide 

and CO2.[122] 
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3.5 UiO-66 

The structures of the zirconium-based UiO-MOFs (UiO = University of Oslo) were first 

published in 2008 and have gained increasing interest since then due to their 

extremely high chemical and thermal stability.[37,123] UiO-66 is composed of 

Zr6O4(OH)4 clusters which are linked with 1,4-benzenedicarboxylic acid (BDC) 

molecules (Figure 10).[37,123] The clusters are constructed of Zr6-octahedrons which 

are alternatingly capped by µ3-O and µ3-OH groups.[37,123] The edges of the polyhedra 

are connected to the carboxylate groups of the linker molecules, forming a 

Zr6O4(OH)4(CO2)12 cluster.[37,123] Consequential to the described structure, UiO-66 

possesses a pore system which is composed of octahedral pores with a free diameter 

of 11 Å, surrounded by tetrahedral pores with a free diameter of 8 Å.[124] The pores 

are interconnected by triangular windows with a diameter of 5-7 Å.[124] The overall 

structure of the 12-fold connected MOF can be described by the fcu (face-centered 

cubic) topology.[26,75,123] By replacing of BDC with biphenyl-4,4´-dicarboxylic acid 

(BPDC) the isoreticular MOF UiO-67 can be obtained, which possesses larger pores 

due to the larger incorporated linker molecules. Furthermore, UiO-66 is an often used 

example with regard to linker design strategies either via in situ functionalization or 

PSM approaches. 

 

Figure 10. Crystal structure of UiO-66 with zoom-in to the [Zr6(OH)4(CO2)12] cluster and the organic linker 

1,4-benzenedicarboxylic acid. 
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In situ strategies, for example, lead to isoreticular structures exhibiting functional 

groups like –NH2, -Br, –NO2 or naphthalene, while PSM of UiO-66-NH2 can result in 

a variation of amide modified frameworks when alkyl anhydrides such as acetic- 

octanoic or maleic anhydride are employed into the PSM route.[75,76,78] Luan et al. 

reported the development of a SO3H-functionalized UiO-66 framework by using  

1,3-propanesultone in a PSM step.[79] Compared to other MOFs, like MOF-74 which 

begins to collapse at 220-240 °C and is decomposed at 300-360 °C, Zr-based 

frameworks exhibit an extraordinary thermal stability up to 450 °C and can also be 

soaked in organic solvents and acidic solutions without being damaged.[37,125–130] 

As also stated before for MOF-74, UiO-66 can be synthesized via a multitude of 

synthetic routes. Despite the first documented synthesis of UiO-66 being a 

solvothermal method in N,N-dimethylformamide (DMF), approaches including 

alternative solvents like water-, acetone or cyrene, as well as microwave assisted 

synthesis, mechanochemical synthesis and chemical vapour deposition were 

developed, to name only a few.[123] As diverse as the synthesis are the possible 

applications, which can be found in various fields, such as catalysis, drug delivery, 

sensing or separation.[48,131–135] 
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4 Application of MOFs 

The previous chapters demonstrated the manifold characteristics of MOFs and their 

modular design opportunities, which accentuates their raw potential for various 

applications. Unfortunately, MOFs lack real industrial applications due to various 

reasons like chemical and thermal stability. This chapter will outline some of the 

possible application fields, where MOFs could be incorporated and point out the 

drawbacks within the specific fields. Furthermore, the couple of MOFs, which are 

already incorporated into commercial or industrial processes will be showcased. 

4.1 Heterogeneous catalysis 

Nowadays, at least 90 % of the chemical processes utilize catalysts, making it one of 

the key elements of industrialized processes.[136,137] By the improvement of existing 

catalysts or the development of new catalytic technologies, production cycles could 

be simplified and general costs could be significantly lowered.[136] It is needless to say, 

that MOFs often lack the required chemical and thermal stability, what prevents them 

from being introduced into (catalytic) reactions under harsh conditions. Nevertheless, 

MOFs can be advantageous heterogeneous catalysts due to their accessible volume 

and high surface areas, resulting in a high density of accessible active sites, which in 

turn result in an enhanced activity and therefore in a more effective catalytic 

material.[4,137] In order to use MOFs as catalysts, some key characteristics of their 

structure are desirable, such as accessible open metal sites and functionalized 

organic linkers, which are able to activate the reactions.[138] Within the catalytic 

reaction, the MOF can be either used as a support for the actual catalyst or function 

as a carrier of the active site like the linker, SBU or an introduced compound, such as 

encapsulated nanoparticles.[137,138] Several publications deal with MOFs as catalysts 

for versatile purposes, such as within organic reactions (C-C coupling, ring-opening 

reactions of epoxides), CO oxidation, CO2 conversion or hydrogen production 

reactions and many more.[139–144] Two organic reactions, catalyzed by UiO-66-NH2 

and Cu-MOF-74 will be discussed in the following section. 

Yang et al. demonstrated, that the amino-functionalized UiO-66 can be used as a 

catalyst for Knoevenagel condensation reactions, a coupling reaction, which is often 

used for the synthesis of chemicals and pharmaceuticals.[145] It was shown, that  

UiO-66-NH2 is able to catalyze the reaction between benzaldehyde and ethyl 

cyanoactate in polar solvents (DMF, DMSO, EtOH), leading to ethyl trans-α-
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cyanocinnamate with conversion rates of more than 90 % under mild conditions.[145] 

The mechanism of the UiO-66-NH2 catalyzed Knoevenagel condensation is shown in 

Figure 11.[145] Compared to UiO-66, UiO-66-NH2 shows a higher conversion rate due 

to the Zr site close to the –NH2 group favouring the formation of an active species 

(aldimine intermediates) which then react with the methylene compounds.[145] The 

integrity of the framework and the catalytic activity was maintained even after three 

recycling steps.[145]  

 

Figure 11. UiO-66-NH2-catalyzed Knoevenagel condensation between benzaldehyde and ethyl cyanoactate. 

Figure 12 shows the Friedel-crafts acylation of anisole, using Cu-MOF-74 as an acid 

catalyst.[146] Calleja et al. demonstrated, that Cu-MOF-74 possesses a high catalytic 

performance regarding the anisole conversion and the yield of the para-substituted 

product.[146] They even stated, that Cu-MOF-74 possesses a higher catalytical activity 

than other copper MOFs like HKUST-1 and conventional inorganic catalysts such as 

Al-containing zeolites (BETA or H-ZSM-5).[146] 

Briefly summarized, MOFs are attractive heterogeneous catalysts, and by overcoming 

their lack of structural stability (for example by using water stable MOFs), the merits 

of the frameworks can undeniably enable them to succeed as catalysts within 

industrial processes and not only in proof of principle studies.  
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Figure 12. Mechanism of Friedel-crafts acylation of anisole, using Cu-MOF-74 as an acid catalyst. 

4.2 Energy storage 

Energy storage is a fundamental requirement for effectively enhancing the amount of 

environmentally friendly energy carriers and the production of clean energy fuels, 

which both are paramount to decreasing air pollution and greenhouse gas emissions. 

Therefore, the storage of hydrogen (H2), which can be used as both of the previously 

named, and of methane (CH4), as a component of natural gas and an alternative to 

fossil fuels, are often investigated research areas. For the storage of both, H2 and 

CH4, lots of publications explore the use of MOFs in order to enhance the capacity of 

storage reservoirs.[5,147] 

For example, the coating of Pd nanocube crystals with HKUST-1 led to a 74 % higher 

H2 storage capacity compared to the uncoated crystals, due to a change of the 

reactivity of the nanocrystals.[148] By incorporating UiO-66 into MIL-101, Ren et al. 

increased the H2 uptake by 26 % or even 60 % compared to the pure MIL-101 and 

UiO-66.[149] They stated that the formation of structural defects within the core-shell 

MIL-101(Cr)@UiO-66(Zr) enhances the diffusion of H2 into the material.[149] 

Concerning the storage of CH4, Peng et al. presented a study examining six promising 

MOFs, among others, HKUST-1 and Ni-MOF-74. HKUST-1 showed a volumetric 

methane uptake of 230 cc(STP)/cc at 35 bar and 270 cc(STP)/cc at 65 bar at room-

temperature.[147] These values fulfil the volumetric target set by the Department of 

Energy and outperforms any values reported until then.[147] Unfortunately, the major 

drawback here is the collapsing of the framework, which results in a decreasing 
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uptake of CH4, when HKUST-1 is compacted in order to maximize the storage 

capability even further.[147] This shows, that a general challenge concerning the 

storage of gases with MOFs, is to pack them without damaging the framework.[147] A 

possibility to avoid this drawback might be the design and synthesis of more rigid 

MOFs, e.g. by means of crosslinking, resulting in an increased resistance to 

mechanical pressures.[147]  

4.3 Gas separation 

Gas separation processes, which are widely involved in the production of chemical 

components for fuels, plastics or polymers, can be a crucial contributor to fields like 

environmental protection or the improvement of the dependent industrial processes.[6] 

The separation and capture of CO2 can help with the alleviation of greenhouse effects 

and the separation of toxic gases like CO or ammonia from industrial processes can 

lead to both, the reduction of pollution and an increase in efficiency, just to name two 

of the advantages of gas separation approaches.[6] The separation efficiency is highly 

dependent on the internal porosity and surface properties of the selective material.[150] 

Therefore, MOFs, which can be systematically tuned in aspects of pore size and 

functionality by varying organic linkers or by their open metal sites, are promising 

materials within this field.[150] Gas separation can be classified by the involved 

mechanism: Thermodynamic separation, which mainly takes place in MOFs with 

larger pores and is based on the binding affinities between the adsorbates and the 

MOF, kinetic separation, which is based on the diffusivity of the gases along the pores 

and molecular sieving, where larger species are excluded and smaller species can 

diffuse through the pores.[150] By tuning the pores and adsorption sites, gas mixtures 

can be separated by their characteristics such as size, shape, polarity, coordination 

ability, polarizabilities or conformation.[150] An appropriate example for the 

systematical tuning of MOFs regarding separation properties was published by Wang 

et al.[151] They present an ethylenediamine-functionalized Mg-MOF-74 membrane 

which exhibits an enhanced separation performance regarding H2/CO2.[151] The 

increase was attributed to the incorporated amino groups which are bound on one 

side to the open metal site and therefore the molecule protrude into the channel, 

narrowing the effective size of the latter and retarding the carbon dioxide stronger 

than the hydrogen molecule.[151] In addition to that, the second amino group of the 

incorporated ethylenediamine is able to interact with CO2 and to further reduce its 

mobility.[151] 
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Besides their promising tailorable features, MOFs lack several characteristics which 

are required for the application in separation processes, such as good mechanical 

and chemical stability, durability and easy upscalability. One possibility to improve 

these disadvantages is to introduce them into polymers to form mixed matrix 

membranes (MMMs). Friebe et al. presented a MMM composed of the water stable 

MOF UiO-66 and the polyimide Matrimid, which combines the porosity and 

functionalities of MOFs with the easy handleability of polymers.[152,153] The 

enhancement of the separation factor for H2/CH4 of the MMM compared to a UiO-66 

membrane was attributed to a reduced pore size due to a slight infiltration of the 

polymer into the framework, the reduction of the frameworks flexibility and the sealing 

of present defect within the MOF layer.[152,153] 

Another topic which needs to be considered within the field of gas separation is the 

capture of CO2, which is one of the major gases responsible for the greenhouse 

effect.[154] The concentration of CO2 increased from 310 ppm to over 380 ppm during 

the last fifty years and is expected to  further rise up to 550 ppm until 2050.[138] Since 

a large part of the CO2 is released from industries and the combustion of fossil fuels, 

one way to decrease its release is to use porous structures with high affinities toward 

CO2 to capture it.[155] Here, thermal stable MOFs possessing either nitrogen-

containing heterocyclic organic linkers, functional groups such as -NH2 and -OH, 

inserted metal ions or open metal sites, which are able to interact with the CO2 

molecule, can be used to capture CO2.[138] As an example for MMMs with MOF fillers 

for CO2 capture, the indirect crosslinked Matrimid/ZIF-90 membrane published by 

Diestel et al., which was already discussed further in Chapter 2.3.2 Post-synthetic 

design (PSM polymerization and crosslinking), can be named.[87] 

Concluding, MOFs are also a promising material within the field of gas separation, but 

again, the major drawbacks are their lack of stability and regenerability. Besides that, 

the cost effective production of MOFs, which, among other things, requires high 

energy efficiencies, needs to be largely improved.[150,156] Once these drawbacks are 

eliminated, MOFs could be utilized within the tasks of carbon capture, storage and 

utilization (CCSU).[157] 

4.4 Gas and vapour sensors 

In the 19th century, one of the first methods to detect potentially dangerous substances 

was used by coal miners: The canary.[158] These birds were taken along into the mine 

tunnels and used as a visible and audible gas detection.[158] Miners checked regularly 
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whether the canary stopped shaking the cage or stopped singing. These were both 

signs of the canary being unconscious or dead due to methane gas and in 

consequence they needed to evacuate their working area.[158] 

Nowadays, more sophisticated sensors are used in all kinds of applications such as 

for various industrial processes, chemical threat detection including toxic gas 

monitoring, medical diagnostics, food quality control or environmental monitoring.[7,159] 

Most of the utilized sensors are based on films of either organic-polymers or inorganic 

semiconductors which either absorb or react with the analyte species in a certain 

way.[7] An ideal sensor requires characteristics such as high sensitivities and 

selectivities, a short response time, a good reliability, long-time stability including a 

high reusability, easy handling and low production costs.[160,161] It is unnecessary to 

say, that implementing these characteristics in one small device comes close to 

creating a farmers darling and is therefore virtually impossible. Nevertheless, MOFs 

have been investigated for chemical sensing applications to detect analytes such as 

gases, organic molecules, explosives, humidity and pH due to their unique properties 

like tunable structures and functionalities.[132,161] The analytes can be sensed by 

changes in luminescence, interferometry, localized surface plasmon resonance, 

impedance, electromechanical characteristics or solvatochromism.[7] Furthermore 

and presented hereinafter, examples of MOF and MOF/composite-based gas and 

vapour sensors are presented, detecting the changes in response via interferometry, 

conductivity, impedance, quartz crystal microbalance (QCMB) and IR spectroscopy. 

An often cited MOF-based sensor for chemical vapours and gases was published by 

Lu and Hupp in 2010, namely a ZIF-8 based Fabry-Pérot device.[162] They used 1 µm 

thin films of ZIF-8 and exposed them to propane gas concentrations varying from 0 % 

up to 100 %.[162] It was shown via UV-Vis transmission spectra that the interference 

peaks were redshifted up to 49 nm due to an increase in the refractive index.[162] In 

addition to that, ZIF-8 possesses hydrophobic pores, which enable it to sense 

hydrophilic molecules such as ethanol in the presence of water.[162] 

Several groups reported the capability of MOFs to give responses to water vapour. 

Achmann et al., for instance, presented a Fe-BTC sensor which is able to sense 

humidity concentrations below 10 % at low temperatures via changes of the complex 

impedance.[9] Ameloot et al. electrochemically grew HKUST-1 on top of a QCMB.[163] 

Due to the change in vibration frequency of the piezoelectrically driven quartz crystal, 

adsorbed masses can be detected. In this case, the HKUST-1 films showed a water 

sorption capacity between 25-30 wt%.[163] 
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In 2015, Campbell et al. presented the first MOF-based sensor, which was able to 

distinguish between 16 different volatile organic compounds such as alcohols, 

aromatics, ketones/ethers and amines.[164] This study is based on the 2D conducting 

MOFs Cu3(HHTP)2, Cu3(HITP)2 and Ni3(HITP)2 (HHTP = 2,3,6,7,10,11-

hexahydroxytriphenylene; HITP = 2,3,6,7,10,11-hexaiminotriphenylene). They 

postulated charge transfer mechanisms and hydrogen bondings to be the contributors 

of the responsive changes.[164] Although this example shows a high selectivity 

regarding different vapours, the relationship between the MOFs structure and the 

sensing responses are not fully understood.[164,165] 

Besides pure MOF-based sensors, also composite materials including MOFs have 

been investigated further within the field of sensorics. As stated before, embedding 

MOFs into polymers can improve their processability as well as their handleability. 

Sachdeva et al. presented a study concerning NH2-MIL-53(Al) nanoparticles 

dispersed in Matrimid and drop-casted on capacitive transducer devices.[164] These 

showed sensitive and reversible capacitive responses even in the presence of water 

and possesses the ability to distinguish between methanol, ethanol, 2-propanol and 

water.[164] By incorporating 40 wt% of NH2-MIL-53(Al) nanoparticles as fillers, the 

response for 1000 ppm methanol has increased 5-fold compared to devices coated 

with neat Matrimid.[164] 

Schulz et al. synthesized the calixarene-based MOF [Zr6O4(OH)4(FA)6]2(cal)3 

(FA = formate, cal = 1,3-alt-25,26,27,28-tetrakis[(carboxy)methoxy]calixarene)]), 

which can be used as a selective NO2 detector.[166] When the MOF is exposed to the 

toxic gas, the accessible calixarene cavities form charge-transfer complexes with it, 

which results in a color change from white to dark blue.[166] The complexation of NO+ 

inside the calixarene cavity, as well as the existence of NO3
- ions which are 

coordinated to the Zr4+ metal sites could be verified via IR spectroscopy.[166] These 

observations were reversible, since the corresponding bands in the IR spectra 

disappeared over time.[166] 

The aim to include MOFs into sensing devices could have great advantages regarding 

their selectivities and sensitivities as well as the miniaturization, however, to transfer 

them into commercializable applications, further research and development tasks 

such as functionalization, synthesis and cost optimization need to be addressed. Also, 

lots of studies cover the topic of vapour sensors, while only a handful research groups 

present MOF-based sensor approaches in which functional MOFs are used to 

selectively sense gases or even multi-component gas mixtures.[167] 
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4.5 Industrial applications of MOFs 

After discussing the theoretical and purely academic applications of MOFs, the 

following chapter will focus on MOF-containing products for industrial applications 

already reached market maturity.[168-170] Researchers often acknowledge the huge 

commercial potential of MOFs for various fields of applications, but now, after nearly 

20 years of research, only a handful of MOFs have been incorporated into commercial 

products.[168,169] NuMAT Technologies are selling MOF-containing gas cylinders, 

which store toxic gases like arsine, phosphine and boron trifluoride.[168-170] Normally, 

these gases are stored at high pressures in order to maximize them. However, this 

storage medium brings along the drawback that, in case of a leak, the gas will flow 

from the gas cylinder into the atmosphere.[168,169] By using MOFs, the toxic gases can 

be stored below atmospheric pressure and in case of a leak, gas molecules from the 

outside will diffuse into the cylinder and prevent a contamination of the lab.[168,169] 

NuMAT Technologies also collaborates with the Linde Group to develop separation 

and storage technologies based on MOFs.[168,169] 

The company MOF Technologies launched a product called TruPick, where a MOF 

is used to hold the gas 1-methylcyclopropene (1-MCP), which binds on fruit enzymes 

and therefore blocks the binding of ethylene, preventing the ripening process of 

fruits.[168] By using a MOF, 1-MCP gas cylinders, which have been used for over a 

decade in warehouse storage containers at this time, can thus be eliminated.[168] 

Mosaic Materials, a chemicals and engineering company focused on the reduction of 

greenhouse gases by carbon capturing and gas separations, produce a MOF which, 

when the first CO2 molecule is absorbed, triggers the absorption of more CO2.[168] The 

mechanism behind this chain reaction is based on the insertion of CO2 between the 

metal site and a bound diamine molecule. This triggers a proton transfer to the next 

metal diamine site, which is then activated continuing this chain reaction, resulting in 

1D chains of ammonium carbonate within the channels of the MOF.[168] Furthermore, 

large industrial companies, such as BASF, are interested in the commercialization of 

MOFs: BASF invented MOF-containing tanks for methane-powered vehicles, which 

store double or triple the amount of gas compared to a tank without MOFs.[168] They 

even successfully tested this approach in methane fuel tanks of cars and trucks as a 

proof of principle.[168] Unfortunately, this project was suspended because the 

economic incentive vanished due to a drop of the oil price.[168] 

The presented commercial applications are good examples for overcoming the 

drawbacks of MOFs, such as instability and handleability, but the main criteria for a 
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successful implementation into the real world is financial profit.[168] Therefore, even 

when a MOF provides good characteristics to be used for a certain application, cheap, 

scalable and green ways to synthesize them need to be developed before they can 

eventually compete with the state of the art materials on the market.[168] 
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6 MOF-74 

6.1 Preface 

Within the following chapters two publications, evaluating Co-MOF-74 as a potential 

candidate for gas-sensing applications, are presented. Various open metal-site-MOF 

sensors have been successfully used to sense solvent vapours, but were unable to sense 

pure gaseous analytes.  

The first publication (Chapter 6.2) presented is concerned with the general investigations of 

the adsorption of guest molecules within the 1D anisotropic pores of Co-MOF-74. Therefore, 

the gases CO2, propene, propane and argon, as well as methanol and H2O vapours were 

used as surrounding test atmospheres. Via Vis/NIR measurements, which were performed 

with the supporting help of Dominik Hinrichs and Rasmus Himstedt, the interactions of  

Co-MOF-74 with the applied atmospheres could be proved by shifts of the absorption 

bands, displayed by a colour change of the MOF. Here, the help of Dirk Dorfs during the 

interpretation process of the data is appreciated. Furthermore, Raman investigations of  

Co-MOF-74 under vacuum, argon and H2O confirmed the interactions of guest molecules 

with the open metal-sites, indicated by guest molecule dependent peak shifts. Alexander 

Knebel took a supportive role during the interpretation of the Raman results. In addition to 

that, the first publication features optical microscopy measurements, which were performed 

with the supporting help of Carsten Reinhardt, who also wrote the concerning part of the 

manuscript. These measurements show a clear colour change of the crystal from yellow to 

red when the polarization plane is rotated, generated by the d-d transition of the CoII ions. 

Based on these general investigations of the interactions of Co-MOF-74 and guest species, 

the second publication (Chapter 6.3) presents the implementation of a Co-MOF-74 

composite into a home-build capacitor. Therefore, Co-MOF-74 was doped with different 

organic semiconducting materials, which resulted in composites with enhanced conductivity 

compared to the pure MOF. Marvin Treger infiltrated powder samples with different organic 

semiconductors and evaluated the resulting materials regarding their conductivity 

enhancements. It was shown, via electrical conductivity measurements, that Co-MOF-74 

infiltrated with tetrathiafulvalene (TTF) possesses a higher conductivity, compared to the 

7,7,8,8-tetracyanoquinodimethane (TCNQ) containing Co-MOF-74 composite material. 

Here, the supporting help of Karsten Lange during the analysis of the data is appreciated. 

In order to prove the successful infiltration of TTF into the pores of Co-MOF-74, Pascal 

Rush performed and interpreted thermogravimetric analysis measurements, while 

Hidetsugu Shiozawa performed and interpreted XPS measurements as well as played a 

supportive role during the Raman measurements. IR microscopic images and spectra of 
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the CO2 adsorption on an empty Co-MOF-74 compared to a TTF infiltrated Co-MOF-74, 

also confirming the successful infiltration of the crystal with TTF, were performed with the 

help of Seungtaik Hwang. Christian Chmelik, Nadja C. Bigall and Thomas Pichler refined 

the manuscript. Alexander Mundstock took a supportive role during the conceptualization 

process of both manuscripts by supporting the measurements with his expertise of  

Co-MOF-74, helping with the construction of various suitable measurement cells as well as 

first proofreading the drafts and supporting the design of the cover pictures. Jürgen Caro 

ensured the high quality of the publications by guiding the whole process with his extensive 

expertise concerning the field of MOFs, as well as the refining the manuscripts. 

All not-mentioned tasks within the development of the manuscripts, such as the synthesis, 

characterization, interpretation and investigation of the materials as well as the construction 

of measurement cells and the authoring of the manuscripts were performed by the author 

of this thesis. 
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6.2 The Interaction of guest molecules with Co-MOF-74:  A Vis/NIR and Raman 

approach 

 

I. Strauss, A. Mundstock, D. Hinrichs, R. Himstedt, A. Knebel, C. Reinhardt, D. Dorfs,  

J. Caro 

Angew. Chem. Int. Ed. 2019, 57, 7434-7439. 

DOI: https://doi.org/10.1002/anie.201801966 
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6.3 Metal-organic framework Co-MOF-74-based host-guest composites for 

resistive gas sensing 

 

I. Strauss, A. Mundstock, M. Treger, K. Lange, S. Hwang, C. Chmelik, P. Rusch,  

N. C. Bigall, T. Pichler, H. Shiozawa, J. Caro 

ACS Appl. Mater. Interfaces 2019, 11, 14175-14181 

DOI: https://doi.org/10.1021/acsami.8b22002 
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7 UiO-66  

7.1 Preface 

In the following two publications, the performance of zirconium-based UiO-66 and  

UiO-66-NH2 frameworks will show our effort to evaluate their possible incorporation into gas 

sensing devices. Therefore, the first publication is focused on the investigation of the acidic 

and basic properties of UiO-66 and UiO-66-NH2. While the synthesis, characterization and 

scriptualisation of these parts and the theoretical MOF part were performed by the author 

of this thesis, the FTIR study to investigate the evolution of the acid and basic sites was 

performed by Kristina Chakarova, Mihail Mihaylov and Nikola Drenchev. By using probe 

molecules (like carbon monoxide, nitrogen, acetonitrile) and studying the MOFs adsorption 

behaviours, a deeper insight into the development of their acid-basic properties would be 

obtained. The manuscript was authored by Kristina Chakarova and Konstantin Hadjiivanov. 

With an enhanced understanding regarding the adsorption properties of UiO-66 materials, 

the second publication evaluated these materials regarding their possible incorporation into 

CO2 sensing devices. The CO2 dependent FTIR measurements were performed by Kristina 

Chakarova and Mihail Mihaylov and showed that the NH2 groups significantly improve the 

capability of sensing low CO2 concentrations. The same investigations also revealed that 

the co-existence of water molecules during low CO2 concentration measurements further 

enhance the performance of UiO-66-NH2. The FTIR section was scriptualised by Konstantin 

Hadjiivanov and Kristina Chakarova. Via capacity measurements the capability of UiO-66 

materials toward high carbon dioxide concentrations was proven. Based on Maxwell-

Wagner-Sillars polarization, the adsorption of CO2 on UiO-66-NH2 causes a decrease of the 

capacity at low frequencies, which can be easily sensed. Alexander Mundstock took a 

supportive role during the process of the manuscript by helping with the interpretation of the 

dielectric data as well as with the construction of the measurement cell and by proofreading 

the draft. Natalija Guschanski ensured the high quality of the dielectrical investigations by 

guiding the interpretation of the data with her extensive expertise in the field of frequency 

dependent dielectric research. Jürgen Caro ensured the high quality of the publication, by 

supporting the whole process with his extensive expertise concerning the field of MOFs, as 

well as refining the manuscript. 

All not-mentioned tasks within the development of the manuscript, such as the synthesis, 

characterization, interpretation and investigation of the materials as well as the construction 

of measurement cells and the authoring of the manuscript, were performed by the author of 

this thesis.  
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7.2 Evolution of acid and basic sites in UiO-66 and UiO-66-NH2 metal-organic 

frameworks: FTIR study by probe molecules 

 

K. Chakarova, I. Strauss, M. Mihaylov, N. Drenchev, K. Hadjiivanov 

Microporous Mesoporous Mater. 2019, 281, 110-122 

DOI: https://doi.org/10.1016/j.micromeso.2019.03.006 
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7.3 UiO-66 and UiO-66-NH2 based sensors: Dielectric and FTIR investigations 

on the effect of CO2 adsorption 

 

I. Strauss, K. Chakarova, A. Mundstock, M. Mihaylov, K. Hadjiivanov, N. Guschanski,  

J. Caro 

Microporous Mesoporous Mater. 2020, 302, 110227 

DOI: https://doi.org/10.1016/j.micromeso.2020.110227 
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8 Conclusion 

8.1 Summary 

The aim of this thesis was the synthesis, modification and evaluation of promising MOFs 

and the initial attempt of their subsequent incorporation into sensors for the detection of 

various hazardous gas species. Therefore, three main tasks were accomplished within the 

duration of this thesis. In a first step, the search of MOF materials which are suitable for the 

incorporation into gas sensing devices was achieved. This task was followed up by 

fundamental studies of the adsorption properties of the materials in order to gain a deeper 

understanding of the particular MOFs. In a last step, suitable concepts to perform resistive 

gas sensing investigations utilizing the most promising MOFs were realized. 

The two materials presented within this thesis, UiO-66 and MOF-74, were considered to be 

appropriate candidates for the previously described task of developing MOF-based sensors. 

The three dimensional Co-MOF-74, with its honeycomb topology and large, one-

dimensional channels with a diameter of 11 Å, seems to be a suitable framework due to its 

open metal sites which are oriented into the channels and are therefore easily accessible 

for guest molecules such as various gas species. By means of a general Vis/NIR and 

Raman study concerning the interaction between guest molecules and Co-MOF-74, it could 

be proved that the positions of the characteristic absorbance maxima in Vis/NIR spectra, as 

well as the positions of the characteristic stretching modes are strongly dependent on the 

surrounding atmosphere and its interaction with the framework. Carbon dioxide, propene, 

propane, methanol and water were used as guest molecules and compared to the Co-MOF-

74 under argon atmosphere. Each species influences the characteristic spectra of the MOF 

due to specific interactions with the open metal sites and could thereby be distinguished 

from each other. Especially striking is the sensors ability to distinguish between the very 

similar gases propene and propane. In the presence of propene π-backbonding occurs, 

while in the presence of propane no functionalities can interact with the MOF and therefore 

the interaction is at best low. Besides the examination of Co-MOF-74 regarding a potential 

incorporation into chemical sensing devices, general spectral investigations brought to light 

an anisotropic adsorption behaviour of the material when illuminated with polarized light, 

which might be advantageous within optical applications, such as display technology or 

optical imaging where the control of the polarization matters. 

These investigations were followed up by the synthesis of a conducting Co-MOF-74 

composite material and the development of a MOF-based capacitive gas sensor. Since 

Vis/NIR and Raman investigations verified the potential of Co-MOF-74 concerning gas 

sensing applications, the following task was to create an electrical conductive material, 
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which changes its current depending on the surrounding atmosphere. While the successful 

infiltration of Co-MOF-74 with the organic semiconductor TTF was proved by various 

methods such as TGA, XPS, IR and Raman spectroscopy, its resistive gas sensing 

properties were tested via electrical measurements. Although the uptake of gaseous guest 

species was reduced due to the infiltration to TTF into the pores, it was possible to 

distinguish various gas atmospheres such as CO2, CH4, N2 and air. 

The second investigated framework-type, UiO-66, was chosen due the fact that its amino-

functionalized derivate UiO-66-NH2 is known to undergo strong adsorptive interactions with 

CO2. In addition to that, these zirconium-based MOFs are known to possess an extremely 

high chemical and thermal stability compared to other MOFs. Here again, general 

investigations on the adsorption behaviour of the UiO-66 and UiO-66-NH2 MOFs were 

performed by using the probe molecules carbon monoxide, nitrogen and acetonitrile in order 

to study the evolution of the acid and basic sites of the frameworks via FTIR measurements. 

With the enhanced understanding regarding the acidic and basic properties, the materials 

were examined regarding their incorporation into gas sensing devices. For that aim, carbon 

dioxide dependent FTIR measurements were performed, indicating a superior sensing 

capability of UiO-66-NH2 over UiO-66 at low gas concentrations. FTIR investigations also 

revealed that the co-existence of water molecules during measurements featuring a low 

CO2 concentration further enhances the sensing performance. The amount of adsorbed 

CO2 correlates with the intensity of the µ3-OH band in the FTIR spectra, indicating hydroxyl 

groups as active sites for CO2 adsorption. 

In addition to that, dielectric investigations with high CO2 concentrations were performed, 

which confirmed the FTIR results and substantiate UiO-66-NH2 to be a suitable material to 

be incorporated into future MOF-based sensors. Here, the adsorption of CO2 causes a 

significant decrease of the capacity at low frequencies, which is based on occurring 

Maxwell-Wagner-Sillars polarization and can easily be taken advantage of for sensing. 

8.2 Discussion and outlook 

Within this thesis, two promising MOFs have been tested due to their possible incorporation 

into applications in the field of sensors. On the one hand, two studies concerning  

Co-MOF-74 were presented, showing selective changes when various guest molecules are 

used as surrounding atmospheres. Unfortunately, some difficulties need to be overcome for 

a successful implementation of Co-MOF-74 and the TTF-MOF-74 composite into industrial 

applications. First of all, Co-MOF-74 and its functionality is very vulnerable against water, 

since it occupies the open metal sites within the pores. Therefore, all detection processes 

need to be performed in water-free environments or otherwise include demanding 
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regeneration steps. Remedies like the infiltration of TTF result in a smaller amount of water 

diffusing into the pores, but still, this problem needs to be addressed. Secondly, further 

research should survey the sensitivity of Co-MOF-74 and the TTF-MOF-74 composite 

regarding lower concentrations of the applied gases. In case of still high sensitivities 

towards different gases, there might be a great potential for this MOF-class because the 

ability to distinguish between very similar gases like propene and propane makes this a 

promising platform for future sensor materials. 

On the other hand, the presented UiO-66 and UiO-66-NH2 studies show that the latter MOF 

could also be a promising material for sensor devices. The main advantage of UiO-66-NH2 

over Co-MOF-74 is its high stability, even in humid air. Via CO2 and water co-adsorption 

studies we could even evidence an improvement of the sensitivity due to the interaction 

between the adsorbed CO2 and hydroxyl groups, which are built into UiO-66-NH2 in the 

presence of water. Nevertheless, also here some challenges need to be overcome for the 

incorporation into sensors: Further research should examine the cross-sensitivity, provided 

that they should be used beyond the CO2/N2 system, which is for example used for industrial 

food packaging. Also alternative detection methods should be taken into account, since the 

used FTIR construction used within the UiO-66 studies is too complex and unwieldy to be 

realized as a sensor, the principle behind the dielectric studies is rather complicated and 

the best sensitivity towards CO2 is only achieved at extremely low frequencies. 

In conclusion, two MOFs were presented, which show promising results within the chosen 

model systems under the used conditions. Beyond that, these MOFs probably need to be 

further improved to be useful for the incorporation into chemical sensor devices. Further 

research on this topic should be executed to ensure that these materials are advantageous 

over other MOFs or other sensor materials when introduced into industrial applications. 

Also currently used (non-MOF-) sensors often lack sensitivity, selectivity or stability. Already 

implemented materials, like metal oxides, indeed possess higher responses (in resistance) 

compared to others, but show handicaps like low selectivity and often require high operating 

temperatures up to 500 °C. Even though, carbon-based materials operate at room 

temperature, their drawbacks, such as low response, selectivity and reproducibility, are 

numerous.  

Theoretically, MOFs should be advantageous over the named examples, since the 

response of a sensor is dependent on its surface reaction or adsorption of the analytes and 

MOFs possess both, large surface areas and high reactivities. Moreover, they should show 

a superior selectivity due to their structural tuneability leading to unique surface reactions 

in the presence of specific analytes. In practice, MOFs and MOF-based/derived composites 
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often suffer from similar disadvantages as common sensors: Low sensitivity, low selectivity, 

low reproducibility, low response and poor stability. Nevertheless, among the tens of 

thousands of MOFs, there are candidates, which are able to compete with present 

sensors.[159] Looking at recent hot topics like acetone or NOx sensing, suitable MOFs are 

not only theoretically superior to common materials, but also in practice.[159] In order to 

sense the acetone concentration in the breath of diabetes patients, the sensors need to 

possess a sensitivity in the range of parts per billion.[171] Recent MOF-involving studies were 

able to reach this value with low cross-sensitivities (e.g. for ethanol) at temperatures below 

400 °C. [159,172] Also regarding NOx sensing, existing studies confirm a superior behaviour of 

MOFs over present materials. Conventional NOx sensors, for example, operate at high 

temperatures and are difficult to produce, while MOFs (e.g. Me3(HHTP)3, Me=Cu, Co, Fe) 

are able to operate at room temperature. [159,173]  

Unfortunately examples for outstanding sensor concepts which include MOFs as integral 

parts are hard to find. In the majority of cases, expensive MOFs are used as templates in 

order to create isolated active metal-sites. This approach might lead to sensors with a 

slightly enhanced sensitivity, but with a much higher price tag. 

In my view, the focus should return to use the MOFs itself rather than calcination products. 

In order for that to work, a general rethinking of the MOF community needs to take place, 

since these frameworks are studied for over two decades and only a handful industrial 

applications were realized until now. After decades of fundamental research, the focus 

should be set more on the implementation of the existing MOFs into industrial devices than 

on additional fundamental research studies. In addition to that, the laboratory production 

costs of MOFs need to be significantly reduced to reach an industrially relevant scale. 

Therefore, researchers need to team up with industrial companies to develop and evaluate 

cheap, scalable MOFs via green synthesis methods, since their successful implementation 

into real world applications strongly depends on financial profit. 
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