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Abstract

Metal-organic frameworks (MOFs) are exciting materials due to their extensive applicability
in a multitude of modern technological fields. Their most prominent characteristic and primary
origin of their widespread success is the exceptional variety of their structures, which we
termed ‘reticular diversity’. Naturally, the ever-emerging applications of MOFs made it
increasingly common that researchers from various areas delve into reticular chemistry to
overcome their scientific challenges. This confers a crucial role to comprehensive overviews
capable of providing newcomers with the knowledge of the state of the art, as well as with the
key physics and chemistry considerations needed to design MOFs for a specific application. In

this review, we commit to this purpose by outlining the fundamental understanding needed to



carefully navigate MOFs’ reticular diversity in their main fields of application, namely host—
guest chemistry, chemical sensing, electronics, photophysics, and catalysis. Such knowledge
and a meticulous, open-minded approach to the design of MOFs paves the way for their most
innovative and successful applications, and for the global advancement of the research areas

they are employed in.
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1. Introduction

Since its entrance in countless synthetic laboratories around the globe, the rational engineering
of metal-organic frameworks (MOFs) approached more and more the process of building and
furnishing a laboratory of its own [1]. As we decide the architecture of our workplace based on
practicality and the positioning of the necessary equipment and furniture that allow a laboratory
at the meter-scale to operate efficiently, when designing a new MOF structure we plan
thoughtfully the division of confined spaces, their accessibility, and the installation of
functional entities in what we estimate as optimal sites [2,3]. There is, however, a rather
obvious difference between setting up a laboratory at the meter and at the Angstrém scale: the
precision and reliability of the process of construction itself.

MOFs are assembled from an alternation of organic building units (OBUs) and metal-
containing inorganic building units (IBUs) [3,4] and the endless chemical variety of their
constituents generates miscellaneous MOFs’ structures [5—7]. However, the very process of
controlling such assembly remains perhaps the greatest and most long-standing challenge in
researching these cutting-edge miniaturized laboratories [2]. Indeed, being MOFs synthesized
by self-assembly instead of direct manipulation of their components, our approach to their
construction remained substantially unchanged over the last decades and consists in driving the
aggregation of building blocks by finely tuning synthesis variables such as temperature, solvent
mixture, reactants, additives, etc. [8].

The practice of constantly perfecting and making more precise and reliable assembly of MOFs
can be considered at the heart of their engineering and the primary source of their structural—
hence functional—sophistication [9]. Major leaps in this respect included the attention shift
from the systematic change of building blocks’ chemical structure to tuning linkers’ and
framework’s metrics altogether (isoreticular MOFs [10]), to even regulating the framework’s
mobility by employing conformationally-flexible linkers and/or geometrically versatile IBUs
[11,12]. Another more recent and increasingly popular area of MOFs chemistry is the
engineering of partly aperiodic frameworks. It aims not only to achieve control on the
crystalline structure of MOFs but also to purposefully introduce building-block vacancies [13]
and heterogeneities [14,15] with specific spatial distributions in the main crystal lattice.
Given this premise, herein we focus on the concept of ‘reticular diversity’ (Fig. 1), which we
coined to describe the variability of structure and composition of framework assemblies.
Reticular diversity is a key concept in MOFs chemistry as it does not only reflect the countless

possibilities of synthesizing frameworks with different geometries, composition, complexity,



metric and degree of order, but also includes the perspective of combining all these aspects in
the design of a single extremely sophisticated material. Such an inclusive and open-minded
approach to MOFs research is becoming a solid foundation of the most advanced realities in
the field, and an exciting new source of innovation that lies largely unexplored.

With this in mind, we present an overview of recent applications (especially in the last 5 years)
of MOFs’ reticular diversity in a comprehensive series of research areas.

Aiming to introduce the most relevant properties of MOFs, we start by describing the chemistry
of their most crucial component: their pores. Subsequently, the major applications of MOFs as
host—guest systems, sensors, electronic- and photonic materials, catalysts are extensively
reviewed after providing, for each field, the basic theoretical background needed for a useful
critical understanding. Each section also delivers the general context for its specific research
field, the major challenges, and the state of the art, and finally presents a perspective look at

the future possibilities of MOF materials.
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Figure 1. General scheme of the main current possibilities of reticular diversity of MOFs.

2. Pore chemistry

The uniqueness of framework materials is their combination of functionality and regular
porosity [2]. These two aspects are inextricably interdependent and affect one another. The

application of the final material is governed by the physicochemical properties of the



framework which, in turn, arise from their designed structural and chemical details. The origin
of the macroscopic function can be traced back to the characteristics of the pore at the atomic
scale. Hence, we can consider pore chemistry as the core of functionality in framework

materials and therefore the starting point for material design (Fig. 2).
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Figure 2. The rational design of MOFs focused on their pore chemistry, where the intrinsic
connection between structure and function makes them valuable for a wide variety of
applications.

In this chapter, we wish to explore a recently proposed mindset for reticular pore chemistry
starting from the atomic scale [2]. We will be stepping into the pore space itself and thus
distinguishing the origin of the influencing features that drive function. The geometrical and
physical characteristics of the void are the first aspect to be considered. We ask ourselves, what
are the pore walls comprised of? Are there additional guests present or missing parts?
Functional groups can be identified in the pore, which are atoms or groups of atoms that can
either be part of the framework backbone or belong to guests hosted in the cavities. Defects,
i.e. local irregularities of the periodic framework, can act as functional sites as well. Hence, all
the above-mentioned aspects will be considered in section 2.1. as target sites for MOF
functionalization.

In combining suitable building blocks, chemists usually adopt two possible approaches for the
synthesis of crystalline reticular materials with pre-conceived functions (section 2.2.). Firstly,
functionality can be introduced along with the structural building blocks in a pre-synthetic

approach. This is identified as a self-assembly process which results in the formation of a

10



crystalline material with embedded sites of functionality. The second approach is based on the
generation or modification of functional sites by means of physical or chemical transformations
carried out on a pre-formed framework, over one or more post-synthetic steps.

Section 2.3. presents different conceptual methods to specifically position the functional sites
with respect to the MOF scaffold and the void space, by exploiting covalent bonds,
supramolecular interactions, or other ways to mechanically confine atoms and molecules.
Finally, the controlled distribution of functional sites inside the pore and over the framework
is explored in section 2.4. as a strategy to tune the functions and achieve complex synergies.
The design of framework materials relies on the rationalization of all these entangled aspects
and therefore requires organic, inorganic, and physical chemistry to be blended in a discipline
named reticular chemistry. Our intention to describe those four principles (i.e. targets,
approaches, methods, and strategies for functionalization) is to emphasize the importance of

considerate pore design, which ultimately underpins the desired functionality of the material.
2.1. Functionalization targets

The complex 'anatomy’ of reticular frameworks offers several options for the location of
functional sites. In this section, we will identify what features at the atomic scale can be the
sources of functionality. This makes the primary target of the design process (Fig. 3). Porosity,
framework backbone, included guests and defects will be discussed to highlight how each

component can be exploited as a modification point to incorporate functionality.
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Figure 3. MOF’s functionality targets: porosity, backbone, guests, and framework vacancies.
Different types of vacancies can be distinguished (ML= missing linker; MC= missing cluster;
TL="truncated linker").
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2.1.1. Porosity

Porosity, implying the presence of permeable voids or cavities in a solid, is a key concept in
material sciences [16]. Significant and well-defined structural voids are a distinctive feature of
framework materials and are crucial for their functionalization and most of their applications.
Strictly speaking, the term ‘pore’ indicates an opening that allows and regulates the transfer of
matter through an interface or barrier. However, the meaning of ‘pore’ is often extended in
MOF literature to serve as a synonym for void, cavity or channel, and in this text, we will adopt
similar lexical flexibility [17].

Porosity is typically described in terms of volume, surface area, size- and shape distribution of
the cavities and all these characteristics strongly influence the sorptive properties of MOFs
[18]. In addition to pore size, other inherent structural factors such as shape, the orientation of
each pore relative to the neighboring ones, and topological arrangement of the void space have
relevant effects on the mechanical, physical, and chemical properties of the material. Moreover,
the pore environment can also be described in terms of overall framework charges [19],
presence of extended m-systems or aromaticity [20], hydrophilicity/hydrophobicity [21-23],
contoured surfaces [24], and chirality [25-27].

Most applications of MOFs are based on their ability to adsorb and/or react with chemical
species in the cavities (see chapter 3), however, the interest for porosity extends beyond this
well-established scope, to fields such as optics, electronics, heat insulation etc. [28-33]. From
low density at the atomic scale, a variety of technologically relevant features descends, such as
low specific weight, high thermal insulation or low electric susceptibility. Porous frameworks
take these properties to ranges rarely encountered for crystalline materials, while, at the same

time, preserving the anisotropy and direct structure-property correlativity, typical of crystals.
2.1.2. Functional sites on the backbone

Within the framework, a functional group can: (i) have a structural role by participating in the
metal-ligand coordinative bonds; (ii) act as guest-interactive sites or (iii) co-participate in both
roles (Fig. 4). The pore dimensions and framework conformation determine the accessibility
of the installed functional groups and sites.

OBUs are polytopic organic molecules that typically act as linkers, or struts, joining the IBUs
into a regular 3D structure. At the same time, OBUs can enrich the framework backbone with

potentially any type of organic functional group. IBUs can consist of single metal ions or, in
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most cases, of polynuclear aggregates containing several metal ions, which are often referred
to as secondary building units (SBUs).

Because the linkages between OBUs and IBUs are based on coordinative bonds, coordinating
functional groups such as carboxylate, sulfonate, phosphonate, disulfido, and nitrogenated

heterocycles can adopt a structural role by bridging metal nodes [34,35].

8—>C
Guest ™

Figure 4. Examples of functional groups in a MOF with respect to the backbone building

blocks: 1) functional group with a structural role (linkage); 2) guest-interactive group on the
linker; 3) guest-interactive site in the IBU; 4) functional group acting both as linkage and guest-
interactive group.

There is virtually no limit to the type of functional groups that can be present on the MOF
backbone and influence the overall pore chemistry by acting as guest-interactive sites. In
section 2.2.2. we will show that certain functional groups can be exploited for subsequent
reactions and transformations of the framework. Moreover, the presence of metals in MOFs
enriches such materials with physicochemical properties typical of inorganic or organometallic
compounds. For chemical processes such as catalysis, open metal sites (OMS, also termed
coordinatively unsaturated sites, CUS) are especially important [36]. These are metal ions
belonging to IBUs or appended to binding sites on the linkers, which are coordinatively
unsaturated and ideally accessible from the channels. On such sites, the metal-mediated

functionality can be initiated after chemisorption of guests or substrate molecules.
2.1.3. Guests

Extra-framework component, i.e. ions, molecules, or supramolecular assemblies that do not
participate in the network topology can be considered as guests. It is common for reticular
frameworks to contain guest molecules, which are most often solvent molecules or unreacted
linkers. The nature of the guests that can be absorbed in (and released from) the channels, is
affected by the physicochemical properties of the pore, e.g. size, shape, acidity, and

hydrophilicity/hydrophobicity. Furthermore, reticular structures often show a certain extent of
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mechanical flexibility [12], which can allow for dynamic adjustments and unusual cooperative
sorption-desorption processes [37-39]. Very large guests (i.e. larger than the pore aperture) can
be incorporated in situ if they are present during self-assembly, and from solutions in
exceptional cases [40—43]. Guests can also have an indirect structural role by contributing to
structural formation [44,45] and stabilization [46], especially for CUS and structural defects
[47].

The presence and chemical nature of guests can dramatically modify the framework
conformation [48] or influence its dynamics in complex ways [49,50]. For example, the
diameter of guest-filled channels for some MOFs can be unexpectedly smaller than the guest-
free counterpart [51,52]. Importantly, guests can alter the chemical behavior of reticular
materials, by carrying additional chemical functionality and by interacting with the framework
through suitable binding sites. The detailed qualitative and quantitative determination of the
guest content is important to characterize, and typically requires a combination of

complementary analytical methods.
2.1.4. Framework defects and vacancies

Defects are imperfections (or irregularities) of the framework lattice, such as vacancies,
compositional alterations, disorder, and dislocations. Both compositional and occupational
variations are highly investigated aspects of reticular materials. A general tendency observed
in MOF literature is to use the term ‘defect’ to especially indicate structural vacancies. Partial
substitution of building blocks is also a frequent occurrence and this type of compositional
‘defectivity’ is typically referred to as heterogeneity or variability, which will be discussed in
section 2.4.1.

Vacancies are sites that locally break the regular periodic arrangement of atoms or ions of the
static crystalline parent framework because of missing or dislocated atoms or building units
[53]. In MOFs, interruptions of the framework are often due to missing linkers, while missing
nodes are less frequently reported [54,55]. *Truncated linkers’ are a peculiar type of defects
due to whereby molecules mimicking linker fragments, but having lower bridging multiplicity,
coordinate to the metal clusters, thus locally interrupting the framework connectivity [56].
Most physical properties of crystalline solids arise from the average structure and some of them
are negatively affected by the presence of impurities or lattice vacancies. However, many other
properties and functions can be only explained by lattice defects. This general observation is
valid also for reticular framework materials, in which vacancies and other lattice disruptions

can trigger novel functions or allow enhanced performances compared to the ideal structure.
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The first evident effect of vacancies is an increased porosity and surface area relative to the
perfect, defect-free material [57,58]. Moreover, the mechanical properties, availability of
OMS, hydrophilicity, or acidity can also be affected. Improved ion conductivity [59], and
catalytic activity [60] have been also reported as a consequence of framework vacancies.
Therefore, these types of defects are important functional targets and efforts to introduce,
quantify, and characterize vacancies have been pursued [61], making ’defect engineering® a
part of the design of framework materials [53].

A certain amount of lattice defects is always inherently formed as a result of growth faults or
dislocations which occur during any crystal formation process. Parameters that influence the
nucleation and growth rate will also affect the periodicity, which is directly linked to the
concentration of lattice defects. For example, rapid crystallization of bicarboxylate-based
MOFs was reported to cause missing linker defects, with a concomitant decoration of the IBUs
by OH groups [62]. Conversely, increasing the temperature and initial linker/metal ratio can

decrease the concentration of linker vacancies [63].
2.2. Functionalization approaches

The framework can be functionalized for one or more of the above-discussed targets. For this
purpose, a functionalized framework can be imagined as a variation of a blank, non-
functionalized scaffold, constructed by different building blocks following the principles of
reticular chemistry. In this section, we will introduce the two mainly explored approaches for
their functionalization (Fig. 5). One route is de novo functionalization, in which the structural
building blocks are modified with the desired functional group in a pre-synthetic approach
and/or the synthesis protocol is adjusted to allow for the generation of the desired functional
sites. A second option is to adopt a post-synthetic approach, i.e. to functionalize a previously

synthesized precursor framework by physical or chemical transformations of the building units.

Approaches
De Novo PosT-SyNTHETIC —_—
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Figure S. Two main approaches for the functionalization of MOFs: a de novo approach and
post-synthetic modification (PSM). BU stands for building unit.
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2.2.1. De novo functionalization

Conceptually, the most straightforward method to prepare a framework material with desired
functionalities is via self-assembly of the building blocks which are already functionalized. A
wide variety of homogeneous and heterogeneous synthetic procedures can be applied, which
are extensively described in previous literature [8,64,65], and, noteworthy, solvent-free
synthesis can also be pursued [66,67]. The de novo approach consists of introducing
functionalities from the start, for example as substituents on the linkers or as additional
reactants in a one-step MOF synthesis. When the function of the material is purely based on its
physical properties (e.g. magnetism, dielectric constant, luminescence), it is an intrinsic
characteristic that arises from the nature of the building blocks and the framework structure
[68]. However, there are cases in which chemical functional sites originate from the self-
assembly. For example, a metal ion in an IBU can be coordinatively unsaturated and therefore
ready for an application (e.g. in catalysis) that relies upon coordinative chemisorption. In the
situation where the desired functional sites are carried by the organic linkers, they must not
hamper the desired self-assembly process. In the design of a functionalized MOF, we can
typically introduce functional groups that are stable and coordinatively innocent [69], or that
are expected to be less reactive than the groups designated for coordination to the metal cluster
based on criteria such as hard/soft acid-base theory [70,71]. These “unreacted” functional
groups are sometimes referred to as functional tags [69] and can be used for further post-
synthetic modification (PSM, see section 2.2.2.) if desired.

The de novo approach enshrines a much higher complexity in the case of the synthesis of
multivariate frameworks [72,73]. These are heterogeneous products, based on the combination
of interchangeable building blocks (multiple nodes or linkers), having the same structural role
but different chemical features. In general, from a direct, “one-pot” reaction, one would expect
high homogeneity and perfect mixing of the interchangeable constituents available, as they are
equally dispersed in the reaction mixture. However, a homogeneous distribution of components
in the final products can only be expected if: (i) the alternative constituents have the same
reactivity and (if) the reaction conditions remain constant during the framework assembly. In
the ideal case, multivariate frameworks are obtained [74,75], whereas the most common pitfall
is the separation of the building blocks and preferential crystallization into distinct phases due
to different metal-ligand affinity or solubility. The stoichiometric ratio or the reaction
conditions could be varied to optimize the mixing of variated constituents and compensate for

their different reactivity. Such parameters influence the nucleation and growth rate and,

16



therefore, affect the tendency to form segregated domains versus high mixing of the
interchangeable building units.

Besides metal ions and linkers, additional small molecules can be added as modulators during
the synthesis of MOFs. Their role is to control the rate of crystal growth, thus allowing to
control crystal size, size distribution, and morphology of the products [76]. Modulators
competitively and, importantly, reversibly bind to the metal centers, slowing the crystallization
process and allowing for a controlled nucleation and crystal growth. HF, HCI, and several low
molecular weight monocarboxylic acids are the commonly employed modulators, as their
conjugate bases can act as competitive monotopic ligands and the modulating effect depends
mainly on their concentration and pK,. If a modulator is added in too high concentration, the
crystallization can be entirely inhibited and MOF formation will not occur [77]. On the other
hand, modulators can remain in the final product acting as truncated linkers and therefore can
be used to introduce framework defects [53,61,78—80].

To allow the applicability of any material, sustainability is an essential aspect. In the production
of a synthetic compound, minimizing the number of steps allows us to minimize energy
consumption, solvent usage, and to maximize yield and ‘atom economy’ in general [81]. In this
view, direct one-step synthesis of a functionalized framework is highly desirable and reticular
chemistry makes it conceptually easy to design isoreticular frameworks decorated by different
functionalities. In practice, the compatibility of pre-synthetically functionalized building
blocks with the reaction conditions must be evaluated and identifying the appropriate
conditions for the formation of the desired product can be a tedious task requiring a great deal
of time and resources. It is often not possible to introduce functionalities de novo, due to
interference of the desired functional groups with the self-assembly process. For example,
alcohols, aldehydes, carboxylic acids, nitriles, azides, alkylamines, thiols, phosphines, etc. can
be advantageous, as they open the possibility for many further reactions. However, their
reactivity is also a hindrance due to their ability to interact with metals or encouraging side-

reactions with other groups on the linker.
2.2.2. Post-synthetic functionalization

PSM approach can allow the formation of a functional framework that is otherwise difficult or
impossible to obtain through a direct synthetic approach [82—85]. Porosity is essential to make
PSM possible. Without void space it would be not possible to install additional functional
groups without drastically altering the framework topology. Moreover, porosity allows the

reactants to diffuse inside the bulk and to react throughout virtually the whole volume of the
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material. PSM of framework materials can involve: (i) exchanging non-active components with
suitable active analogs [86]; (ii) reactions of some precursor of functional groups which are
present in the framework [69]; (iii) installing additional building blocks or introducing guests
[86]; (iv) removing building blocks thus introducing vacancies [63] (Fig. 5, right).

These actions can be directed to the linkers and metal clusters, as well as to the guests, by
applying the tools of organic synthetic chemistry, coordination chemistry, supramolecular
chemistry, electrochemistry, efc. under the broader concept of framework chemistry [18,34,87—
89]. PSM can aim to add, remove or exchange guest species and in fact the most common way
of altering the functionality of a MOF by PSM is its ‘activation’ [90,91]. This involves the
removal of guest species and labile terminal ligands, upon heating and/or vacuum treatment.
For this aim, an intermediate soaking or washing step can be performed to exchange the original
guests with more volatile species. Drying with supercritical CO, has also emerged as a green
method for activating MOFs [92]. Activation changes the pore chemistry by revealing
functional sites (such as OMS or H-bond donor or acceptors on the pore surface) that were
otherwise saturated by guests. The exchange of guest molecules or counter-ions from
framework materials, can also serve to alter their properties (such as flexibility, fluorescence
or magnetism) [93-95] or to introduce reactive precursors on which further chemical PSM can
be initiated.

Because of the lability of M—L coordinative bonds [96], non-substituted or non-active linkers
can be exchanged by homologous molecules, without altering the overall topology. This
process is referred to as SALE (solvent-assisted linker exchange) [86,97-99]. Exchange of
neutral N-donor linkers is generally easier to perform and control, e.g. in layered-pillared
MOFs [86,100,101]. However, anionic linkers, such as carboxylates [97], are amenable to be
exchanged too [102]. SALE has successfully been applied also to imidazolate frameworks
[103—105]. Interestingly, this exchange is not limited to the linkers of the same size. Isoreticular
framework expansion could be obtained by replacing the original linear ditopic linkers by
longer ones [102].

The organic backbone of framework materials can be post-synthetically modified by
performing virtually any reaction allowed by both organic chemistry and the chemical stability
of the framework. Typically, this requires a reactive tag or "handle’ to be present and accessible
on the scaffold. Primary amines are very versatile precursors, and probably the most exploited
[106,107]. NH, groups can sometimes be introduced pre-synthetically on the linkers to produce

amino-functionalized isoreticular MOFs in relatively simple reactions. Subsequently, they can
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be covalently modified by reactions involving nucleophilic addition with a wide range of
substrates. This allows the introduction of functionalities such as carboxylic acids, amines,
carbamates, cyanates, urea, and azides onto the organic backbone of the MOF through the
formation of amide or imine linkages. Similar strategies can be performed on aldehyde-tagged
backbones. Protected terminal alkyne tags can be also introduced pre-synthetically and, after
deprotection, can be exploited for cycloaddition reactions with azides under mild conditions,
in so-called ‘click reactions’. Similar reactions are seen by reacting alkyne substrates with
azide-bearing linkers, whereby the azide group can be derived from an amino group by
preliminary PSM [18,108,109]. Another route is to protect a functional group on an organic
linker before forming the framework, and then perform a post-synthetic deprotection reaction
to reveal the desired functionality [109]. Several reaction steps can be performed and highly
specialized functions can be achieved with framework materials exhibiting ‘enzyme-like
complexity’ [110].

If unreacted or newly formed coordinative sites are present, their post-synthetic metalation can
be a facile and straightforward method to obtain heterometallic materials [71,111,112].
Frameworks without chemical tags are a particularly challenging target for organic PSM.
However, photochemical reactions, such as cycloadditions can occur on unsaturated linkers in
suitable arrangement [113,114]. An exceptional example of direct, covalent PSM of a MOF
that contains no chemical tag was reported for MIL-101(Cr) in which initial nitration of the
aromatic linker with nitric acid was possible without damaging the framework [115].

The installation of additional linkers in a parent MOF also referred to as post-synthetic insertion
(PSI) [84], solvent-assisted linker incorporation (SALI) [116], and sequential linker installation
(SLI) [117], is a unique category of PSM that can occur in mild conditions. This modification
allows the framework connectivity to change, thus increasing its topological complexity and,
typically, enhancing the mechanical robustness [118]. While the installation of additional struts
will decrease the available void volume, it also reveals the possibility to tailor the channel size
and shape for enhanced selectivity and to create compartments within the framework [119,120]
which can allow trapping and/or controlled release of guests [121,122]. PSI can be used to
transform 1D and 2D coordination polymers into 3D MOFs. In fact, to date, PSI of linkers in
3D MOFs was reported almost exclusively concerning the insertion of various functionalized
ditopic carboxylates into preformed Zr-MOFs [86]. This is likely due to the stable and highly
connected, large IBUs that Zr-based MOFs typically offer [123,124], where the installation can
occur by substitution of the terminal -OH/—OH, ligands [118].
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PSM directed on IBUs is emerging as a powerful strategy to add and control functions that are
influenced by the metal. Analogous to the four general types of actions outlined above, four
types of modifications can also be distinguished for IBUs: (i) post-synthetic substitution of
cations, known as transmetalation; (i7) variation of the cation oxidation state; (iii) incorporation
of new species at the IBU, and (iv) generation of vacancies [125].

The exchange of the metal nodes is typically performed by immersing the MOF in a metal ion
solution, for several days at room or elevated temperatures to result in a partial or complete
transmetalation [14,126—128]. Besides the soaking time and reaction conditions, the solvent
and the cation identity play a major role in the exchange rate and the degree of substitution
[129-131]. Transmetalation is not limited to cations with the same valence as the original
cations, because additional positive charges can be compensated by additional monotopic
counter anions that decorate the IBU without affecting the framework topology. A very
promising application of transmetalation is to introduce redox-active species, e.g. transition
metals in the reduced state that are incompatible with the typical synthetic conditions [132].
Although cation exchange occurs more readily for MOFs with labile M—L bonds, it has also
been applied to some stable MOFs families such as UiO-66, MIL [133], and ZIFs [134].
Moreover, starting from labile frameworks, stable final products can be obtained by post-
synthetic metathesis and oxidation [135].

Overall, post-synthetic functionalization is a powerful approach to obtain highly functionalized
frameworks in one or several PSM steps. Its main advantage is the possibility to incorporate a
wide range of functional groups that could otherwise not be achieved during a pre-synthetic
approach [136]. PSM necessarily involves heterogeneous reactions, which has the advantage
to allow easy separation of the product from the reaction mixture. However, in heterogeneous
conditions, parameters such as crystallite size and diffusion of reactants must also be taken into
consideration and it can be challenging to achieve consistent functionalization throughout the
entire framework bulk. Nevertheless, this aspect can be exploited to obtain advanced features,
such as functionalization domains or gradients, or core-shell structures. Therefore, unless the
modification is selective and, importantly, quantitative, PSM leads to multivariate framework
materials with an unknown distribution of the functionality throughout the framework. Indeed,
after conversion, the final framework will likely contain some unreacted precursors. The final
goal of reticular framework chemistry [2,87,88] is to combine the knowledge and methods of
all fields of synthetic chemistry to manipulate and influence extended solids with molecular
precision. However, the control over both—the type of substituent and the degree of

modification—is the main, open challenge of post-synthetic functionalization. Finally, the
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ability to generate topologically identical, but functionally diverse, frameworks in a systematic

way can help to elucidate the structure—function relationship.
2.3. Functionalization methods

After having examined the features defining pore chemistry at the atomic scale, and the
practical approaches for functionalization, we take a step back to rationalize what relationships
can exist between the functional sites and the framework scaffold, allowing for different
methods for immobilization of the active species (Fig. 6). A distinction can be made based on
the forces binding the functional components to the MOF backbone, and it can be useful for
general considerations about the stability of such active groups in the material. This aspect of
structural design is important for the final application. There are cases where the functional
sites must be firmly anchored to the framework and withstand several performance cycles,

while in other cases easy cleavage, dynamicity, or reversibility of the interactions is required.
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Figure 6. The functional sites can be immobilized in the MOF with different methods, based
on their possible interactions with the backbone.

2.3.1. Bonded functional groups and active species

Functional groups can be covalently bonded to the framework, at the OBU or the IBU. The
species tethered in this fashion will be difficult to cleave or wash away during repeated activity
cycles. On the other hand, the post-synthetic installation of such groups will be in general more
demanding due to their direct influence on the linker structure and chemistry.

When the functionality is provided by a guest, the active species is attached to the host
framework via a non-covalent interaction, most likely H-bonds [137] or other interactions
[45,138] and/or can be acting as a counter-ion to an ionic framework [139]. In some cases, the

same guest can interact in more than one way with a framework. For example, a Lewis base
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can accept H-bonds from donors from the framework or coordinate an OMS, and the selection
of one or the other binding sites can depend on minimal external stimuli [140,141]. Moreover,
the interplay between Brensted and Lewis acidity/basicity implies that the host-guest systems
based on these interactions will be influenced by pH. Host-guest interactions are fundamental
for the applications of MOFs as adsorbents or nanocarriers and will be discussed in more detail

in chapter 3.
2.3.2. ‘Non-bonded’ functional species

Covalent bonds and supramolecular interactions are not the only way to install functionality in
a framework. Active guests can be ‘'mechanically’ trapped in a pore, virtually without the need
for any interaction, simply because their hydrodynamic radius exceeds the channel opening. In
analogy to a ship in a bottle, bulky guests, such as polymers [142,143] or inorganic
nanoparticles [ 144], can be assembled inside the framework after it has been impregnated with
small reactive precursors [145].

Flexibility or plasticity of either the host framework or the guest can allow confining active
species in the cavities after adsorption. It has been possible to adsorb even small proteins inside
framework materials, which is facilitated by the inherent flexibility of such biomacromolecules
[43,146,147]. Similarly, conformational changes of flexible spacers, as well as the reorientation
of rigid linkers or, more in general, a phase transition of the framework, can cause the shrinking
or closure of previously accessible channels and pockets. Amorphization, which can be induced
by thermal treatment, compression, or ball-milling is one of such transformations and it has
been applied to encapsulate guests of various sizes such as iodine or drugs [148—150]. The
opposite effect, i.e. the opening of diffusion pathways among seemingly non-connected
cavities or throughout seemingly non-porous structures, can also occur in response to suitable
physicochemical stimuli. This phenomenon is often referred to as the ‘gate-opening’ process
[151] and has important implications for the sorption-desorption behavior of framework
materials. The addition of bonded guests or SLI can also be used to block the channels and
prevent the escape of non-interacting guests.

Finally, another way of immobilizing active species is to create a topological entanglement
between them and the host framework during self-assembly or via PSM [152—-155], or to create
interpenetrated networks. This allows complex architectures to be conceived, where two or
more components are not chemically bonded to each other, and yet are 'interlocked’ (i.e.

mechanically bonded) and impossible to separate unless covalent bonds are broken.
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2.4, Strategies for functionalization

Our examination of pore chemistry in the previous sections has highlighted that the adaptability
of pore spaces is almost unlimited: not only can we choose among a multitude of organic and
inorganic functional groups, but also among different methods to anchor functionalities to the
framework scaffold. Taking the stance from a wider, global scale, we realize that the reticular
structure offers us a three-dimensional pinboard and, in this section, we will explore the
strategies we can undertake to pin the functional sites to it. Firstly, we can combine different
functionalities in one single framework, with different criteria, to create complex (Fig. 7 A) or
heterogeneous (Fig. 7 B) networks. Secondly, we can control the degree of functionalization

and, to some extent, the arrangement of the functionalities in space.
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Figure 7. The arrangement of multiple functional sites within the framework volume.
Functional building blocks of different types combined to give complex (A) or heterogeneous
(B) frameworks. Functional sites of the same kind isolated (C) in the framework or coupled
(D) to achieve a common function. Various types of functional synergies achieved by
cooperation among different types of functional sites (E-G).

2.4.1. Complex, heterogeneous, and multivariate frameworks

The structural and chemical complexity of framework materials can be increased to achieve
more sophisticated functions. First of all, we distinguish between complexity and
heterogeneity, to highlight whether building blocks differ in terms of structure (topologically
and metrically) or terms of chemistry [18]. This distinction is not a simple formalism, as it
relates to the likelihood of multiple building blocks adopting a long-range ordered arrangement
in a framework, which leads to implications on the structural characterization and
rationalization of the final properties. Combining multiple structurally different organic linkers
and/or metal nodes results in framework complexity, which is evident from the observed

structure and topology. In an ideally non-defective structure, building blocks with different
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geometries and structural roles must indeed occupy distinct (crystallographic) sites in the
framework in an ordered fashion.

This core principle of reticular chemistry can be applied to construct complex MOFs, based on
multiple OBUs, multiple IBUs, or both. The differences between building blocks can be
chemical (i.e. different donor groups or different metals) or topological (i.e. two or more types
of linkers with the same donor groups and different multiplicity, or homometallic IBUs with
different geometries). MOFs constructed with chemically different linker molecules are often
referred to as multifunctional MOFs [15]. There are many examples of the reaction of metal
ions with polycarboxylic acids and nitrogenated linkers in one or more reaction steps, to obtain
pillared layers [156,157] or other topologies [158]. MOFs based on linkers with the same
functional groups but different geometry are instead referred to as multicomponent MOFs and
many examples have been reported such materials containing up to four different di- and
tricarboxylate moieties [ 159—-163]. Importantly, the number of components and the topological
complexity can be increased by SLI in one or more PSM steps [120,164—167]. Complex
heterometallic MOFs can be assembled following a multi-SBU approach [88,168,169],
multiple reaction steps [170] or by using metal-organic polyhedra [171,172] as “ternary
building units” (TBUs) [173,174]. However, multimodal networks can also be observed in
homometallic MOFs where nodes with different geometries coexist [175-178].
Heterogeneous (i.e. multivariate) MOFs are obtained from the combination of multiple
building blocks that are chemically different but interchangeable from a structural perspective.
Analogous linkers with different substituents can occupy the same site positions in the
framework, as can isomorphous IBUs based on different metals. High degrees of heterogeneity
can be achieved by mixing several variations of the same linker and/or compatible metal ions,

giving rise to so-called multivariate MOFs [1,72-74,179].
2.4.2. Arrangement of functional sites

The reticular design allows for the combination of building blocks based on their geometrical
and physicochemical features into complex architectures. Moreover, upon the combination of
different functional features, properties extending beyond the simple sum of the individual
constituents typically arise and often a synergistic effect can be observed. Indeed, the final
properties depend also on the distribution of the different functional sites over the entire
framework architecture [2].

The active sites have limited positional and orientational freedom as they are immobilized into

the underlying framework. The solid-state nature of the framework also ensures that the
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functionalities are relatively 'concentrated’ in a confined space (Fig. 7 C, D). Simultaneously,
porosity ensures that the active sites are accessible throughout the bulk of the material. The
combination of these two aspects makes framework materials excellent candidates for many
physicochemical processes, as an alternative for both solid-state and in solution applications.
As an example, a framework-based catalyst can offer a higher local concentration of active
sites with respect to a homogeneous catalyst and, at the same time, offer a higher surface area
than a conventional heterogeneous or supported catalyst.

In the case of multivariate frameworks, functional variations are superimposed onto a
metrically and compositionally well-defined structural canvas [1] and the percentage ratio of
each functionality can be varied. Although the elucidation of the exact spatial arrangement of
chemically different building blocks is not trivial, the most common scenarios are either an
ideally perfect mixing of the components which result to be randomly distributed or,
conversely, a tendency to segregate in domains within the crystal lattice (including the
formation of core-shell structures). The distribution can be a result of the reaction conditions,
for example, due to temperature or concentration gradients during the self-assembly, linker
solubilities, or variable reaction kinetics and/or diffusion rates in multivariate syntheses and
PSM treatments [14,18].

Another scenario can also be anticipated, albeit quite rare, in which also structurally
interchangeable components self-assemble into an ordered structure. Finally, due to the high
complexity described above, aperiodic structures showing partial ordering (correlated
disorder), paracrystallinity, efc. are very often encountered in multivariate reticular materials.
As a consequence, a thorough characterization of the complex framework should extend
beyond the determination of the average crystal structure, and combine several techniques to
reveal further details explaining the structure—behavior relationships that emerge (e.g.

superstructures, disorder, defect structures) [180].
2.4.3. Cooperation of functional sites

A deep understanding of the spatial arrangement of functional sites underpins the ability to
control specificity and stereo- or regioselectivity of the desired function, in addition to pursuing
the design of synergies through the cooperation of neighboring groups (Fig. 7 E) [2,181-183]
in analogy to active sites in enzymes [184]. Cooperation can involve two or more
functionalities simultaneously or in sequence [185]. However, cooperation can also occur in
the ’backstage in cases where some ancillary functional groups tune the activity of other,

primary, functional groups, e.g. with induction effects (Fig. 7 F) [186,187]. Another type of
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cooperation can be anticipated, where some secondary groups provide function by preventing
undesired processes (e.g. trap unwanted reactants or by-products) (Fig. 7 G) or protecting the
architectural stability of the framework (e.g. by acting as buffers or inducing self-repairing of
the structure [180]).

As our understanding of the structure—property relationship progresses, we move steadily
towards the design of increasingly advanced systems, making it possible for reticular
framework-based materials to potentially outperform conventional materials in a broad range

of applications.
3. Host-guest interactions

For many years, humanity has been curious to explain and understand various processes
occurring in nature, driving research towards imitating and adapting these to their needs.
Originating from scientific observation, through to the development of very complicated
molecular theories, including the foundations of nanotechnology, knowledge in this area has
expanded significantly. Specifically, growing global attention has seen devotion to research
into processes occurring beyond the molecular level and to a higher level of molecular
organization—the supramolecular level. The field based on the intermolecular interactions, in
which structural blocks experience strong interactions through non-covalent bonds, is defined
as host—guest chemistry (Fig. 8) [188,189]. The concept of complementary host and guest
molecules was introduced by three chemists—Donald Cram at the University of California,
Charles Pedersen at Dupont Chemicals, and Jean-Marie Lehn at the University of Strasbourg—
who received the Nobel Prize in 1987 for their outstanding achievements [190]. Host—guest
chemistry was developed first in aqueous or organic solutions [191]. Understanding the
structure, stoichiometry, or class of intermolecular interactions, in addition to quantitative
descriptions of thermodynamics and kinetics, is most often reduced to comprehensive host—

guest studies.
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Figure 8. Host—guest interactions scheme. (A) Gas storage and separation. (B) Targeted
incorporation of guest molecules for drug delivery and adsorption of contaminants. (C) Water
harvesting.
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The principles of host—guest chemistry are promoted by cross-disciplinary research in MOF
materials. In contrast to traditional studies, the inherent poor solubility of MOFs limits research
to the crystalline form. A very important aspect of host—guest chemistry employing MOF
materials is the mutual connection between the guest species and the MOF pores. This concept
is known as molecular recognition, which is the heart of chemical sensing (see chapter 4)
[192,193]. The creation of the host—guest complex requires mutual complementarity of the
molecules that comprise it. More specifically, this involves achieving appropriate binding
energy, which is determined by the electronic and geometric features of the species involved,
and their arrangement. Molecular recognition is treated as conformational and stereochemical
selectivity which, in relation to supramolecular complexes, means that the guest and the host
must be complementary [188,189,194]. In the situation where the guest structure changes in
response to external stimuli, the host conformation is simultaneously transformed, according
to various guest shapes [195]. Only by understanding the supramolecular interactions of a host—

guest system at a molecular level (Fig. 9), we can use this knowledge for practical applications.
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Figure 9. Schematic illustrations of selected non-covalent interactions, which are important in
biological and synthetic, supramolecular systems. (A) hydrogen bonding; (B) cation-nt
interaction; (C) polar—= interaction; (D) CH-r interaction; (E) aromatic CH—r, or T-shaped
stacking interaction; and (F) n—= stacking interaction (licensed under CC-BY [196]).

Hydrogen bonded interactions (60—170 kJ/mol) are one of the most important non-covalent
interactions in host—guest chemistry. The selectivity, strength, and directionality linked
intrinsically with hydrogen bonding processes have allowed the creation of complicated and
efficient molecular hosts, capable of selective binding to a wide range of complementary
guests. Effectiveness and selectivity of hydrogen bonding interactions can be reversibly
modulated by an external stimulus [197]. Hydrogen bonds also strengthen other intermolecular
interactions, including n—mt and van der Waals interactions [198,199]. n—r interactions are

weak, electrostatic interactions (below 50 kJ/mol) that occur between aromatic rings, often in
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a situation where one compound is electronically rich and the other electronically poor. There
are two types of m—m systems known: face-to-face and edge-to-face (Fig. 10). The face-to-face
arrangement is energetically unfavorable because of the repulsion of negatively charged =-
electron clouds leading to relatively weak interactions. The edge-to-face interaction can be
considered as a weak hydrogen bonding interaction, occurring between the electron deficit
hydrogen of one aromatic ring and the electron-rich n-cloud of an adjacent ring. These types
of interactions often govern the crystal packing of numerous, small aromatic hydrocarbons. In
addition to face-to-face and edge-to-face systems, a whole group of indirect geometrical

connections is known [199,200].
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Figure 10. (a) Face-to-face m—m stacking; (b) edge-to-face n—m stacking (Reprinted with the
permission [201]. Copyright 2011, Taylor & Francis).

In recent years, cation—m interactions (5—80 kJ/mol) have become an important type of non-
covalent interactions, which are used in the design of novel host—guest systems. It is a
stabilizing force between a positive charge and the face of an aromatic ring, leading to enhanced
separation efficiency and highlights a new MOF application. The halogen bond has opened
also new avenues in the field of separation of many industrially important compounds.
According to IUPAC, the halogen bond is formed between an electrophilic region associated
with a halogen atom in a molecular entity and a nucleophilic region in another, or the same,
molecular entity [202].

The success of MOFs to act as host species relies on the availability of their internal space (so-
called 'cavity') to occupy by other molecules (guests) and on the ability to tune their pore
confinement [199,203]. The cavity plays a decisive role in the outcome of host—guest
complexes. The guest molecules might be immobilized within the confined space of the host
framework if their shape and size allow their presence in the available space. They can have an
impact on MOF structure formation and stabilization [199]. Specific and unique molecular
recognition between the host MOF pores and guest molecules allows the design of MOFs with

functional pores directed towards desired applications. Furthermore, these pores can be
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precisely tuned by adjusting their dimensions to encourage size-exclusive effects for the
separation of small molecules and can be further optimized to their full potential for the storage
of gas molecules (Fig. 8 A) [2,193].

To describe the host—guest interaction, classical methods of physical organic chemistry (e.g.
Van’t Hoff thermodynamic analysis) are primarily used. This approach can determine
thermodynamic parameters such as AG°, 4H° AS° through monitoring the extent of guest
inclusion or through competition experiments with a guest of known binding affinity.
Moreover, it should be mentioned that both thermodynamic and kinetic parameters are related
to the number of interactions, the kinetics, and the strength of individual interactions [204].
Host—guest systems show marked entropy—enthalpy compensation. This combination leads to
more negative enthalpy, which is often accompanied by a loss in entropy [19]. Overall, this
results in an enhancement of affinity due to the enthalpy change. In host—guest chemistry, the
relative stability of reactants and products for a series of reactions is often associated with the
rate of the reaction. This perspective assumes that the associated reactions are ‘similar’ and
related to the structural transition state and the pathway of the reaction. This ultimately defines
the reaction rate and therefore, the mechanism of the reaction must be equivalent to the
reactions being compared [205,206].

When the host (A) and guest (B) molecules combine to form a single complex (AB), the
equilibrium is represented as:

A+ BSAB (Eq. 1)

Assuming we are dealing with an ideal dilute solution, the association constant K, and the

dissociation constant K; (which is the reciprocal of K,) can be defined as:

[16]

Ka= piic] (Ea-2)
[H](6)

Ka="ne (Eq. 3)

The larger the K, value, the stronger the binding of the guest to the host, while for the K, value
the relationship is inverse.

As outlined above, the important thermodynamic parameters are enthalpy and entropy.
Therefore, significant chemical insight can be gained by determining the standard enthalpy

change (4H°) and the standard entropy change (4S°) associated with a coupling event. The
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connection between free energy, enthalpy, and entropy of a reaction is based on the Gibbs-

Helmholtz equation [207]:
AG®° = AH° -TAS® (Eq. 4)

The interaction between host and guest molecules results in a decrease of the Gibbs free energy
(4G°), leading to a thermodynamic driving force for host—guest interactions. A change in heat
between reactants and products in their standard (1 M) state at constant pressure, if no work is
done, is a change in standard enthalpy of a chemical process. To check for a change in enthalpy,
the easiest solution is to associate it with changes in bond strength. However, small changes in
bond angle, strain, and torsion angle, arising through steric interactions between host and guest,
results in subtle changes for the bond strengths formed within the complex. Due to the difficulty
in enumerating these different effects, we can simply classify a host—guest complexation as
being endothermic (4H° is positive) or exothermic (4H® is negative). From a thermodynamic
perspective, the entropy of a system is a measure of its disorder. The overall free energy of the
system decreases as disorder increases. For a small molecule, at 1 M concentration, entropic
contributions can be organized in order of importance: S, uusiational = S rotationar > S vibrational >
SCsymmetry = Smixing. For a host-guest complexation, changes in translational and rotational
entropy dominate, although sometimes a loss of the other forms of entropy for the complexed
host and guest can be also important. As in a solution, the guests are more diluted, the entropy
of the system increases. In the solution, the entropic change will increase when the host, guest,
and host—guest distributions of species shift toward free host and guest, rather than the host—
guest complex. If the solutions are further diluted, the decomplexation of a host—guest complex
is observed [208,209].

Kinetic analysis of the host—guest interaction is necessary to determine a mechanism of
complex formation. It enables detection and studies of individual transformation steps and
provides valuable insight into the phenomena of molecular recognition and self-assembly
[210]. When the pores of MOF materials are chemically and geometrically tailored to
selectively bind a target guest molecule, it is possible to direct its uptake and release (Fig. 11)

[211].
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Figure 11. The release process of guest molecules from porous frameworks through three
energy states (Reprinted with the permission [211]. Copyright 2017, American Chemical
Society).

In order to predict and precisely program the release of guest molecules from a MOF
porous system, a kinetic model in the form of the cumulative distribution (Weibull distribution)
based on the host—guest interactions can be used:

y=1-¢ k" (Eq. 5)
where y is the fraction of released guest molecules at time ¢, £ is the release rate constant, which
reflects host—guest interactions, and » is the guest—guest interaction parameter.

The interaction between the MOF framework and guest molecules can be described using the

Arrhenius equation to correlate the release rate constant (k), with the energy activation (E,):

k = Ae = Eo/RT (Eq. 6)

The negative natural logarithm of this parameter is directly connected with the interaction
energy:

Eq E-E*
—lnk=r-Ind=—" (Eq. 7)

E presents the energy of the interaction between guest molecules and MOF structure, while E*
is a reference state with k=1d"".

As mentioned above, one of the most important MOF characteristics is their potential to bind
molecules in a specific way based on special pre-designed host—guest interactions [2]. It is
necessary to compile literature data that will allow for a deep analysis of what kind of strategy

is useful to design MOF materials with functional sites tailored for unique recognition of guest
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molecules of varying size and geometry. Therefore, in the following sections we focus on the
description of preparation and functionalization methods of MOF materials to optimize their
utility properties for application in gas storage and separation, adsorption of different

contaminants, water harvesting, and drug delivery.
3.1. Gas storage and separation

Gases are commonly used as energy resources for industry and daily life. Until now, fossil fuel
burning covered approximately 85% of the global energy demand [212]. The main challenges
associated with employing gases for energy purposes involve their transportation, storage, and
conversion. The conversion processes are usually performed under harsh conditions and
consume vast amounts of energy because of their extremely low boiling point and density
coupled with their high critical pressure and diffusivity. Therefore, recent years have seen a
surge in efforts towards designing porous materials, including MOFs and COFs, that will be
highly useful for gas separation and storage purposes [213]. From an industrial perspective,
MOFs can be employed for effective gas capturing, especially concerning CO, and H; [214—
216]. Precise control and tuning of small pore/window sizes within porous MOFs are
important. This strategy allows for the highly efficient separation of specific gases via the size-
exclusion effect, in which small gas molecules (e.g. H,, C,H,, CO,, CHy) can pass through the
pore channels while large ones are deterred [212]. Most interactions between MOFs and gas
molecules are van der Waals interactions, which can be enhanced by a confined pore
environment. In addition, it is crucial to immobilize open metal sites and functional groups on
the pore surface to direct strong interactions with gas molecules, especially for gas storage and
separation at moderate temperatures. The ability of MOF materials to capture CO, can be
optimized by the creation of active sites on their surface via the functionalization with nitrogen
bases or polarizing organic functional groups. The basic functional groups and the exposed
metal sites strongly interact with CO,, resulting in increased adsorption capacities [217-219].
The highest CO, uptake (79.7 wt%), at 293 K and 20 bar, was reported by Li and co-workers
[220] who developed the MOF UiO(bpdc) (bpdc = biphenyl-4,4’-dicarboxylate), synthesized
by a solvothermal reaction of bpdc linkers with ZrCl,. This value is comparable to those
observed for MOF-177 and MIL-101(Cr) under similar conditions and is also larger than the
experimental or theoretical CO, adsorption capacities of UiO-67 and UiO-68.

In 2019, Ullah et al. [221] exploited PSM to tether aminomethyl propanol (AMP) to a sample
of IRMOF-3, using three different AMP concentrations (25, 50 and 75 wt%), to obtain
AMP@IRMOF-3. The potential impact of CO,-philic surface functional groups on the
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selective adsorption of CO, was investigated at different temperatures (298, 323, 348 K).
Despite a decrease in the MOF surface areas as a result of the bulky AMP tethered substituents,
the adsorption capacity towards CO, was improved from 1.39 mmol/g (IRMOF-3) to 3.90
mmol/g (AMP@IRMOF-3). It is worth noticing that functionalization with amines has a
significant impact on the CO, uptake capacity at lower pressures. In this region, CO, uptake is
more dependent on the CO, interaction with nitrogen-rich amine functional groups rather than
on the overall adsorbent surface area. Moreover, it was shown that the presence of a nitrogen-
containing functional group on the surface of AMP@IRMOF-3 did not significantly enhance
the adsorption capacity towards other gases, such as methane. This is due to weak interactions
between the CH4 molecules and both the IRMOF-3 and AMP@IRMOF-3 frameworks. Hence,
AMP@IRMOF-3 can be viewed as a promising candidate for selective CO, capture from
natural gas sources [221].

The strategy of appending amine functionalities to the pore walls in MOFs is further evident in
the research by McDonald and co-workers [222]. Here, Mgy(dobpdc) (dobpdc*=4,4'"-
dioxidobiphenyl-3,3-dicarboxylate) was functionalized with N,N'-dimethylethylenediamine
(mmen). This functionalization resulted in a high adsorption capacity towards CO, under flue
gas conditions and remarkable, unexplained, step-shaped adsorption isotherms that shift
markedly with temperature [222]. Initially, it was assumed that CO, was trapped by
uncoordinated amine groups. However, a careful investigation of the MOF-CO, interactions
revealed that the increase of adsorption is owed to CO, insertion into metal-amine bonds,
causing a reorganization of the amines into well-ordered chains of ammonium carbamate (Fig.

12).
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Figure 12. A cooperative insertion mechanism for CO, adsorption (Reprinted with the
permission [222]. Copyright 2015, Nature Research).
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Consequently, large CO, separation capacities can be achieved with small temperature swings,
and reasonable regeneration energies (about 2.2-2.3 MJ per kg of CO,; captured). This is lower
than what is currently achieved with the widely adopted aqueous amine solutions [222].

In 2017, Flaig et al. [223] covalently tethered two primary alkylamines -(CH,NH;) to linker
3,3"-dioxido-[1,1":4",1"-terphenyl]-4,4"-dicarboxylate to functionalize IRMOF-74-II1 under
dry and humid conditions. In the low-pressure range (<0.133 bar) the IRMOF-74-III-
(CH;NH;), captures 2.33 times more CO, than its monoamine counterpart IRMOF-74-I11-
CH,NH,; through a chemisorption mechanism. Here, solid-state NMR shows that the major
chemisorption product is carbamic acid, in contrast to other primary amine-functionalized solid
adsorbents that capture CO, mainly as ammonium carbamates. However, the equilibrium of
reaction products shifts to ammonium carbamate in the presence of water vapor. It was a new
finding that presented the possibility to control the chemistry of CO, capture in MOF materials
and highlighted the importance of geometric constraints and the mediating role of water trapped
within the pores of MOFs [223].

Toxic gases including carbon monoxide (CO), sulfur dioxide (SO,), hydrogen sulfide (H,S),
chlorine (Cl,), nitric oxide (NO), nitric dioxide (NO,), and ammonia (NHj3) are anthropogenic
pollutants released into the atmosphere. Global emissions of CO, SO,, and NO, are
predominant due to the burning of fossil fuels. MOFs have shown to be efficient adsorbents of
NO; and SO,, because of the presence of CUSs. In 2017, Cui ef al. [224] reported the selective
recognition and tight packing of SO, clusters via synergistic host—guest and guest—guest
interactions induced with pore chemistry control in inorganic anion pillared MOFs (SiF¢2",
SIFSIX). It was shown that the binding sites of the anions and aromatic rings in SIFSIX
materials capture every atom of SO, through S%--F% electrostatic interactions and O%--H%
dipole—dipole interactions. In addition, the guest—guest interactions between SO, molecules
further promote gas trapping within the pore space. Due to these interactions, it is possible to
remove SO, from other gases even at very low concentrations. Exceptional SO, capacity (11.01
mmol/g) at atmospheric pressure was observed for SIFSIX-1-Cu, while the highest SO, uptake
at low-pressure was achieved with the use of SIFSIX-2-Cu-i (4.16 mmol/g SO, at 0.01 bar and
2.31 mmol/g at 0.002 bar) [224].

Molecular hydrogen (H;) is a promising compound to use as a transportation fuel. Its
combustion does not result in the production of offensive pollutants or carbon dioxide [225].
One of the issues with H, uptake is that MOF pores cannot be fully utilized for H, storage at
moderate temperatures, due to the weak van der Waals interactions between pore surfaces and

H,. To increase their H; uptake, it is essential to optimize the pore surfaces [193]. Enhancing
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the pore volume and surface area of MOFs significantly increases the gravimetric hydrogen
uptake at high pressure, where functionality has little impact [226]. Nevertheless, the perfect
pore size of an adsorbent for optimal hydrogen adsorption should be similar to the diameter of
a hydrogen molecule (van der Waals radius of 1.2 A, kinetic diameter of 2.89 A) [227]. At
room temperature, chemisorption is dominant and unsaturated metal sites play a key role in H,
adsorption [228]. Among MOF materials, the most promising for H, storage is Ni,(m-dobdc)
(m-dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate), developed in 2018 by Kapelewski and
co-workers [229]. This material has open metal cation sites that strongly interact with H, and
are isomeric with M,(dobdc) (M = Co, Ni; dobdc*™ = 1,4-dioxido-1,3-benzenedicarboxylate).
These materials were tested for H, storage and it was found that Niy(m-dobdc) was an
exceptional physisorptive storage material yielding the volumetric capacity of 11.0 g/L at 100
bar and 298 K and 23.0 g/L with a temperature swing between -75 and 25 °C. Its high capacity
is related to the presence of highly polarizing Ni?>" adsorption sites, which generate large
binding enthalpies and dense packing of H, within the material.

Collectively, these efforts to garner MOFs as specific gas sorption materials contribute toward
their involvement in gas separation techniques, which include cryogenic distillation,
membrane- and adsorption-based technologies. For many years, adsorption processes have
become key gas separation tools in the industry. They play an important role in future energy
and environmental technologies. In these processes, gas separation is achieved based on the
differences in the affinity of various components to the surface of an adsorbent. MOFs are very
efficient adsorbents used in gas separation and purification [230]. Regarding their application
in this area, it is useful to divide them into rigid and flexible/dynamic materials. Rigid MOFs
have relatively stable and solid framework structures, with permanent porosity. Flexible MOFs
are characterized by dynamic, ‘soft’ frameworks that conformationally react to external stimuli,
such as temperature, pressure, and guest molecules. In rigid MOFs, the adsorption selectivity
may be related to the molecular sieving effect and/or preferential adsorption based on the
different strengths of the adsorbent—adsorbate and adsorbate—adsorbate interactions (Fig. 13).
Furthermore, the nature of the guest—surface interactions is crucially important in these cases

[230].
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Figure 13. Schematic illustration of selective gas adsorption in rigid MOFs. (A) Preferential
adsorption. (B) Molecular sieving effect.

In some rigid MOFs, adsorption selectivity can be assigned to the thermodynamic equilibrium
effect or the kinetic effect in each equilibrium time. This is known as preferential adsorption.
In these cases, the selectivity is connected with adsorbate properties such as quadruple moment,
polarity, and accessible hydrogen bonding, in addition to the surface properties of the pores.
The selective gas adsorption in some MOFs can be associated with both the pore size and the
interactions between adsorbate molecules and the pore walls [230].

The selective gas adsorption in flexible MOFs (Fig. 14) is more complicated than for rigid
MOFs. Framework rearrangements during the adsorption-desorption process result in
hysteretic behaviors of sorption isotherms. Beyond adsorbate—surface interaction and

size/shape exclusion, structural rearrangement should be considered as well.

Figure 14. Schematic illustration of selective gas adsorption in a flexible MOF (Reprinted with
the permission [230]. Copyright 2009, Royal Society of Chemistry).
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Selective gas adsorption in flexible MOFs can be divided into the following three categories:

(i)  selective adsorption based on size/shape exclusion accompanied by pore size/shape
change—molecules of adsorbates enter the pores and interpenetrated frameworks can
alter the pore size through modulating inter-framework distances;

(ii)  selective adsorption based on adsorbate—surface interactions accompanied by pore
size/shape change—the surface properties of pores determine the adsorption selectivity
of various gases;

(iii) selective adsorption based on gate-opening or structural rearrangement induced by
adsorbate—surface interactions—crucial for flexible MOFs with small pores to allow
guest entrance; the pores can expand when exposed to certain gas adsorbates.

Hydrophobicity/hydrophilicity of the channel surface also impacts the adsorption selectivity.

Influence on the framework flexibility can have molecules with dipole and quadrupole

moments or H-bonds formation. The most challenging aspect of flexible MOFs is the direct

synthesis of materials with pre-defined gate behavior and functionality. Identification and
characterization of the relevant host—guest, host-host and guest—guest interactions play a key

role in the different forms of flexible and dynamic processes [230,231].

Separation of CO, is fundamental to improve the fuel combustion properties of natural gas. In

2020 Ullah and co-workers [232] modified MOF-200 with graphene oxide (GO) to investigate

the influence of post-synthetic functionalization on selective CO,/CH, adsorption. It was found

that modification of MOF-200 with GO leads to an increase in CO, uptake despite the reduction
of the surface area and pore size of the material. A decrease in pore size results in an
enhancement in the interactions of pore walls with the CO, molecules, which may be the cause
of high sorption capacity relative to CO,. With an increase in the temperature of the system,
the adsorption capacity decreased suggesting an exothermic process. In addition, the PSM with

GO does not improve the CH, uptake. It is caused by the bigger size of CH4 molecules and

weaker interactions between the gas molecules and the adsorbent framework. The selectivity

towards CO, over CH; was enhanced by approximately 31.8% for MOF-200/GO (18.4)

compared to MOF-200 (13.9) [232].

In recent years, MOFs have been used as fillers in mixed-matrix membranes (MMMs), where

typically molecular sieving and solution-diffusion mechanisms favor gas separation. In 2017,

Maserati et al. [233] introduced a phase-change MOF, mmen-Mg,(dobpdc) (dobpdc*=4.,4'-

dioxidobiphenyl-3,3'-dicarboxylate), into a MMM which can be used to increase the solubility

of a specific gas in the membrane, and thereby its permeability and selectivity. Diamines were

grafted within these Mg;(dobpdc) nanocrystals to exploit their CO, adsorptive properties in an

37



MMM for CO,/N, separations. It was assumed, that new diamine-functionalized Mg,(dobpdc)
nanocrystals integrated into MMMs increase the CO, permeability while maintaining high
CO,/N; selectivity, relative to the neat polymer matrix. The dynamic uptake and release of CO,
along diamine molecules is a key to the operation of the membrane attached to open metal sites
lining the MOF channels [233].

In 2018 Liu et al. [234] prepared a composite adsorbent based on MIL-101 loaded with N, N’-
dimethylethylenediamine (DMEDA) by a PSM method. The DMEDA-MIL-101 material
displayed high capacity and selectivity in post-combustion CO, capture despite a 52% decrease
in BET specific surface area and pore volume in comparison to MIL-101. Using the standard
composition of the flue gas from power plants (around 15% CO, and 75% N, at a total pressure
of 1 bar) selectivity of 31.7 (298 K) for DMEDA-MIL-101 was noted. Moreover, at 273 K and
298 K under 1 bar total pressure, the CO, capacity increased of about 8.7% and 18.7%,
respectively. This improvement in capacity and selectivity towards CO, is caused by higher
isosteric heat of CO, adsorption as a consequence of the interaction between amines and CO,.
Pristine and functionalized with amine groups materials are stable and maintain crystal
frameworks until 650 K. It was proved that chemical features of the pore surface influence low-
pressure CO, adsorption and CO,/N, separation at ambient temperature [234].

The separation of ethylene/ethane mixtures is a very important industrial process, however,
considered challenging to conduct because of the similar molecular sizes and volatilities of
these two components. MOFs are good materials for hydrocarbon separation, including the
above-mentioned gases. As was shown by Zhang and co-workers [235], the introduction of
both OMSs and n-complexation into MOF leads to high ethylene-ethane adsorption selectivity
at 318 K. It was especially observed for sample MIL-101-Cr-SO3;Ag exhibiting higher
ethylene-ethane adsorption selectivity than benchmark zeolites and PAFs. It was related to the
n-complexation between Ag(I) ions and the double bond of ethylene molecules, which is

reflected in the high isosteric heats of adsorption of C,H,4 [235].
3.2. Adsorption of contaminants from liquid phase

Textile industries use over 700,000 tons of dyes, which represent one of the top three pollutants
being not biodegradable due to their complex structure and chemical stability. Given their often
toxic, carcinogenic, and mutagenic nature, organic dyes are a serious threat to living organisms
and the environment [236-238]. Therefore, the best-case scenario is that they should be
completely removed from the ecosystem [239]. The research performed, on the laboratory and

technical scale, indicate that adsorption methods are of special importance for the treatment of
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dyes in wastewater due to their high efficiency, simplicity, mild conditions, availability of
adsorbents, and the ability to work at a relatively wide range of concentrations [240-243]. The
challenge of this area is to find a suitable adsorbent, which has a high adsorption capacity and
selectivity, as well as potential reusability. MOFs have been extensively studied for the
adsorptive removal of organic dyes from aqueous solutions because of their large surface area
and the existence of multiple different interactions between dye molecules and the MOFs’
external surface, e.g. hydrogen bonding, n—r stacking, and electrostatic interactions [244-246].
In comparison to other frequently used adsorbents such as activated carbons, mesoporous
silica, and zeolites, MOFs are more versatile because their structure and physicochemical
properties can be tuned by altering different components [247]. They have mostly microporous
structure and therefore dye molecules are too large to enter inside the pore. Hence, dyes are
adsorbed on the external surface of MOFs and their surface properties have a great impact on
the efficiency of adsorption processes [248,249].

In 2019, Zha et al. [250] developed a super-hydrophobic MOF via the reaction of UiO-66-NH,
with a functionalized carboxylic acid-containing numerous branched hydrocarbon chains.
Here, the aim was to improve its adsorption capacity towards the cationic dye Rhodamine 6G
(Rh 6QG). Isosteric acid was covalently bonded to the UiO-66-NH, surface by an amidination
reaction to give UiO-66-NHCOR. Experimental results showed that UiO-66-NHCOR was
more effective in the removal of Rh 6G from aqueous solutions than pristine UiO-66-NH,. It
was observed that more than 99% of Rh 6G at the initial concentration of 500 mg/L can be
adsorbed on the surface of UiO-66-NHCOR (adsorption capacity: 478 mg/g) within 10 minutes
while only 52% for UiO-66-NH, material (adsorption capacity: 243 mg/g). A possible
adsorption mechanism was proposed by employing FTIR spectroscopy. After adsorption,
hydrogen bonding, n—x stacking, and hydrophobic interaction were noted between Rh 6G and
UiO-66-NHCOR (Fig. 15). The UiO-66-NH, frameworks are characterized by a high density
of hydrophilic active sites (zirconium oxo-clusters and free-NH,) therefore water molecules
can be adsorbed on the surface and access the MOF voids. Hence, hydrophobic modification
of UiO-66-NH; can reduce the competitive uptake of water during dye adsorption in aqueous

solution [250].
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Figure 15. Possible mechanism of Rh 6G adsorption on UiO-66-NHCOR: (i) n—x stacking, (i)
hydrogen bonding, (iii) hydrophobic interaction, and (iv) pore filling (Reprinted with the
permission [250]. Copyright 2019, Elsevier).

Nowadays, organoarsenic compounds are considered novel organic pollutants, which should
be removed from the environment prior to their degradation to toxic inorganic arsenite (As(III))
and arsenate (As(V)) [251,252]. In 2018, Lv et al. [251] found that an amino-functionalized
indium-based MOF (NH,-MIL-68(In)) can be used as an efficient adsorbent in the removal of
p-arsanilic acid (p-ASA) from wastewater. The p-ASA-adsorption mechanism onto NH,-MIL-
68(In) is based on synergetic interactions involving n—n stacking and hydrogen bonding. NH,
groups present on the surface of MIL-68(In), formed hydrogen bonds with the NH, species
from p-ASA molecules, and the hydroxyl groups bonded to the As, resulting in an enhanced
level of N---H—O(N) interactions. NH,-MIL-68(In) exhibited excellent reusability and after
regeneration with an acidic ethanol solution, it still demonstrated high adsorption capacity
(401.6 mg/g) towards p-ASA [251].

Metal ions with a density over 5 g/cm?® such as arsenic, cadmium, chromium, copper, lead,
mercury, nickel, and zinc ions are pollutants that contaminate both surface and groundwater.
They are toxic, persistent, and can have a negative influence on the wellbeing of flora and fauna
[253]. In 2016, Saleem et al. [254] applied UiO-66-NH, material, modified with methyl
isothiocyanate in the process of removal of Pb?*, Cr3*, Cd?*, and Hg?" from aqueous solutions
[254]. Their adsorption performance was then compared to that of unmodified UiO-66 and
UiO-66-NH, samples. The material functionalized with sulfur-containing groups showed the
largest adsorption capacity towards Pb?", Cr3*, Cd?**, and Hg?* due to the high affinity of sulfur,
to metal ions.

In 2017, Wang et al. [255] followed this trend and functionalized Zr-MOFs with amine groups

and investigated their ability to remove cadmium and lead ions. The material obtained achieved
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high adsorption capacity (177 mg/g) towards Cd?" at an initial concentration of 40 mg/L (pH 6
and temperature 30 °C) in 2 hours and 167 mg/g at the same conditions towards Pb(II). The
amino groups which possess free electron pairs, act as the Lewis bases which coordinate the

metal ions representing Lewis acids [256].
3.3. Water harvesting

In the atmosphere there exist about 13 sextillion (10?") liters of water [257]. Water is crucial to
every field of life and as such, increasing the standard of life and demographic growth requires
huge water resources, especially in arid regions. Amongst of all water on earth, 2.5% is
freshwater, but most of it is held in glaciers (68.7%), accumulated in groundwater (30.1%), and
only a tiny fraction being directly available in lakes and rivers (0.4%). This is a recyclable
resource, which can be harvested. The difficulty with finding a practical application of this
process is associated with finding a material capable of simple water capture and release
(capture cycle). Of equal importance is also ensuring sufficient cooling energy for a material,
such that the temperature of the collecting equipment is lower than the water evaporation
temperature in order to enable liquid water formation (collecting cycle). Classical desiccants,
such as CaCl,, zeolites and silica gel, adsorb water with high efficiency, however, their strong
affinity to water makes their regeneration energy-intensive and economically impractical [258—
261]. Hence, developing new materials for water harvesting from the air is crucial. Next-
generation adsorbents should be characterized by: (i) high chemical stability, (ii) tailorable
hydrophilicity, and (ii7) an adjustable pore diameter to modulate the sorption kinetics. MOFs
and COFs are ideally suited to behave as new adsorbents [262] and address water harvesting
applications [263]. This is due to their unique porosity, mechanochemical variability, the
combination of both hydrophilic and hydrophobic moieties in the same structure and available
topologies [264]. The exceptional surface area of MOFs (up to 10,000 m?/g) can, technically,
host a significant amount of water within their pores. While the affinity of MOFs to water could
be enhanced by creating open metal sites during activation, unfortunately, this is a strategy
advised against due to the high binding constant of water to the uncoordinated metal sites. This
consequently leads to difficulties in desorbing water even at a lower relative pressure [265].
However, the attachment of hydrophilic functional groups to the organic linker could be a
rational solution for better water adsorption. High adsorption capacity can be achieved also by
expanding the MOF pore size and increasing the length of organic linkers (Fig. 16). However,
the increase in the pore size can change the water adsorption mechanism from pore filling,

which is desirable for water harvesting applications, to capillary condensation [266].
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Figure 16. Schematic illustration of the MOF water harvesting system (a) and a general
overview of MOFs employed in the present study (b), highlighting different functionalities and
representative MOFs (licensed under CC-BY [267]).

In 2019, Shi et al. [268] synthesized a series of MIL-101(Cr)-X/CaCl, composites as potential
water adsorbents, functionalized with different hydrophobic (—CHj3;, —F) and hydrophilic
(—SO;3H, —NH,) groups. CaCl, was chosen as an added composite because of its high heat
energy storage density, fast hydration rate, and low cost. Investigations showed that the
hydrophilic functionalized derivatives displayed a higher sorption capacity towards water than
the hydrophobic and non-functionalized MIL-101(Cr). MIL-101(Cr)-SO3;H/CaCl, can adsorb
up to 0.6 g of water at 30 °C and relative humidity of 32%. This was a substantial improvement
compared to the non-functionalized MIL-101(Cr)/CaCl, (adsorbing up to 0.47 g/g). This was
explained due to the formation of hydrogen bonds between water molecules and hydrophilic
functional groups (—SOs;H and —NH,), leading to higher heat of adsorption. Moreover, it should
be mentioned that the introduction of hydrophilic groups also improves the cycle stability of
these particular composites [268].

In 2017, Dinca and co-workers [269] applied the mesoporous MOF [Co,Cl,btdd] (btdd =
bis(1H-1,2,3-triazolo[4,5-b],[4',5'-1])dibenzo[ 1,4]dioxin)) as an adsorbent to capture water
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vapor at low relative humidity. The material synthesized adsorbed 82% water by weight below
30% relative humidity and when simulated under desert conditions it would deliver 0.82
gm20/gmor, significantly more than in the case of previously reported adsorbent MOF-841
[270]. Moreover, it demonstrated a cooling capacity of 400 KWh/m? per cycle, which is
amongst those recorded as the best for materials capable of generating a 20 °C difference
between ambient and output temperature. Co,Cl,btdd contains open metal sites that coordinate
water prior to pore filling. This effectively decreases the pore diameter and renders it to be
essentially equal to the critical diameter of water. The water uptake occurs via reversible
continuous pore filling. Studies were repeated six times under typical desert climate conditions
of 35% relative humidity at 25 °C (night) and 5% relative humidity at 45 °C (day). These results
showed that after six cycles the initial water capacity of the material was decreased only by 5.1
wt%. Co,Clbtdd is predicted to be easily regenerate under mild conditions [260,269].

In 2018, Fathieh et al. [258] synthesized MOF-303 [AI(OH)(hpdc)] (hpdc = 1H-pyrazole-3,5-
dicarboxylate), which exhibits hydrophilic one-dimensional pores with a diameter of 6 A and
a pore volume of 0.54 cm?3/g. These parameters facilitate a large maximum water capture
capacity of 0.48 g/g. In addition, the material shows high hydrolytic stability, which was proven
by 150 adsorption-desorption cycles without detectable degradation. Furthermore, blending
MOF-303 [AI(OH)(hpdc)] with 33 wt% of nonporous graphite improved its thermophysical
and adsorptive properties (increase of 114% in water production) [258].

The applicability of COFs for water harvesting have been also explored. Among them, the most
interesting is two-dimensional imine-linked COF-432, with a voided square grid topology
[264]. COF-432 has remarkable long-term stability upon water uptake and release cycling.
Moreover, it exhibits non-hysteretic water sorption isotherms with an abrupt uptake step at low
relative humidity and low heat of adsorption. These properties render COF-432 as a material
with a high water-capacity and a low regeneration energy barrier. It shows maximum water
uptake of 0.3 g/g at 34% relative humidity and a working capacity of 0.23 g/g in the relative
humidity range between 20 and 40%. COF-432 does not exhibit hysteretic water sorption
behavior like other COFs and as such reduces the energy needed for regeneration. The stability
of water cycling was confirmed by conducting 300 uptake and release cycles, after which
working capacity remained unchanged. The pore surface of COF-432 is largely non-polar, but
imine bonds could play the role of adsorption sites for water molecules [264]. Highly favorable
hydrogen bonds are formed between the imine functional groups and the water guest
molecules, which cooperate and create infinite chains of water molecules in the framework

channels, leading to a denser structure [271].
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3.4. Programming of drug delivery

MOF nanoparticles are good candidates for biomedical applications due to their porous nature,
modular structure, and readily chemical functionalizability. They can be commonly used as
active compound carriers, bio-imaging and therapeutic agents [272-276]. The porosity and
topology of MOFs can be modulated through post-synthetic modification, variations of the
metal node, and pre-designed ligand geometries. Organic linkers (e.g. carboxylates,
imidazolates, or phosphonates) in the hybrid structure of MOFs provide biocompatibility and
high sorption capacity towards different drugs, while inorganic groups can be optimized for
controlled release profiles. The synthesis of mesoporous MOFs is crucial, as the small
micropore size limits the drug uptake and loading capacity. Drug molecules and
peptides/proteins with a small molecular weight (< 7000 g/mol) can be easily loaded into MOF
particles. Naturally, proteins with a large molecular weight (> 10,000 g/mol) need large
pores/channels in order to be incorporated into the MOF. In the case of large molecules, such
as peptides and enzymes, ideally, MOFs would operate on a dual-action of directed cargo
transportation and protection from premature decomposition [277]. ‘Smart’ MOFs, reacting to
external stimuli such as pH, light, temperature, or pressure have been employed to regulate
guest release (Fig. 17) [278-281]. Considering the location of cargos and cargo—carrier
interactions, its loading methods could be divided into three strategies: encapsulation, direct
assembly, and post-synthesis. The incorporation of cargos into “void” volumes of MOFs via
non-covalent or covalent interactions, is called encapsulation. This strategy enables the loading
of many chemotherapy drugs, nucleic acids, and enzymes. Matching between the size of
selected cargos and pore structures of MOFs carriers is the key parameter for successful
encapsulation [282—287]. In addition to direct encapsulation strategies, certain drug molecules
can be directly used as ligands through participating in the formation of the framework
[288,289]. The application of this strategy has allowed loading chemotherapeutic drugs, such
as zoledronate, pamidronate, methotrexate into MOFs. In the post-synthetic strategy, MOF
nanoparticles with the desired size, morphology, and physicochemical properties are prepared
and isolated first [290], followed by carefully characterization [291,292] and the introduction
of cargos into the porous framework via forming coordination bonds with metal nodes or
covalent bonds with the functional sites of linkers [80,249,293]. The cargos can be located on

the internal and/or external surface of the MOF nanoparticles [284].
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Figure 17. Scheme showing the ideal properties of a MOF-based drug delivery system, using
the structure of UiO-67, [ZrsO4OH)4(bpdc)s], (bpdc = 4,4’-biphenyldicarboxylate), as an
example (Reprinted with the permission [294]. Copyright 2019, Elsevier).

In recent years MOFs have been tested for application in the fields of controllable drug release
and efficacious treatment of cancer [295]. Bones are by far the most common, metastatic
places, primarily in the case of lung, breast, and prostate cancers as well as kidney and thyroid
cancers [296]. The pH in bone tumor tissues is more acidic than in blood and normal tissues
(pH 7.4), hence when bone tumor cells breakdown bone and release minerals, the concentration
of Ca?" in the blood is extremely high. Tumors also produce parathyroid hormone, vitamin D
sterols, prostaglandin E what results in bone resorption. Unique mechanical and biocompatible
properties, stable structure, and extremely low toxicity of zirconium compounds accelerate the
burgeoning biomedical applications of Zr-based MOFs [294,297]. In 2016, Tan et al. [298]
designed mechanized Zr-MOFs with multi-stimuli responsive supramolecular gatekeepers that
combine thermotherapy with chemical and biochemical triggers. These MOFs were loaded
with the 5-fluorouracil (5-Fu) high performing anticancer drug at room temperature. After
loading 5-Fu into the Zr-MOF, carboxylatopillar[S]arene (CP5) rings were introduced to
encircle the A stalks via host-guest complexation to generate [2]pseudorotaxanes as the
movable elements of the mechanized Zr-MOFs, thereby realizing the drug encapsulation (Fig.
18). It was found that adding an excess of CP5 results in an encapsulation capacity that is more
than 2 times greater (247 mmol/g) than previously reported for the Zn?*-triggered version. This
confirmed the important role of supramolecular switches CP5 system, which showed a stimuli-
responsive host—guest performance for controlled drug release. The research hypothesis was
that drugs will be released in a controlled way from smart containers near the targeted lesions
to kill the cancer cells and help to regenerate bone, reduce undesirable side effects and tune the
pH and Ca?* concentration in the body. MOF nanoparticles can comprise 5-Fu drug molecules

at neutral pH but release them under acidic pH. The release rate of 5-Fu is pH-dependent. In a
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neutral pH, 5-Fu molecules were strongly held within nanopores, which is rarely observed in
the case of MOF-based drug delivery systems. At pH 5 the supramolecular gates opened and
5-Fu could start to release. In this pH, 18% of the drug was released during 1 h, while at pH 4,
54% of 5-Fu was released in the same period. Therefore, the responsive drug delivery system
can reduce undesired drug release during its transportation in blood circulation and improve
the effective release of drug in tumor tissues. Moreover, CP5-capped MOF nanoparticles have

the ability to respond to Ca?* due to the stronger binding between CP5 and Ca?" [298].
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Figure 18. Schematic representation of stimuli-responsive mechanized Zr-MOFs (UiO-66-
NH,) with positively charged A stalks encircled by carboxylatopillar[5]arene (CP5) rings on
the surfaces. The mechanized UiO-66-NH, can be operated by pH changes, Ca?"
concentrations, and thermotherapy to regulate the release of 5-Fu (Reprinted with the
permission [298]. Copyright 2016, Royal Society of Chemistry).

The ability to bind molecules in a specific way on the basis of the host—guest interactions is a
very important property of porous materials [211]. Type and number of functional groups in
the porous structure can influence the interactions with guest molecules, therefore their release
can somewhat be anticipated and programmed. In 2017, Dong and co-workers [211] applied
the well-known MOF, MIL-101(Fe), composed of Fe;O IBUs and benzene dicarboxylate (bdc)
linkers, to construct multivariate MOFs (MTV-MOFs) with functional groups —H, -NH,, and
—C4H,4 appended to the bdc. They were loaded with three molecular guests - ibuprofen (Ibu),
rhodamine B (RhB) and doxorubicin (DOX). It was found that by the modifying the linker
ratios in one MTV-MOF the release rate of the guest molecules can be precisely tuned between

0.30 and 1.14 per day for Ibu, 0.005 and 0.16 d~! for RhB, 0.008 and 0.022 d™! for DOX. The
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co-release of guest molecules can also be achieved, in which the suppression or reinforcement
is in good accordance with the release of the single guest molecule. Here, maximum guest
release can be programmed between 17 and 29 days (DOX). Functional groups in MTV-MOFs
are crucial in interacting with probe molecules, thereby controlling their release behavior. With
the increasing percentage of —-NH, groups, the Ibu is released slowly whereas in the case of
RhB and DOX, the release is rapid. It can be explained by diversity in host—guest interactions.
An interaction between the -NH, groups and Ibu molecules is stronger than between —NH,
groups and RhB or DOX. However, —C4H,4 exhibits stronger interactions with RhB or DOX
than with Ibu, due to its large 7 system. Stronger interactions between the functional groups on
the pore wall and the probe molecules cause a slow release, while weaker interaction will
accelerate the process. Combining two functional groups interacting strongly and weakly with
probe molecules in MTV-MOF allows opportunities to tune the release rate over a wide range
up to 32-fold [211]. It was established that using the right type and proportion of functional
groups makes it possible to achieve zero-order release ideal for active pharmaceutical
ingredient release systems [179,211].

In 2017, PreiB3 et al. [299] applied two representative MOF nanoparticles, MIL-100(Fe) and
MIL-101(Cr) in the uptake and release processes of fluorescein. MIL-100(Fe) exhibits a
maximum payload capacity of 649.4 pg/mg, while for MIL-101(Cr) this was 413.5 pg/mg. It
was revealed that loading and release rates of fluorescein are highly dependent on pH. Fast
loading kinetics with high affinity was observed in distilled water (at low pH), while slower
loading kinetics (lower affinity) was noted at high pH (7.4-8.4). Opposite trends were
established for the release process, with high affinity and slow release at low pH (and in water).
It should be mentioned that for MIL-101(Cr) less than 3% of fluorescein was released to the
receptor fluid within 90 minutes at any pH tested, while in the case of MIL-100(Fe) the amount
of fluorescein released increased with rising pH from 3% at pH 5.1 to 40% at pH 7.4. Possibly,
under these conditions, binding of fluorescein to MIL-101(Cr) is irreversible or exhibits
extremely long off-times. It may also be caused by electrostatic interactions that can confine
the guest molecules inside the MOF pores [299].

During therapy, cancer cells become immune to drugs. A potential solution to address this
problem can be the treatment with multiple drugs at once to destroy resistant cancer strains and
prevent the formation of new resistant strains [300,301]. Although combination therapy is more
effective, it is also challenging, due to the different physicochemical properties of each drug.
The hybrid nature of MOFs makes the materials suitable to simultaneously incorporate several

drugs.
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In 2017, Illes et al. [302] loaded iron-based MOF nanoparticles (MIL-88 A) with multiple drugs
(Suberoylbis-hydroxamic acid (SBHA) alone, or irinotecan and floxuridine together) in
different ratios. In the next step, drug carriers were coated with a lipid shell allowing control
of interactions with intracellular fluids. It was found that the liposome-coated MIL-88A
nanoparticles (Lip-MIL-88A) can successfully adsorb a significant amount of biologically
active compounds (20 wt%) and then release their cargo. The liposome coating prevents
leakage of the cargo. In cell experiments, Lip-MIL-88A nanoparticles were absorbed by cells
and enabled a significant intracellular release after three to four days of incubation. The mixture
of irinotecan and floxuridine in the 3:1 ratio shows the best results reducing the cell viability
to 28.6%. The liposome-coated MOF nanoparticles are promising drug delivery systems
because of uncomplicated loading and effective intracellular release, which can in the future

improve cancer chemotherapy [302].
4, MOFs in chemical sensing

There is no area of industry where sensor enhancements are redundant and, as such, superior
and more efficient chemical sensors are constantly pursued and desired [303-307]. The
increasing importance of sensors is apparent from our evolutionary need for constant sensory
awareness. Nowadays, technology is continuously developing and becoming an inseparable
part of human life. As a growing technological generation, the desire for rapid communication
of our personal, dynamic states is in demand, particularly when pre-mediated changes can be
predicted. Sensors can be considered as an interface between nature and us as they monitor
environmental changes, having a pivotal impact on augmenting reality [308,309]. Apart from
augmented reality and using sensors to strengthen cognition [310], the growing interest of
artificial intelligence (AI) and obtaining sensors imitating human senses has become a new
widely explored field in the last decade [311]. To meet such an ongoing demand, further
development of subtle sensing systems must be cooperatively considered multidisciplinary by
researchers in areas including chemistry, physics, and engineering. Mentioned fields have
significant involvement in the sensor design and when coupled with the numerous
considerations required to identify the correct chemical make-up, they dictate the number and

variety of chemosensors.
4.1. Chemical and physical aspects of sensing

According to the IUPAC, a chemical sensor is a device that converts chemical information

(component concentration and matrix composition), originated from an analyte’s reaction or
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system’s physical property, into an analytically useful signal [312]. The chemical sensor
contains a chemically selective recognition phase, often separated from the sample through a
membrane (to prevent from interferents), and a transducer to convert chemical information to
a useful signal (Fig. 19). The recognition phase (receptor) is a component of the chemical
sensor, which is directly in contact with analyte. The receptor can interact with chemicals in
two different ways. The first way is surface interaction, where analyte molecules are adsorbed
onto the receptor; the second method is interphase—bulk interaction, in which analyte molecules
are absorbed in the active layer phase of the receptor [313]. The most important quality of the
sensor is selectivity, which is the capability to respond selectively to one species in the presence
of others. Usually, it involves shape recognition (stereospecificity) of the intended analyte to
be detected. Besides the geometrical fitting to the binding sites in the recognition phase of the
chemical sensor, molecules need to match the type of interaction with them e.g. hydrophilic-

hydrophilic [314].

Sensor E:> Data recording
Processing and processing

Analyte IZ>

; Electric ;
. e ®9 interaction |
: (™ J
‘ ® (a '
| ® 0 Transducer '
i Analyte @ @ i '

molecules Sensor layer i

Chemical-Physical ,

M interaction |
;
Guest Selective :

molecules Receptor layer

Figure 19. Scheme of a typical chemical sensor.

Classification of chemical sensors is based on either the receptor’s stimulus i.e. gas, ion,
bio- or humidity, or on the type of transducer’s signal i.e. electrochemical, photometric,
acoustical/mechanical, magnetic, or calorimetric. To receive information about the detected
component in the analyte, the chemical signal needs to be transduced and amplified. MOFs can
be applied in chemosensing as a transducing element due to their various framework
functionalities (Fig. 20). Firstly, host—guest interaction may result in the framework changes,
with subsequent material properties alteration such as photoluminescence, which is considered

as direct detection with signal transduction and propagation. Additionally, receptor information
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intake if correlated with MOF material can induce the framework, particularly MOF’s electrons
in linkers (conductivity) or magnetic properties of metal nodes. Usually, a material that
amplifies the signal further is a semiconductor, which transfers fractional charge or
donates/accepts an electron. For that energy states and Fermi level must be considered, which
are derived from the Fermi-Dirac statistics. Quantum mechanics are necessary especially in the
description of indistinguishable electrons and holes [315]. Electrochemical transducing is
based on converting a chemical reaction into an electrical signal and it strictly depends on redox
reaction kinetics between all electroactive components present in the reaction. This includes
detected molecules, transducer material, and environmental parameters [316]. The optical
photometric transducer, instead of the chemical reaction, converts radiant power generated
from the Lambertian source as fluorescence, chemiluminescence, or bioluminescence into
measurable signal [317]. Such a signal is absorbed by an atom/molecule and, based on the
Lambert-Beer law, the length of the light path, the intensity of transmitted light and the
concentration of the measured sample are taken into account [318]. Whereas optical sensor
utilizes electromagnetic radiation, the mechanical sensor uses acoustic waves. Usually, the
quartz crystal resonator (QCR) is applied in such systems to propagate the signal (wave to
electronic) due to their piezoelectric effect, i.e. electric charge generation induced by
mechanical stress [319]. Magnetic sensing includes many technologies such as Hall-effect,
flux-gate, search-coil, magnetoresistive magnetometers and more [320]. Based on most of
these, there is Faraday’s law of induction which states that “a change in magnetic flux is
associated with an electro-motive force (EMF)” [321]. Magnetic components in the
transducing part of the chemical sensor generate an electrical current through alterations of
magnetic field properties or by a motion of the electrical conductor. The last transduction
mechanism relies on temperature variations in the form of heat consumption, generation or
transfer usually as an exo-/endothermic reaction between the sensor and chemical species
[322]. The sensor is heated by the resistor and its temperature is measured by the heat flow
from the analyzed substrate to the environment. Changes in the heat during the kinetically
controlled catalytic chemical reaction between the sensor layer and molecules are the operative

principle of most calorimetric gas sensors, which are also called pellistors.
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Figure 20. Visual presentation of MOF transducers. MOF as a direct detector and transducer
in e.g. host—guest sensing and induced luminescence; a dielectric transducing element in 2D
assembly; magnetically responsive material; transducing platform for functionalities as
detectors; converter and propagator of electromagnetic waves.

Other commonly used terms for sensors include detector and dosimeter, where neither is
interchangeable. A detector is a type of sensor that indicates the presence or absence of a
chemical substance, occurring when analyte concentration exceeds a set threshold value. A
dosimeter measures the dose of a chemical accumulated over time and is predominantly a
single-use device as the effect is usually irreversible. Any sensor coupled with another non-
sensing apparatus, such as an alarm, creates a performing system which is called an actuator.

The combination of chemistry and physics in chemical sensing is based on the recognition—
amplification connection. Recognition, as an information intake of a specific change (e.g.
compound concentration, system content) in real-time, is influenced by the receptor selectivity
and can be chemically modulated. The developed recognition phase can be predesigned
purposely to react for requisite environmental changes and ignore unnecessary or undesirable
alterations. For instance, in 2019 Esrafili and co-workers [323] reported their “design-for-
purpose” approach for a highly selective MOF sensor for Hg?" in the presence of other metal
cations such as Cd?*, Cu?', and Cr3". The group obtained luminescent Cu-based frameworks
dually functionalized with malonamide group (—-NH-CO-CH,—CO-NH-) and acylamide
group (-NH—CO-) with 0.1 ppm detection limit and 714 mg/g maximum capacity of mercury
ions. Chemosensing of a specific compound can also be correlated with specific bacterial

detection, which causes a distinct disease. In 2016 Zhang and co-workers [324] fabricated a
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bimetallic, lanthanoid MOF Tb/Eu(btc) (btc = 1,3,5-tricarboxylate) for dipicolinic acid (DPA)
biomarking in anthrax inducing bacteria (Bacillus Anthracis) or human serum. The energy
transfer between Tb3" and Eu3" varied accordingly to DPA concentration (50-700 nM) and
resulted in different fluorescence intensity being observed. This lanthanoid MOF exhibited
self-calibration and due to naked-eye recognition, no transducing element was necessary. In
more complex sensing systems, the amplification of recognized change is also dependable on
the concentration of the analyte. However, it must be adjusted by employing physics principles
to introduce appropriate transducing mechanisms to the chemical sensor. For instance, in 2018
Yang and co-workers [325] proposed an application of Cu-tcpp (tcpp = tetrakis(4-
carboxyphenyl)porphyrin) nanosheets in aptasensor (DNA sensing) for detecting antibiotic
chloramphenicol (CAP). The Cu-based MOF was compared to graphene oxide in the FRET
(Forster resonance energy transfer) mechanism revealing greater quenching ability of the
HP/SG (hairpin probe/SYBR Green I) complex by mn—m stacking and/or electrostatic
interactions. Consequently, it contributed to 7.5-fold higher signal amplification and overall
improved sensor sensitivity.
After receiving the signal, the information is then transduced into an electrical signal. To
achieve a meaningful output, the measured signal must be subtracted from the reference signal
and subsequently converted to a digital signal, followed by processing using statistical
methods. Collectively, these steps require numerous specific properties from the sensor to be
sufficiently performed and provide the researcher with a useful result. Essential terms and
phenomena need to be considered when designing sensors, especially when it comes to
comparing their effectiveness and efficiency. The static features include measurable sensor
transient properties for instance:
(i)  sensitivity—a slope of the sensor response curve, expressed as a signal value per
concentration unit;
(ii)  selectivity—the ability of the sensor to measure the particular component concentration
in the presence of others;
(iii) detection limit—concentration at which the average value of the measured signal is equal
to the value of two standard deviations;
(iv) repeatability—receiving the replicable information if measurements are carried in the
same environment;
(v)  reproducibility—the ability to repeat reliable results when conditions are changed.
The dynamic features can be measured in a steady state after the stabilization of transient

effects. These features give information on how a sensing system handles the correlation
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between the input signal and response to the stimuli and the output signal and impact on the
external measurable quantity [326].

Changes in free enthalpy between the recognition phase and chemical species are equal
contributors to the driving force and the foundation of the basis of chemical sensors. This is
best described, during changes in sample activity, as the interaction of the analyzed particles
with the sensor, which will only occur when standard free enthalpy is negative [314]. This
activity describes molecular reactivity rather than molecular recognition and it is mainly used
in activity-based sensing [327]. The sensor response and the binding equilibrium constant (?7?)
is based on the interaction between molecules (??) and sensor (??)—more specific with the
receptor, and also rates of the forward reaction (?75;) and reverse reaction (?7;) (Eq. 8). ??ycan
be described in terms of activities of molecules in the system (?74,), activities of binding sensor
site (?7;), and activities of bound molecules (?75;x) (Eq. 9). Each activity is dependent on

activity coefficient (??) and concentration of the molecules (??) (Eq. 10):

kf
X+S=XS (Eq. 8)
T
agsx kf
Kx= 2ax =% (Eq. 9)
a=fC (Eq. 10)

If the binding equilibrium constant is too high, the reversibility of the reaction is strongly
hampered, and the sensor behaves more as a dosimeter. Therefore, the key element of the sensor
is reversibility. Realistically, it is highly impossible to achieve a reversible sensor that provides
reliable results for an extended period. This highlights the necessity for clear communication
of sensor lifetime to avoid misinterpretation of the signal reading [328]. A trade-off must be
reached between achieving a high value of the binding constant of the analyzed molecules and
the irreversible nature of their interaction. Each receptor possesses a lower limit of molecular
activity below which the sensor will not respond. This strictly depends on the transducing
mechanism within the device. Here, the minimum value of a specific sensor type is fixed, and
the sensor’s response range is related to the overall activity of the binding centers in the receptor
layer. An additional important consideration is the type of chemical interactions that direct the
binding mechanism. This is influenced by the interactions either on the surface or in the bulk
and the nature of the bonds’ strength. This encompasses covalent bonding, hydrogen bonding,

ion—ion, London forces, ion-induced dipole, dipole—dipole, and hydrophobic bonding [313].
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Multiple efforts from researchers are underway to identify the ‘sweet spot’ of reversibility
coupled with a high binding constant and sensor selectivity in analyte detection. Steady steps
towards innovations, albeit often small, constitute the basis for important and breakthrough
discoveries. Current goals in the sensing field are based upon envisions for future devices.
These are necessary and somewhat complex, such as miniaturization, portability, low-energy
supply, low cost, and integration with all parameters maintained at the highest level [329]. The
aforementioned desire for detector reversibility and stability requires a material that can easily
release analyzed molecules and be recycled thereafter. Thus, the interaction between the
analyte—detector pair must be expandable, ideally in a linear way. The signal also must be
evident to the transducer, but only persistent enough to enable modulating the information.
Whereas simple detectors often do not require a complex microelectronic system, precise
chemical sensors do. The circuit design is comprised of not only a sensing element but also
resistors, transistors, diodes, and amplifiers. Together, these form a suitable functional material,
responsive to chemical and physical stimuli. Surface modifications of electrodes in
electrochemical sensors enable enhancement of their performance in sensitivity and selectivity.
Additionally, this can also lead to portable sensors that can be used in the field (outdoor),
making them unique to achieve what is rarely possible in other precise analytical techniques
(e.g. HPLC or AAS) [330]. In line with these considerations, porous materials, such as MOFs,
are more often considered as candidates which can address the desired requirements for
chemical sensors [331,332]. In the sensing area, MOFs can act as a selectively confining
element in the receptor phase [333], fluorescent-based detectors by having fluorophores as
linkers [334], or 2D MOFs with flat surfaces with improved electrons transport [335]. Such
dynamic MOFs can undergo reversible changes when exposed to different stimuli are often
referred to as soft-porous crystals or 'third-generation MOFs' [336]. When governing the
selectivity towards the desired guest by receptor phase, alteration is the core, or at least a
starting point, when one may consider MOF utility in chemosensors. Tuning MOF porosity
through composition can be the first stage to a proper size exclusion [337], which can also
change the overall framework properties, for instance, using short linkers can amplify magnetic
interactions of metal nodes [338]. On the other hand, MOF pore functionalization focuses on
matching the interaction character and its affinity, as a recognition phase, with the chemical
species. Additionally, pinning other stimuli-responsive moieties in the framework broadens the

“design-for-purpose” approach. This is seen in attaching chromogenic groups to increase

54



photo-responsiveness [339], or amine moieties to prompt chemiresistive properties of UiO-66

for acidic gases (i.e. SO,, NO,, CO,) (Fig. 21) [340].
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Figure 21. Illustration of chemiresistive sensing of acidic gases by the modulation of organic
linker in UiO-66 (Reprinted with the permission [340]. Copyright 2019, Royal Society of
Chemistry).

Considering MOFs in electrochemical sensors, the charge transport in the framework occurs
via bond conduction through either continuous chains, the space between closely arranged
linkers, or guest molecules if they are strongly bound to the scaffolding. According to band
theory, MOFs are usually good insulators (conductivity is below 1071°S), due to the low atomic
density and strong localization of the electron wave function. Their energy gap (E,) between
valence band (VB) and conduction band (CB) in most MOF materials is higher than 4 eV (0 <
E, <3 eV for semiconductors; E, < 0 for metals) [341]. However, new findings revealed it is
feasible to achieve framework materials having mobile charge and that are conductive by
anion/cation vacancy formation [16] or impurity doping (with eg 1, [342],
tetracyanoquinodimethane (TCNQ) [343], ferrocene [344], metallacarboranes [345], metal
nanoclusters [346] or conductive polymers [347]). Modifications can lower band dispersion
and subsequently increase conductivity in MOFs, defined as Hubbard insulators, in which the
CB is parted by the Hubbard energy into sub-bands due to electron—electron repulsion [348].
In semiconductive MOFs with little band dispersion, the conductivity can be thermally
activated. This transport mechanism does not involve true band transport, but the hopping
mechanism occurs, which is the migration of electrons over the lattice points through molecular
bridges [349]. Such transport is commonly found in disordered MOF structures where reduced
dielectric screening and strong electron-phonon coupling lead to carrier localization.

Interestingly, increasing the temperature of metals or crystalline semiconductors lowers
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conductivity, where for MOFs we see the opposite effect. Low hopping energy activation,
partial electron delocalization, and improved charge propagation are temperature-induced in
MOFs [350]. Non-conductive MOFs can also be applied in electronic-devices due to their
dielectric polarization and change of dielectric constant (k) when placed in the electric field.
This is especially relevant if it has the potential to achieve operation frequencies suitable for
integrated electronic circuits (~10° Hz) [348]. In such estimations, the composition and the
material density (N) must be considered before determining its applicability as semiconductor.
Usually, more bulky materials have higher dielectric properties, through modulating MOF
porosity and thus its density, along with atom and bond polarizability, making it possible to
increase or decrease k. The Debye equation connects the displacements of electron clouds,
nuclei, and ions with the dielectric polarization. Based on the three terms, the electronic

polarization ( «,), the distortion polarization ( « ;) and the permanent dipoles (u), the

dielectric constant can be written as [348,351,352]:

k-1 u?

N
K+2=3—60(0Ce+ OCd+m) (Eq.

11)

Besides the electric field, other physical stimuli, such as light, pressure, temperature, or
magnetic field, can affect the MOFs’ properties, which can be used for electrochemical sensing.
The conversion of transition metal ions (3d*-3d”) from the low-spin state to the high-spin state
(or inverse), called spin crossover (SCO), is a useful magnetic feature of MOFs in detecting
devices [353]. It can trigger the adsorption or release of the guest molecules, usually in
detecting volatile gases e.g. pyridine, SO,, or CS, [333,354].

Apart from treating sensors as only directly detecting tools, they also can be a component of
more complex, assembled devices. Combining the electric and magnetic properties of MOFs
with tunable E, alignment, through tailoring the framework composition and functionalization,
creates opportunities to enter the photovoltaic space as light sensors in solar panels. MOFs with
visible light to near-infrared light harvesting abilities capable of absorbing solar radiation and
transform those into photo-excitons. To achieve the reducing wide E, in MOFs, adopting
techniques such as employing IBU and OBU (conjugated systems) rich in electrons,
functionalizing linkers with additional electron-donating groups or doping with =-
donor/acceptor guest molecules to create electron-delocalized states are strategical [355].
Regarding MOFs for photovoltaic applications, they can be viewed as complementary toward

a bulk heterojunction (BHJ) and dye-sensitized solar cell (DSSC) architectures [348]. In the
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first case, MOF organic linkers absorb light and conduct holes by exciton splitting and electron
transport. In the second case (DSSC), MOFs only act as a matrix for dyes or electrolytes
regenerating dyes without the need to balance the donor-acceptor role with semiconductivity
[356]. MOFs seem to be a more attractive alternative for standard dyes due to the multiple
light-absorbing components, to increase the width in light absorption of the full spectral range.
However, their porous structure is more beneficial, since it prevents absorbers aggregation that
unfavorably might change their band gaps. To absorb light and further use it in emission
application the MOF band gap again needs to be narrow enough to create excitons and be

conductive, thus previously mentioned modifications come in handy [357].
4.2. Designing of MOF for application in chemical sensors

The wide variety of composition and modification techniques available for MOFs are one of
the main reasons they are applicable in many fields, and within these fields they can be further
tuned for very particular purposes. In terms of sensing, the general goal is to achieve the
ultimately specific sensor towards one type of chemical, which ideally could be done by
creating a receptor phase that selectively confines, reacts, and releases by means of predesigned
composition. This is made possible with adequate pores and binding sites, also with
functionalized groups prone preferential interactions with desired chemical species [358,359].
Currently, it is feasible to achieve the selectivity of sensors towards similar molecules or, as
some investigations report, achieving enzyme-like MOFs. Although, in this case, the need for
a strong bio-affinity sensor regeneration, without subsequent damage, became the key
drawback in reversibility [360,361]. Nevertheless, there are examples of MOF sensors that
stand out with their performance. For example, changing the metals in the cluster of MFM-
300(X) (X = Al, Fe, In, Sc) allowed an immense change in the reversibility and interactions
with the transducer in I, detection [362]. Different metals changed the MFM-300(X) surface
area (1250-1370 m?/g) and particle morphology (either rice-shaped, octagonal rods, plates)
which had an impact on I, diffusion in crystallites, leading to precise tunability in critical
environments. I, detection is the first responder activity in a nuclear waste clean-up, thus iodine
sensitive recognition is compulsory in fields in which radioactive materials are applied. This
proved that continuous MOF synthetic optimization is necessary, and improvements of each
specific feature and different parameters are required. Very often the compromise necessary to
perfectly balance the MOF properties for sensing such as selectivity, reversibility, and long-
term utility can be difficult to achieve. However, sometimes a unique material is identified

which changes this view, such as the terbium(IIl) based MOF, Tb(tatab) (tatab = 4,4',4"-s-
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triazine-1,3,5,-triyltri-m-aminobenzoate) [363]. This MOF not only revealed stability in many
organic solvents (e.g. methanol, ethanol, hexane, DMF, DMSO, or acetone) but also in aqueous
solutions at a pH range of 1-13. Furthermore, it indicated responsivity towards hexane, Fe3,
Cr,04%, and explosives such as nitrophenol derivatives. All sensing processes were correlated
with pH dependable fluorescent intensity, as the receptor mechanism. However, thermolysis
was already observed at 95 °C, displaying relatively low thermal stability. Other MOFs have
revealed a much higher thermal stability [364], for instance, Kim and co-workers [365]
introduced a Mg-MOF for various gases sensing (e.g. H,, NO,, or H,S) and operable at wide
temperature range (25 to 200 °C). The detection was based on the sensor resistance change and
p-type sensing behavior. This was observed with increasing resistance when exposed to the
reducing gases and decreasing in the presence of oxidizing NO,. Additionally, for NO, the
higher the temperatures were found to enhance the response of the sensor. There are further
reports of MOFs that are stable even up to 530 °C and 610 °C, which are very promising for
MOF-sensor development for application in demanding thermodynamic conditions [366,367].
The thermal stability of MOFs does not always correlate with their stability in aqueous
solutions. It is problematic when a MOF seems to be ideal for hydrophilic molecular detection
(e.g. metals ions), where in fact its structure is water sensitive. An interesting example of
improved metal ions sensing in an aqueous solution was introduced by Pan and co-workers in
2019 [368]. Here, a luminescence-based detection by an Eu-MOF for Cd*" exhibited even
higher affinity towards cadmium than famed lanthanum-based MOFs. In solutions of many
different cations (i.e. Li*, K*, Na*, Ca?", Mg?*, Ba?*, Sr?*, Mn?*, Ni?*, Co?', Cu?*, Zn?*, Cd*",
Hg?", Pb?*, AlI*, Cr¥, Fe’") Eu-MOF indicated particularly high fluorescence emission for
Cd?* (up to 23 times higher compared to pure MOF solution). It also showed exceptional water
stability, illustrated by PXRD (powder X-ray diffraction) analysis where crystallinity was
maintained after being submerged for 24 hours in the water, and even after boiling.

The evolution of an increasingly diverse plethora of new compounds in pharmacy and other
industries requires rapid detection techniques to be realized. In fields related to medicine or
forensic science, the sensitivity in biomolecule detection is particularly fundamental, where
tracing any sign of barbiturates or explosives are crucial [369,370]. For these purposes, sensors
which provide quick information in the form of a color or fluorescent change are always in
favor because of the simple and attractive naked-eye recognition, which can be processed
directly by the operator, without expensive instruments. Wang and co-workers [371]
introduced a Zr-based MOF (Ui0O-68-An/Ma) for sensitive biothiol sensing. This MOF is a

bifunctional system with anthracene (An) and maleimide (Ma) groups, applied in a solid-state
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fluorescent ‘turn-on’ sensor. MOF fluorescence was investigated in different amino acid
solutions, where excited samples revealed exceptional thio-triggered behavior for cysteine,
homocysteine, and glutathione, giving a noticeable blue emission. The obtained material was
also stable in water and highly sensitive to mentioned compounds, with a visible response at
only 50 uM. Even higher sensitivity for antibiotics sulfadiazine (SDZ) and nitrofurazone (NZF)
was presented by Neogi and co-workers [372]. The luminescence of the two linkers
incorporated in the MOF, CSMCRI-2 [Zn,(azdc),(dpta)-(DMF),] (CSMCRI = Central Salt &
Marine Chemicals Research Institute; azdc = azobenzene-4,4'-dicarboxylate; dpta = 4-amino-
3,5-diphenyl-1,2,4-triazole), indicated good reversibility with ultra-sensitivity. For the active
pharmaceutical ingredients, this MOF managed to achieve a detection limit of up to 0.7 uM for
NZF and 65 nM for SDZ.

The ability to tune the pore size of a MOF drew interest in creating sensors for large molecules,
such as nitroaliphatic explosives [373] or sulphonamide antibiotics [374], which remains a
challenge today. Along with the sensing issue, in ‘turn-off’ luminescent detection the
differentiation of large quenching of guest molecules at varying concentrations is problematic.
The evolved method called ‘discriminatory array’ based on how the mammalian nose operates
was introduced by Peveler et al. in 2019 [373], in an attempt to improve selectivity, focused
on big molecule explosives. The Peveler’s group obtained an isoreticular MOF (MJ3’) to the
Eddaoudi’s group MOF [375] with solvent (DMF or water) that takes up 70% of its volume
space. MJ3’ [Zn4L(H,0)4 (solvent)], (HgL = 5,5',5",5""-[1,2,4,5-
benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-benzenedicarboxylic acid) proved to be useful
for quantitative analysis towards explosives, where selectivity can be interpreted by emission
quenching. Particularly high quenching was observed with pentaerythritol tetranitrate (PETN),
that is often difficult to detect.

Regarding sensing recognition, the ultimate goal is to achieve specificity towards a single type
analyte in a similar way to biosensors, such as antibodies or enzymes. Through three-MOF
arrays, the creation of a nose-like sensor became possible and enabled us to overcome the
concentration limitation [376]. This is elegantly shown through designing a MOF sensor with
selectivity for chiral analytes, by pinning achiral molecules on the framework. For instance,
Zhang et al. [377] explored a homochiral luminescent cadmium based MOF {[Cd(L)(4,4'-
bipy)|- DMA-5H,0},  (bpy = bipyridine; H,L = 4,4'-((naphthalene-1.4-
dicarbonyl)bis(azanediyl))dibenzoic acid) indicated enanantioselectivity towards D/L-

penicillamine. However, because of the partial similarity of the different molecules due to the
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structural repetitiveness of the MOF, designing an entirely specific sensor is rarely possible
[359,378].

In addition to considering the molecules’ shape and determining the perfect fit of the analyte
to the receptors’ active sites, the overall energy of the system must be considered. In practice,
the system temperature has a significant impact on the value of its equilibrium constant. When
the analyte and receptor are separated, the stability of the system is enhanced due to its high
entropy. The change of free energy is the leading drive in the interaction between the analyte
and the sensor. Therefore, when designing a sensor, it is necessary to create conditions in which
the change of negative enthalpy, as the result of the interaction between analyte and receptor,
is large enough to compensate for the change of the system’s entropy and temperature. Thus, a
larger change of entropy results in a higher negative change of free energy, which leads to the
permanent analyte—receptor state. This was presented by Yang and co-workers [379] for the
Cd-based MOF sensor [NH,(CH3),][Cd, 5(L)2(H,O) (H;L = tricarboxytriphenylamine). This
hydrophilic material revealed structural changes caused by highly polar organic solvents. By
using microcalorimetry and XRD, the examined material revealed single-crystal-to-single-
crystal (SC-SC) transformations, indicating dynamic changes that enhance host—guest
interactions. It was possible to selectively exchange water in the MOF and thereby change its
enthalpy (—4.83 kJ/mol) with DMA (N,N-dimethylacetamide) (—71.34 kJ/mol) and methanol
(—87.13 kJ/mol). Surprisingly, MOF crystals also revealed reasonable selectivity towards Cu?*
with naked-eye detection from yellow to dark green. The enthalpy-driven and concentration-
dependent response times highly differed from 9 seconds to 72 hours, with sensitivity from
107 M to 1077 M. Highly sensitive MOF sensors are not solely restricted to heavy metal ions.
A responsive copper ions sensor has excellent potential, for example in applications where
Cu?" contamination along with ocean warming and acidification negatively affect oceanic
microscopic life [380]. In particular, when monitoring environmental changes, it is substantial
to control nuclear waste clean-up (e.g. UO,>" [381]), or water/air pollution (e.g. ammonia
[382]). However, sensitivity for gas sensing has become an ongoing challenge [362,383].
MOFs appear to be a promising tool for sensing because of their high sensitivity to vapors, due
to their sieve properties, and the capability to selectively detect, trap and condense gases inside
pores. This increases the concentration of the analyte within the MOF relative to gas
concentrations outside the material in the exterior atmosphere [361]. Strong interactions
between the MOF and gas analytes lower detection limits and enhance the detection directness,
leading to overall the simplification of the sensing process. The indium based capacitive

chemical sensor MFM-300 (nodes = cis InO4(OH),; linkers = (biphenyl-3,3',5,5'"-
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tetracarboxylic acid) by Salama’s group is a prime example of MOF development towards
directed sensing applications [384]. The structure of helically arranged metal nodes with
specific pore morphology and an array of -OH and —CH groups created ‘pocket-like’
adsorption sites, befitting specifically for SO,. As a result, MFM-300 revealed high selectivity
for toxic SO, in the presence of other gases such as CH,, CO,, NO,, and H, at room
temperature. Of significant interest for this MOF-sensor is the outstanding stability and
detection limit down to ~5 ppb.

With an increased understanding of the methods to control pore structure in MOFs, it is
possible to tailor the pore to a specific size and type of guest molecule with exceptional
accuracy [385-387]. An interesting size exclusion effect was presented by Fan and co-workers
[388] for aldehyde sensing amongst other VOCs (volatile organic compounds) and gases (e.g.
ammonia, formaldehyde, methanol, ethanol, acetone) at 300 °C. Here, ZnO rods were
compared to a ZIF-8@ZnO rod-like core-shell structure. MOF@MO (MO = metal oxide)
exhibited better selectivity than pure MO, with additional elimination of interferences signals.
The ZIF-8 pore aperture size also allowed the formaldehyde molecules to selectively enter the
MOF@MO composite [389]. Oxygen species such as O,, O,~, O~ and O?™ present in the core-
shell structure further enabled proceeding the detection mechanism. The simplistic mechanism
of detection occurs due to electrons floating from aldehyde on the ZnO core along the axial
direction (red arrow in Fig. 22), leading to the change of electrical resistance, finally providing

a useful signal.

® Formaldehyde
® VOCs

200 nm _

Figure 22. (a) SEM image of the ZIF-8@ZnO nanorods (Inset: SEM image of ZnO nanorods).
(b) TEM image of a single ZIF-8@ZnO nanorod with core-shell heterostructure. (¢) Schematic
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illustration of the ZIF-8@ZnO nanorod sensor with selectivity for different volatile organic
compounds (VOCs) molecules (Reprinted with the permission [388]. Copyright 2016,
American Chemical Society).

Additional MOF functionalization even broadens the possible range of guest analytes and
therefore careful consideration and design are first required before synthetic execution. Biswas
et al. [390] functionalized a Zr-based UiO-66 with a new moiety, the linker 2-((pyridine-4-
ylmethyl)amino)terephthalic acid. This modified UiO-66 revealed selectivity towards O,°~ in
‘turn-on’ fluorescence sensing, amongst other competitive reactive oxygen radical species.
Here, it was noticed that upon MOF reacting with O,*~ the highly fluorescent linker was
released to the aqueous solution. The much higher linker fluorescence intensity (~1.3x10° cps)
than the MOF (~2.2x10%* cps) enhanced the photoluminescence of the system, thus exploiting
the most common type of sensing in MOFs [391].

In addition to porous core-shell structures and functionalization, Pang and co-workers [78,331]
described the strategy of creating defects in MOF structures, which can optimize sensor
selective recognition. In Lu and co-workers’ research [392], the influence of UiO-66 crystals
size in the range of 380 nm to 1060 nm, and defects numbers of 0.15 to 0.49, were explored
for organic vapor optical sensing using ethanol as the prime candidate. The sensitivity of UiO-
66 was increased with decreasing the crystal size, while more missing-linker defects enhanced
recovery performance.

Simulation of the human sense of smell and taste through the fabrication of electronic nose
[393] and tongue [394] dictates that high selectivity is a key aspect. Sensors that can
electronically replicate organs are usually 2D material-based devices, which is convenient for
the aligning purposes of many layers for complex system integration [395]. This is particularly
applicable when the transducer and further signal processing requires flat surfaces for better
conductivity [396,397]. It is difficult to achieve crystalline, porous, and conductive materials
at the same time, however, 2D nanosheets and 3D films have already proved their potential in
optical and electrochemical sensors [398—400]. Typically, MOFs are known as insulating
materials or at least possess very low conductivity. However, recent research into guest doping
or composite fabrication has shown that tunable electrical conductivity in a MOF is possible
[401,402]. Song et al. [403] proposed thin films in a layer-by-layer assembly of the c-MOF
Cu3(HHTP), (hhtp = hexahydrotriphenylene), on an LSMO (Lag 47519 33MnQO3) electrode to
create organic spin valves (OSVs) (Fig. 23). The planar coordination geometry of the c-MOF
and its ability to create layers with strong electron delocalization and 2D m-conjugation between

metal ions, analogous to graphene, resulted in 2500 S/cm conductivity. Presumably, by
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properly adjusting the thickness of the layers the spin-tunneling transport process can be
achieved. Such a concept is another proposition of Cu-based MOFs for electrically conductive

and chemiresistive sensors, previously presented by Dinca et al. [404].

(a) (b)

MOF
LSMO

Substrate

Figure 23. (a) Schematic diagram of the 2D ¢c-MOF-based vertical OSV's (organic spin valves);
(b) SEM images of the cross-section of the vertical OSV consisting of LSMO (50 nm),
Cu3(HHTP), spacer (100 nm), Co electrode (50 nm) and Au (50 nm) (Reprinted with the
permission [403]. Copyright 2020, John Wiley & Sons).

4.3. Summary

Briefly presented here, the activity of MOFs in the sensing area could never fully cover the
topic of their remarkable applicability either as simpler detectors or advanced components in
chemical sensors. Each of their features can be refined for specific purposes. Broad pore tuning
in terms of size, volume and functionalization allows pairing with many molecules, linker
modification provides different optical and conductivity characteristics, whereas metal or metal
clusters cannot only have an impact on crystallite morphology but also on magnetic properties.
All variations must consider sensors/analyte enthalpies to maintain sensor reversibility and
long-run use. Up to now, MOFs are more often considered to be a good receptor phase due to
their selective confinement but also, thanks to dielectric abilities, they could take part in signal-
transducing systems. Although their commercial success is at the horizon, many efforts must
be concentrated on the development of easier and less expensive fabrication processes.
Nevertheless, one must remember that outstanding performance and preciseness rarely couple
with low-budget manufacturing, and often sensing in medicine or military requires large

expenditures of time and resources.

5. MOFs as electronic and ionic conductors
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Conductivity is a key feature for electronic devices and research into new conductive materials
is fundamental for the development of modern technology. In the last 20 years the focus of
technological advancement shifted towards micro and nano applications, revealing new
challenges [405—407]. Recently, MOFs showed conductive properties that can be tuned and
improved by applying rational design strategies and PSMs [408—410]. The scope of this chapter
is to provide a broad survey of conductive MOF development, focusing on the most important

design principles to obtain them and their important applications (Fig. 24).
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Figure 24. Schematic representation of the four types of conduction examined in this chapter:
(A) semiconducting, (B) excitonic, (C) metallic, and (D) ionic.

From a physical point of view, conductivity is the capacity of a material to transport electrically
charged particles (either electrons, holes, or ions) when an electric potential is applied to the
material. The conductivity of a material (o) is inversely proportional to its resistivity (p), and it
is influenced by the length of the sample (/), its cross-section (4), and the intrinsic electrical

resistance of the material (R). These properties are described in equation 11 [411].
A
p=Ry (Eq. 12)
This equation represents the ideal case of a uniform material with isotropic conduction,

meaning that its conductivity does not vary changing its orientation. This behavior is rarely

observed in MOFs, as their crystalline structures often provide preferential directions for the
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charged particles to move through. In these cases, it is necessary to consider this anisotropic
behavior and apply the three-dimensional approach provided by the tensor resistivity set of
equations.

As the electric current is achieved through the transport of electrical charges, the density of
these charge carriers and their mobility is crucial: the higher the number of charges and their
mobility, the better the material will conduct [411]. Regarding electron conduction the two
main ways in which the electrons and holes can move through the material are charge hopping
or band transport. In case of charge hopping, or hopping transport, the charge carriers transfer
between discrete sites on which they are localized (Fig. 25). These sites have no connection
between one another. In the opposite case of band transport, the sites interact with one another,
forming continuous energy bands in which the charge carriers are delocalized. With this charge
transport pathway, there is the formation of a valence band, that is composed by all the
electronic levels that are occupied, and a conduction band, composed of all the electronic levels

unoccupied in the material, and thus viable to transport the electric current.
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Figure 25. Schematic representations of charge transport: band transport (A) and hopping
transport (B).

The energy difference, or band-gap, between the valence band and the conduction band
determine the conductivity extent of the material, as a greater difference implies that more
energy must be spent to promote an electron from the valence band to the conduction band. A
metallic behavior is achieved when there is no band gap between the valence and the

conduction band, thus freeing the electrons to pass between one and the other (Fig. 26) [412].
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Figure 26. Band-gap structure of different types of conducting MOF materials.

The electric current in ionic conduction relies on the migration of the cations toward the anode
and the anions toward the cathode, and the conductivity of the material will depend on the
concentration of the ions and their relative mobility.

To facilitate the reading, we decided to divide this chapter into four subsections, based on the

type of conduction MOFs exhibit.
5.1. Semiconducting MOFs

A semiconductor is a material characterized by a bandgap of between 0.1 and 3.0 eV and a
comparably high electrical conductivity (0.1-100 S/cm). Semiconductors play an important
role in the electronic materials field [411,413—417]. Although physical mechanisms for
semiconduction in MOFs are yet to be fully explored, the most common conduction mechanism
is electron hopping between metal centers [418,419]. In this case, MOFs containing metal
centers with mixed oxidation states, e.g. Fe?"/Fe**, typically result in higher conductivity
compared with similar MOFs with metal centers that do not show easily duplicity of oxidation
number [420]. This can be explained as the facile loss of electrons in metal ions with a large
radius and low effective core charge, such as Fe?' being oxidized to Fe3*, with the resulting
electron being responsible for conductivity [341,420—422]. Importantly, the choice of the
ligand can have a substantial influence on the conductivity of the resulting MOF. ‘Non-
innocent’ linkers (redox-active), can show high conductivities, as the hopping can be metal—
metal, linker—metal or linker—linker [423—425]. In the presence of band conduction these
concepts remain valid, as it is not critical if the electron levels involved in conduction are

discrete or form bands. As long as the energy between the levels is low, the material will have
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good conducting properties. This is supported in MOFs containing metal centers with a large
number of d electrons, such as Fe, Co, and Ni, which present band gap shrinking [31].

Within this framework of knowledge, we can identify three key points in the rational design of
semiconducting MOFs. Of most importance is the choice of an appropriate metal center, which
is the fundamental factor in determining the band-gap of the overall material. The metal center
should be selected to have multiple oxidation states and available d electrons, which will be
responsible for conductivity, consisting of low redox potentials to favor ion oxidation. Equally
important, the metal/linker combination should yield an appropriate topology with a
comparably short distance between metal centers. Lastly, the electronic properties of the ligand
(e.g. m=conjugation, active redox centers, or the presence of radicals), can strongly affect the
overall system conductivity. This can provide a smoother flow of the electrons between metal
centers or additional charge carriers, in which density is correlated with the conductivity of the
material.

A striking example which puts these materials in context is [Ni;(HITP),] (hitp = 2,3,6,7,10,11-
hexaiminotriphenylene) [426]. This 2D MOF was first synthesized and characterized by Dinca
and co-workers [427], designing the material to exploit the full T-conjugated, singlet biradical
character of Ni(isq), (isq = o-diiminobenzosemiquinonate) to achieve a porous metal-organic
graphene analog. [Ni3(HITP),] is easily synthesized by mixing a nickel salt and the ligand in
an ammoniacal solution, but unfortunately this synthetic route affords a nanocrystalline
material. This results in a practical loss of conductivity. The thin films present good electrical
conductivity of 40 S/cm, while the technologically relevant pellet, obtained by pressing powder
of the material at high pressure, shows a conductivity of 2 S/cm, with a loss of one order of
magnitude. The [Ni;(HITP),] MOF has been studied for technological applications in two
different fields. Firstly Miner et al. [428] employed [Ni;(HITP),] as an electrocatalyst for
oxygen reduction. This important redox reaction has various applications, from hydrogen
peroxide production to hydrogen fuel cells. In this work, the authors demonstrate how
[Ni3(HITP),] is effectively a good electrocatalyst for oxygen reduction in an alkaline solution,
with an efficiency competitive with the most active non-platinum group metal electrocatalysts
and good stability to the working conditions over extended periods. Later Park and co-workers
[429] utilized [Ni3;(HITP),], in tandem with silicon nanoparticles, to design a composite anode
material for high-performance lithium batteries. The electrode was formed by thoroughly
mixing the silicon and the MOF nanoparticles in a ball mill with various ratios and then
pressing the nanoparticle mixture into a pellet. The best electrode, and the main aim of the

work, was obtained by a 9:1 ratio of silicon and MOF. This composite electrode showed an
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excellent, reversible capacity of 2657 mA h/g, with good cycle stability, as it loses only 1% of
its capacity after 100 cycles. The performance increase over pure silicon electrodes is
imputable to the channels made available in the pellet by the intrinsic [Ni;(HITP),] porosity.
The porosity allows the lithium ions to migrate to the bulk of the electrode, and the possibility
for the ions to electrochemically interact with the MOF itself at the metal centers. These
excellent results create a platform for the design of hybrid silicon-MOF electrodes for classic
high-performance lithium-ion batteries, as new and competing anode materials.

Semiconducting MOFs are showing many possible applications in a vast range of technological
devices. Wei and co-workers [430] demonstrated that semiconducting MOFs may be used as
an electrode material for supercapacitors (Fig. 27). Supercapacitors are a class of devices,
defined to be between capacitors and batteries, capable of storing a smaller amount of energy
than a battery but with a rapid charge time and higher cycle stability [431]. They are widely
used in green applications, such as regenerative braking and as a power backup for random
access memories [432]. A good material for this application should exhibit high conductivity
and a high density of redox centers that allow a variation of the net electrical charge of the
electrode to achieve high capacitance. Also, the possibility to incorporate ions into the material,

and balance the change in electrical charge and high structural stability, will improve cycling

lifetime.
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Figure 27. Schematic illustration of a charge/discharge cycle of a supercapacitor.

Possibly a semiconducting MOF has all these characteristics. As an example, Bao and co-
workers [433] synthesized a new 2D cobalt MOF, Co-HAB, with the redox-active ligand
hexaaminobenzene (HAB), via a facile route in which the resultant material is modulated by
the synthetic ammonia concentration. This MOF proved to have high intrinsic conductivity,
high density of redox-active sites, porosity, and good chemical and thermal stability, rendering

it an ideal candidate for this type of application. Remarkably, electrodes constructed with Co-
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HAB can store up to three electrons and a sodium ion per ligand, at full charge, with high cycle
stability. Therefore, Co-HAB can be considered as a good electrode for supercapacitors, while
its capacity to rapidly release stored energy may render it useful in other applications, such as
batteries. Presently a good number of MOF's with a variety of metal centers, mostly in the upper
part of the d-block, exhibit good properties to be employed as electrodes and have been
evaluated for this application [434—437].

The first assessment of semiconducting MOFs as electrocatalysts was done by Morris et al.
[418], successfully reducing carbon tetrachloride with a cobalt metalloporphyrin MOF. For this
specific application, it is fundamental to employ a metal center, which is capable to change its
oxidation state. This is because a redox reaction is conducted either using the material as a
cathode, in which case the substrate will be oxidized and the metal center reduced and re-
oxidized by the electric current generated by the reaction, or as an anode, on which the reaction
will be the reverse, with the reduction of the substrate. After this proof of concept, more
interesting redox reactions were carried out with semiconducting MOFs. For example, the
aforementioned use of [Niz(HITP),] for oxygen reduction, or the work of Clough et al. [438],
in which a cobalt 2,3,6,7,10,11-hexaiminotriphenylene 2D MOF was assessed as a suitable
electrocatalyst for hydrogen production from water. Recently, Hod and co-workers [439]
focused on how to improve the catalytic efficiency of these materials.

Concerning the use of semiconducting MOFs in batteries, there are numerous studies on their
application as electrodes and host materials [417,440]. The use of MOFs in the engineering of
lithium-sulfur (Li-S) batteries is generating a field of great interest, as this typology of batteries
is considered one of the strongest candidate to replace the lithium batteries currently in use
[441]. Li-S batteries have up to five times higher theoretical capacity (how much power they
can release in a set time) and energy density (how much energy they can store) if compared
with common lithium-ion batteries (Fig. 28). Moreover, the elements that constitute them are
less toxic and comparatively cheaper. Despite their theoretical capacity, Li-S batteries have
two main problems that prevent their mass production and commercialization. The first is that
the anode expands and contracts by 80% of its volume during each cycle, as the elemental
sulfur accepts lithium ions and becomes lithium sulfide. This compromises the contact with the
conductive frame of the battery and can lead to a complete failure of the device. The second
issue regards the dissolution in the electrolyte and subsequent diffusion and deposition of
lithium polysulfides (LiPSs), which disrupt the device functioning and drastically lowers their
efficiency and cycling life by poisoning the lithium anode and disrupting the efficiency of the

electrolyte.
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Figure 28. Schematic illustration of the charge/discharge cycle and redox reaction of a lithium-
sulfur battery.

In order to address the first problem, Xie and co-workers [442] synthesized a semiconducting
cadmium MOF able to provide a scaffold for the sulfur cathode. The porous framework can
contain up to 72% in the weight of sulfur, and the linker extended aromatic functional groups
allow electric conduction between the sulfur and the MOF. In addition, the MOF proved to
efficiently prevent polysulfide species from leaking in solution, thus obtaining a high discharge
capacity with good cycle stability. Following this line, Baumann et al. [443] utilized a Cu-
MOF to encapsulate sulfur and polysulfides chains in a composite electrode material. In this
study, they investigated the role of the metal center in the uptake and retention of polysulfide
and found that a critical role, due to their Lewis acidity, is played by the partially exposed
copper centers on the surface of the nanoparticles that constituted the host material. This
suggests that MOFs with a high defectivity, coordination vacancies, or linkers functionalized
with Lewis acidic groups could better perform in this role. Moreover, the use of highly
conducting MOFs should improve the electron exchange rate with the sulfur hosted in their
pores, thus improving the capacity of these devices. In order to address the second problem of
Li-S batteries, Zhao and co-workers [444] used DFT calculations to investigate the role of a
copper-benzenehexathiol (Cu-bht) MOF as an electrode coating. The DFT study showed how
Cu-bht can guide the deposition of Li,S on the cathode, interacting with the LiPSs in solution,
thus improving both the efficiency and the cycling life of the batteries.
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Regarding the possibility of applying conducting MOFs in sensor design, Campbell et al. [404]
demonstrated that this class of materials can be employed in chemiresistive sensor devices. The
device setup is quite simple and involves a pellet of the sensing material being placed in contact
with two electrodes, while a steady potential is applied. A baseline is then achieved fluxing a
carrier gas without the analyte. The device is now ready to detect the analyte, a redox-active
molecule which, depending on the material, lowers or enhances its conductivity. In this work,
they demonstrated that a copper o-phenylenediamine based MOF could be used as a
chemiresistive sensor in the detection of ammonia up to 0.5 ppm in the air with a non-negligible

relative humidity content (up to 60% for concentrations greater than 5 ppm).
5.2. Excitonic MOFs

An exciton is an electrically neutral quasiparticle, existing in insulators and semiconductors,
and corresponds to the bond between an electron and a hole, which are attracted through
electrostatics. This implies that the quantum states of the electron and hole are correlated and
must lie within the band-gap of the material, although the electronic level through which the
charge carriers move can be either discrete or delocalized. The difference between the band
gap and the binding energy of the exciton is the minimum energy that a photon needs to
generate the electron—hole pair. If a potential greater than the attraction between electron and
hole is applied to the material, the exciton is split in its component and a current is established
[445-449].

For optoelectronic applications, such as excitonic lasers, molecular crystals, or low-
dimensional structures are employed as exciton-generating materials [450]. Here, MOFs play
a unique role as a tailored framework generate more excitons than a molecular crystal, and the
excitons can be transported more efficiently [451-453]. Recently, collective research has
shown that the most efficient MOFs in this area are those containing chromophores as linkers,
with an inter-linker separation of 1-2 nm. Chromophores act as antennae to absorb photons
and transfer this energy to the metal center or to nearby linkers, where the couple electron hole
is created. At the same time, the extended conjugated m-system characteristic of most
chromophores permits the stabilization, and the consequent migration, of the excitons for tens
or hundreds of nanometers.

Belov and co-workers [454] employed a 2D MOF to propose a new method for simultaneous
all-optical data processing and storage. The 2D MOF was [{Zn,(tbapy)(H,0),}-3.5DEF],
(tbapy = 1,3,6,8-tetrakis(p-benzoate)pyrene; DEF = diethylformamide) and composed of

stacked tbapy and zinc planes, supported through van der Waals interactions. This supported
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the formation of intra- and interlayer excitons, with different energies of 2.95 and 3.2 eV,
respectively, both of which may be independently manipulated with light input at room
temperature and have a high formation efficiency. Of particular interest is the possibility of
reversibly creating disorder in the crystal lattice with UV photons, achieving non-linear
changes of the MOFs optical properties, effectively preventing the formation of the intralayer
excitons. As these reversible changes lasted for days or occurred at an ultrafast pace, this work
may act as a platform to new MOF applications in advanced photonics.

The need for light in several MOFs to achieve electrical semiconduction may also impart
unusual properties to the material, as demonstrated by Castaldelli ez al. [455]. Characterizing
a cobalt naphthalene diimide based MOF (MOF-CoNDI-py-2; NDI-py = N,N'-bis(4-pyridyl)-
1,4,5,8-naphthalene diimide), they observed an anisotropy in its electrical semiconduction.
This meant that different wavelengths produce either an increase or a decrease in the electronic
conduction of the material. Although this phenomenon was known before, this material shows
one of the highest responsivities ever reported, and this peculiar characteristic may lead to the
implementation of MOFs in new classes of sensors and electronic components.

More recently, Hod and co-workers [456] designed a MOF based electrode utilizing a thin film
of the zirconium-porphyrin based MOF-525 supported on an electrically conductive glass (Fig.
29).
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Figure 29. Structure of MOF-525 and the photoelectrode (A). Schematic representation of the
photoelectrode working as an anode (B) and as a cathode (C) (Reprinted with the permission
[456]. Copyright 2019, Royal Society of Chemistry).
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They demonstrated that this electrode could perform both as a photoanode and a photocathode
in a photo-electrochemical cell, simply by changing the electrolyte redox nature. This is due to
the charge hopping mechanism of the photo-induced current. As there is no charge
delocalization within the MOF, the charge-transfer rate of the MOF—electrolyte interface
determines the direction in which the current is flowing. Furthermore, this work presents H,
photocathodic evolution as a proof of concept.

To improve the performance of this new class of electrodes it will be crucial to enhance the
charge transport capacity of the MOF. On this subject, Hupp and co-workers [457]
demonstrated that shorter distances between chromophoric layers are essential. As isotropic
conduction is not required in a thin-film electrode, as long its preferential direction remains
perpendicular to the conductive support, transport distances and conduction efficiency will be
improved by shortening of the pillars between the chromophores that support the charge
hopping. By using different pillars in the synthesis of zinc-porphyrin thin-films, bipyridine for
a layer thickness of 14.7 A and DABCO (1,4-diazabicyclo[2.2.2]octane) for 9.9 A, the transport
distances of excitons located on the porphyrin layers roughly tripled for the DABCO thin-film.

5.3. Metallic MOFs

Metallic conductors differ from semiconductors in a key aspect: the band-gap in a metallic
conductor is zero. Metallic behavior in MOFs is predominantly due to a strong overlap of the
metal center orbitals with those of the linkers [31,419,458-460]. This overlap, combined with
a suitable topology, ensures an orbital delocalization over the entire plane of the structure, thus
making metallic MOFs metal-organic graphene analogs. This conjugation leads to a
continuous distribution of electronic levels. In this way, the material assumes metallic behavior
as a null-gap semiconductor. Interestingly, at present only 2D MOFs are known that show
metal-like conductivity. The possibility of an anisotropic behavior has been observed in which
the MOF crystal behaves as a metal-like conductor in a direction parallel to the electron
delocalization, and as a semiconductor in the perpendicular direction. In an attempt to
investigate this, Li et al. [461] used a combination of machine learning and ab initio simulations
to predict MOF structures with metal-like conductivity. Although these materials report the
highest conductivity among MOFs, to the best of our knowledge there is only one MOF that
presents a conductivity higher than 1000 S/cm, Cus(bht) as a thin film [462]. Usually, bulk
materials, especially if pressed in pellets for the conductivity measurement, present worse
conductivity than thin films. This has three main reasons: the concentration of defects in the

material rises in bulk materials, the grain borders between each particle do not allow for
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electronic delocalization, and the particles are randomly oriented with respect to one another.
As these systems are intrinsically anisotropic, most of the particles will be in a non-optimal
orientation. The first example of a MOF with metallic behavior was observed in nickel
bis(dithiolene) nanosheets by Nishihara and co-workers [463]. A good example of the
important intersection between semiconducting and metallic MOFs is [Ni;(HITP);], as a study
by Kawai and co-workers [464] on the thermoelectric properties of this material confirmed its
intrinsic bulk metallic conduction at low temperatures, previously suggested in a DFT study
[465]. The discrepancy between its observed and theoretical behavior depends on the poor
crystallinity and high defect density of the material, as ordered staking between the 2D layers
is fundamental for the metallic conduction of this material [466]. Unfortunately, the synthesis
of new materials is often disregarded as secondary to their characterization and application.
Obtaining a homogenous crystalline material is a fundamental step in the development of
MOFs as functional materials, as not only is it crucial to understand their true characteristics,
but also is vital to the industrialization process that leads to new devices. The defectivity of the
material, although sometimes beneficial to the desired properties, is a variable that complicates
the understanding of how the material achieves its characteristic properties and it should be
considered during the research development. Furthermore, the computational study of Zhao
and co-workers [444], focused on the improvement of Li-S batteries, demonstrated that the
Cu(bht) shows metallic conduction. Also the electrocatalytic MOF used by Marinescu et al.
[438] was later characterized at low temperature and also showed metallic conduction. These
examples strongly suggest that the two fields are not only related but will both benefit from a
more robust general understanding of the chemical and physical aspects that lead to these

desired properties.
5.4. Ionic conduction

Ionic conductivity is the ion transport in matter following the application of electrical potential
[467]. This property is fundamental in a wide range of applications, such as solid-state batteries,
fuel cells, and analytic applications employing it both as sensors and for ion-exchange.
Regarding this area, MOFs have been increasingly marked to show excellent potential, mainly
due to their large surface area and tunability [468—470]. Here, MOFs allow the formation of
membranes capable of fast ion-exchange and, through rational design, we can tailor the
diameters of the pores to increase size-based selectivity. In this regard, it has been shown that
the presence of smaller passages between pore cavities can significantly improve selectivity,

as passing from one cavity to the next requires the ion to undergo dehydration and
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subsequently, a full dehydration-hydration cycle takes places in the passage. Furthermore, a
charge-based selectivity is possible in MOFs with a non-neutral framework through employing
charged functional groups on the linkers which will transfer favorable ions with an opposite
electrical charge.

Among ionic conducting MOFs, proton-conducting MOFs stand apart for the nature of the ion
transported. This permits different strategies for transport to be employed and shows promising
features for their application for fuel cells. We can classify these MOFs into four classes (Fig.
30) [471]:

- Group 1, includes the simplest MOF structures. Proton conductivity is sustained by carriers,
such as ammonium, that are present in pores as counter-ions.

- Group 2, the linkers are functionalized with acidic groups that dissociate and increase proton
concentration and mobility within the pores.

- Group 3, where globally electrically neutral carriers are present within the pores. These
carriers are introduced in the pores after synthesis.

- Group 4, significant post-synthetic modifications are performed, e.g. metal center or linker

substitutions, phase transitions, or the introduction of ordered structural defects.

Type 4
e.g. metal or
ligand substitution
Ordered defects
phase transition

e.g. ionic liquids
heterocyclic molecules

non-volafile acids
organic acids

Figure 30. Schematic representation of the four main classes of proton-conducting MOFs.

Regarding applications, the main difference between these materials lies in the presence or
absence of water in their pores and their contribution to proton conductivity. Proton conducting
MOFs that work in humid conditions rely on a certain quantity of water in the pores to establish
hydrogen bond chains which strongly facilitates proton conduction [471]. These materials must

be unaffected by the presence of moisture even at high temperature, and display a typical
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working temperature from 20 to 100 °C. A remarkable exception to these constraints is
demonstrated by Fedin and co-workers [472] where two MIL-101 based systems were
synthesized by simply saturating the pores of the MOF with either sulfuric and orthophosphoric
acid. These systems showed excellent proton conductivity at high temperatures (1-1072 S/cm
at 150 °C with a relative humidity of 0.13 %), comparable to commercial Nafion, a sulfonated
tetrafluoroethylene based fluoropolymer-copolymer widely used as proton conductor and often
referred to as a benchmark.

To approach higher or lower temperatures, we need to resort to anhydrous proton conducting
MOFs. These materials have a wider range of temperature in which their conduction property
is maintained, ranging from —40 to 200 °C, due to the presence of non-volatile acids and/or
organic molecules in their pores. The shortcoming of these MOFs is their proton conductivity,
as is generally lower than that observed for water-containing MOFs.

To rationally design an ionic conductor, primary considerations are required pertaining to the
kind of ion, the MOF should be tailored for and in what conditions it should operate. For non-
protonic conductors one of the most important features is the pore diameter, as ions with a
larger solvation sphere need larger pores to pass through the material. It is also crucial to obtain
a material that will not be damaged by moisture. Regarding proton conducting materials, the
first step is to decide if the MOF will be exposed to humid environments or if the working
conditions will require its absence, in addition to the working temperature of the device.
Another important factor to consider is the presence of protonic carriers in the pores of the
material not bound to the framework, as if they leak out of the material, its proton conduction
will diminish [469].

Ionic conduction is a crucial property of electrolytes in batteries. Solid-State Lithium Batteries
(SSLiBs) have proven to be safer than regular lithium batteries with liquid electrolyte and are
thus good candidates for their replacement. The main problem of these devices is the poor Li*
transport at the contact interface between the solid-state electrolyte and the electrodes, resulting
in a poor active loading and cycle rate capability. Wang et al. [473] addressed this issue with
an interesting strategy by filling the pores of a UiO-67 MOF with an ionic liquid (IL) that
contains Li* ions. This material was used as a linker between the electrodes and a metal oxidic
solid-state electrolyte. As the MOF 1is an excellent Li* carrier, it reduced the interfacial
resistance between the two components, providing a good ionic transport between the cathode
and the solid electrolyte. To tether the MOF to the solid electrolyte it was sufficient to press
the porous material on the surface of a metal oxidic pellet, commonly utilized in battery

prototypes. The hybrid solid-state electrolyte composed of the MOF and metal oxide showed
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high ionic conductivity (1.0 - 107* S/cm), a chemical window of 5.2 V and achieved good
compatibility with the lithium anode due to the nano-wetted MOF. The working battery created
displayed reasonable recyclability and an improved rate capability. The same concept has been
developed by Kitagawa and co-workers [474] that demonstrated how the pore size of the MOF
and the loading of the ionic liquid influences the proton conductivity of the material. Using
PCN-777, with a cavity diameter of 3.5 nm, the surface area was measured with different
loading percentage of the IL (emi)[N(CN),] (1-ethyl-3-methylimidazolium dicyanamide,
proton conduction 0of 2.8:1072 S/cm). At low loading (between 12.5 and 37.5 % of pore volume)
they observed the formation of the first layer of ionic liquid strongly interacting with the MOF
scaffold and thus lower conductivity that the pure IL. Increasing the loading (from 50 to 75%)
follows the formation of the second layer of IL, that loosely interacts with the first. Reaching
a loading of 87.5% a bulk is established in the pores. This hybrid material, remarkably, reaches
its full conducting potential at 63.5 % of loading, as the void space in the pores allows a high
and fast ion diffusion. Moreover, higher temperatures increase the proton conductivity,
reaching its maximum at around 1072 S/cm at 126 °C.

Ion conducting MOFs have been employed in Li-S batteries. As we discussed in a precedent
subsection, one of the main problems of these devices is the migration in the electrolyte and
the subsequent precipitation of lithium polysulfides. To mitigate this problem Zhou and co-
workers [475] designed a MOF membrane to intercalate between the electrodes of the battery.
By choosing a MOF with pores of a suitable diameter, the membrane allows the migration of
the smaller lithium ions while blocking the PLiSs. The work of Li and co-workers [476]
expanded on this principle by comparing different MOFs and determining that other crucial
aspects besides the pore diameter must be considered for the optimal operation of the device.
In particular, the packing density of the material should be sufficient to prevent leakage of
PLiSs between the MOF particles, while remaining as thin as possible in order to maximize the
Li" migration. Also, there should not be side-reactions between the membrane and the
electrolyte during the charge and discharge processes, and the membrane should be tailored to
a specific voltage window in order to achieve a stable device that best performs at the desired
conditions.

Electrochromic devices employ an electrical potential to modify their optical properties. This
class of devices finds its applications as darkening mirrors or windows, smart glass, and
displays. It is for this last application that Li et al. [477] designed a Na* conducting MOF as an
ion-transport electrode. Here, the authors synthesized two nickel MOFs with linkers containing

1,4,5,8-naphthalene diimide functional groups acting as redox centers. As the voltage is applied

77



to the material, the organic ligands change their oxidation state and the sodium ions enter the
pores to balance the electric charge. These two materials demonstrated rapid multicolor

switching and high cycle stability, with high optical contrast.
5.5. Summary

Although much thorough research has been performed in the last few years to characterize, and
rationalize the conduction properties of MOF materials, reticular chemistry still has a lot to
offer to these systems. Even if electronic and ionic conducting MOFs are now a priori
rationally designed to enhance their properties and augment their stability to harsh working
environments, we still need to have better control over the material shape, size, and uniformity.
These features are fundamental to achieve industrially applicable materials with less waste,
better efficiency, and scalable, reliable manufacturing process. Regarding the fundamental
aspects of these hybrid materials, much has been investigated and rationalized in the last five
years, but numerous challenges still need to be addressed. In particular, there is little known
about electron conductive MOFs with mixed metal centers and/or mixed linkers. This field
could be promising, as correct doping of MOFs, done either directly in the synthesis or by post-
synthetic metal or ligand exchange, could lead to an increase in conductivity as demonstrated
by proton conduction. Furthermore, an increase in the number of MOFs with isotropic
conduction pathways is desirable. As the orientation of the MOFs would not impact their
properties, these materials should be easier to pack and manipulate, thus facilitating their
application in electronic devices. From an applicative point of view, this class of materials is
one of the most promising in the further development of lithium-sulfur batteries, a field in

which they can perform as electrode materials, separators, electrolytes, and electrocatalysts.
6. Artificial Photosynthesis

Tremendous climate changes have occurred over the last years due to the constant release of
carbon dioxide into our atmosphere as a consequence of the consumption of fossil fuels as the
main source of energy. To stop this trend, new approaches to generate “clean and renewable”
light and energy sources [478], including energy conversion and storage are key topics of
current research. Several options for a CO,-neutral production of fuels have been discussed
[479]. Artificial photosynthesis is one concept within integrated devices that combine energy
conversion after harvesting of sunlight and (consecutively) fuel production by energy during
chemical bond-formation. In nature, light harvesting and energy-transduction occur in

chloroplasts (Fig. 31 A) within highly structured lamellar membranes, called thylakoids [480].
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These exhibit two different morphologies: cylindrical stacked grana and interconnecting,
unstacked stroma lamellae [481] that accommodate all the molecular machinery required to
perform photosynthesis. Here, asymmetry in structure and protein distribution between both
thylakoid morphologies ensures the directionality of charge generation and transport [482].
Photosynthesis comprises three major steps and starts with the collection of photons in the
spectral range of 400—700 nm by outer antenna chromophores within the thylakoid membrane,
i.e. chlorophylls and carotenoids (Fig. 31 B). Next, the absorbed energy is relayed by directed
energy resonance transfer reactions between chromophores within the antenna complex and
delivered to the centered photosystem II (PSII). In the third step, charge separation occurs in
the reaction center of PSII via electron transfer. The overall process from photon collection to
the reaction center occurs with more than 95% efficiency [483].

Challenged by nature, great efforts are taken to mimic light harvesting and energy conversion
in artificial materials with efficient and directed energy transfer. Different multi-chromophore
systems [484—492] have been presented including DNA [493], polymers [489—491], poly-
saccharides [488], but also vesicles [492], dendrimers [494], and protein assemblies [495—498].
Absorbing chromophores are chosen from porphyrins [487] and carotenoids [499]. Enhanced
artificial systems make use of an aggregation-induced emission (AIE) [500] in chromophores,
such as cationic diclophane [501], tetraphenyl ethylene [502], or amphiphilic pillar[n]arenes
[490,503] and calix[n]arenes [504,505]. Here, AIE fluorophores act as donor systems for
directed Forster-based energy transfer to e.g. organic dyes [506,507]. Structured, porous
systems as new materials for artificial light harvesting activities are promising since they
facilitate an ordered arrangement of chromophores. This approach has been realized in
mesoporous silica [S08-510], zeolites [511], COFs [512-514], hybrid nanoparticles [515], but
also hybrid cationic perovskite solar cells involving photonic crystals [516] or MOF-derived

zinc oxide [517].
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Figure 31. Photosynthesis in nature and artificial MOFs. (A) Representation of a chloroplast.
(B) Three steps of light—energy—charge conversion in the light harvesting complex embedded
in the thylakoid membrane (grey): absorption, energy resonance transfer, and electron transfer.
(C) MOFs hold great promises for artificial photosynthesis systems due to their modular and
tunable framework.

The long-range order, high crystallinity, synthetic versatility, and nearly unlimited host—guest
chemistry of MOFs position them as a unique platform to design materials for light harvesting,
charge transport and next-generation energy storage technologies. The orientation of antenna
molecules within the framework and the distance between chromophores can easily be tuned,
e.g. by using linkers with different lengths in an isoreticular approach (Fig. 31 C; red OBUs).
The density of ‘light-absorbing’ units, i.e. the chromophoric linker or guest molecules but also
luminescent metals like lanthanoids, can be varied in heterogeneous MOFs by the addition of
non-luminescent species—as depicted for non-emitting antenna molecules (Fig. 31 C; grey
antennas). Similarly, we have the free choice to add different types of antenna molecules (Fig.
31 C; light green antennas) or to mix luminescent metals. The high flexibility in structure and
chemistry allows the incorporation of virtually any chromophore, sensitizer, or mix of both into

the framework adding orthogonal absorption and emission properties originating from each of
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the units to the designed framework. MOFs have therefore the substantial potential to foster all
three consecutive steps in photosynthesis, especially considering their application for light
harvesting and solar-cells is still at the early stage.

In the following sections, we will hence discuss the physics behind each phenomenon and
review how chemistry realizes them in artificial MOFs. Similar to light harvesting complexes
in nature, various chromophore classes like porphyrin-derivatives [518-520] and sensitizers
have been employed as a light-absorbing antenna in MOFs. We will start the chapter with a
short overview. More comprehensive reviews on incorporated light-absorbing units can be
found elsewhere [521-524]. Directed energy transfer from an emitting donor to a receiving
acceptor molecule benefits from the possibility of hierarchical synthesis as well as the precise
control over position and orientation. Due to the high structural variability of MOFs, several
energy processes between ligand—ligand, ligand—metal, metal-metal but also between guest
molecules and the framework itself can pass on the absorbed energy from the antenna molecule.
We will discuss the underlying mechanisms of the energy uptake and energy transport
processes and reveal how MOFs are designed for directed energy transport processes. The last
section is dedicated to charge-transport processes in MOFs and potential steps towards their

application in photo-voltaic cells.
6.1. Light harvesting

The first step in photosynthesis is light harvesting, i.e. the energy uptake within the material,
by absorption or inelastic scattering of the incident (solar) radiation. In recent years, various
photosensitive compounds have been introduced to the MOF field with three different
purposes. They contain moieties that act as: (i) chromophores responsible for luminescence
and (non-linear) photonics, (i) sensitizers, which further distribute energy to neighboring units
and (ii7) photo-switches, which are the source of photo-responsiveness leading for example to
changes in conductivity [525]. As photo-switchable compounds have been reviewed recently
[524], we mainly focus on photosensitive compounds with a static optical response in the
following section. These include luminescent metal clusters and organic molecules. The latter
can be incorporated either actively as the linker or passively as guest molecules within the

framework.
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Figure 32. Chromophoric linkers applied in MOFs. (A) Naphthalene, (B) anthracene, (C)
pyrene, (D) perylene, (E) porphyrin, and (F) naphthalenediimide (Reprinted with the
permission [524]. Copyright 2019, John Wiley & Sons).

To act as chromophore or sensitizer, photosensitive compounds usually respond to light in the
spectral range between 200-1000 nm, leading to a transient excitation into an electronically
excited state of the compound within femtoseconds. In luminescent metals (i.e. lanthanoids)
41-4f electron transitions are involved during absorption and de-excitation [526]. Absorption
in organic fluorophores, usually within a large m-conjugated system (Fig. 32) involves
transitions between the electronic singlet ground and excited state. De-excitation from the
excited state occurs radiatively or non-radiatively: the molecule de-excites energetically either
back directly to the electronic ground state on the pico- to the nanosecond time scale, or it
decays via other excited electronic states within the same molecule. Alternative pathways
comprise the energy transfer to neighboring units within the MOF when returning to the
electronic ground state (see section 6.2.). In luminescent MOFs, organic chromophores show
emissive relaxation from the excited singlet or triplet state to the ground state, which results in
either fluorescence or phosphorescence depending on the nature of the excited state. The nature
of de-excitation, however, strongly depends on the chemical surrounding of the photoactive
compound within the MOF. Internal coupling to neighboring acceptor units can strongly affect
their photoluminescence. To design MOFs for optical sensing, energy storage or other
optoelectronic applications, it is crucial to understand the underlying photophysical and
chemical processes of the absorbing moieties within the framework. Using MOFs as a platform

for systematic studies of photosensitive units, different aspects and mechanisms of
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chromophoric MOFs have been elucidated. Their findings and applications have been
evaluated previously in excellent reviews on Iluminescence [391,527-530], sensing
[348,391,527,529,531], artificial photosynthesis [521-524], photocatalysis [523],
optoelectronics [348,350], photonics [529,532-534], and lasing [529,535]. Among
luminescent materials, organic dyes are the most common fluorophores. These comprise
resonant and charge-transfer compounds [528]. In the first case, emission originates from the
excited state of a m-conjugated system, which is the basis of the most common dye families
including boron-dipyrromethenes (Bodipy), fluorescein/rhodamines, porphyrins and cyanines
[536]. Porphyrin linkers have been used as primary building blocks in MOFs for light
harvesting purposes [518,537-539]. Charge-transfer dyes, on the other hand, rely on an
intermolecular charge-transfer transition as it is the case for dansyl and coumarin derivatives.
Its application was shown in optoelectronic and photoactive MOFs [540,541]. Organic dyes
offer high brightness, quantum yield, and large molar absorptivity in the ultraviolet (UV) and
visible (Vis) spectral range, however, they often suffer from low photostability [542].
Moreover, most organic chromophores do not absorb in the near-infrared (NIR) and hence miss
major parts of the solar emission spectrum as a light harvesting agent. In contrast, transition
metals exhibit primarily a stable emission (although at low absorptivity), long lifetimes, and
high quantum yields. They are found in df, d?, and d'° complexes and frequently used as
photosensitizers e.g. in Ru'' polypyridine [Ru(bpy);]** complexes (with bpy being, for
example, 2,2’-bipyridine) to dope MOFs in the visible range [543,544]. The observed
phosphorescence is due to the metal-to-ligand charge transfer (MLCT), which leads to
oxidation of Ru' to Ru and reduction of the polypyridine ligand [545]. Due to their high
redox-activity, Ru'l often shows additional photo-induced electron transfer in MOFs, as
between [Ru(bpy);]*" (Rubpy) and co-carboxylate clusters [546]. Bpy-based complexes in
combination with Os!" or Re! are equally attractive due to the long-lived and intense
luminescence and redox activity. Current research focuses primarily on Ru, Os, or Re
chromophores MOFs with Zn or Zr-based nodes [547]. The solar light reaching the earth’s
surface comprises radiation between the ultraviolet, visible and infrared range. Its total energy
is spectrally distributed with about 3-5% in the UV (below 400 nm), 42-43% in the visible light
(400-700 nm) and 52-55% infrared (above 700 nm) [548,549]. Most catalysts, semiconductors,
and porous materials, like MOFs, primarily absorb light in the UV/Vis range. Over the last
years, different approaches have been introduced beyond organic dyes and transition metals to
extend the absorbing properties in MOFs by semiconducting quantum dots (QDs), core-shell

nanoparticles, and lanthanoids [550-552]. Semiconducting quantum dots are employed as
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sensitizers in MOFs. These particles with sizes ranging from 2 to 10 nm employ atoms of the
group Il and VI, e.g. CdSe, CdTe or group Il and V, like InAs and InGaP. When being excited
by light, the emission wavelength of the quantum dot is size-dependent. This effect allows for
tuning the color by size control and for addressing the full spectral range from the UV/Vis to
the NIR. Aside from excellent tunability, they exhibit a broad absorption and stability during
illumination. For excellent light absorption, the emission band of the QD needs to be chosen
such that it has the largest overlap with the energy absorption of the MOF material, which can
simply be adjusted by the size of the particle. Due to the facile surface functionalization, they
are often added to MOF surfaces by PSM. Recently, CdS nanoparticles were employed to
decorate Eu-MOFs for enhanced photo-electrochemical properties by CdS using a broader
spectral range for light harvesting [553]. In a similar approach, CdTe QD decorated Eu-MOF
composites served as photo-anode in a photovoltaic device [554]. The incorporation of QDs
into MOFs, however, is still challenging and a target of current research.

The last group of photoactive species exhibiting extended absorption in the NIR are
lanthanoids. Most lanthanoid ions are luminescent and their emission wavelength ranges from
UV (Gd™) through visible (blue Tm!!, green Tb', orange Sm'", and red Eu'") to NIR (Pr'!l,
Nd™, Er'", and Yb'"), while Dy" shows luminescence both in the visible and NIR region.
Lanthanoids have the electronic configuration of [ Xe] f" (n = 0—14) and their emission primarily
originates from f—f transitions. Following Laporte’s rule [555], their spin-forbidden emission
is usually faint, but with sharp emission lines and long-lifetimes. Due to their low sensitivity
to environmental influences, lanthanoids are incorporated into MOFs with increasing
occurrence over the last years [556—560]. Since direct excitation of lanthanoid ions hardly leads
to photoluminescence, indirect excitation via a second sensitizer, also called the antenna effect,
is employed (Fig. 33). The excitation is mainly described by a ligand-to-metal energy transfer
or Forster-type energy transfer. Light is absorbed by the MOF organic linker, followed by

energy transfer between the linker and metal ion and by consecutive emission.
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Figure 33. Enhanced luminescence in lanthanoids due to
photoexcitation of the ligand, internal conversion, and intersystem crossing, energy transfer
between the linker and the lanthanoid ion lead to photoluminescence.

antenna sensitizer. After

6.1.1. Upconversion and multi-photon processes for extended absorption in the NIR

Upconversion (UC) relies on non-linear photophysical processes, in which the sequential

absorption of multiple photons of low energetic radiation leads to the population of real,

intermediate excited electronic states followed by the emission of radiation shorter in

wavelength. In combination with MOF/composites structures, it has been strongly promoted

and introduced to the field together with so-called upconversion nanoparticles (UCNPs). These

inorganic, crystalline nanomaterials convert NIR laser excitation or sunlight into shorter

emission in the UV/Vis range for various applications including biology [561-563], sensing

[564], theranostics [565], and (super-resolution) imaging [566].
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Figure 34. Upconversion in Yb*"/Tm3* doped sensitizer/activator ion system. Excitation light
(980 nm) is absorbed by Yb3" and its energy is transferred to Tm3" followed by ESA and PA
leading to emission in the UV/Vis range.
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The multi-photon-based UC process has been reported in inorganic crystalline hosts like
NaYF, that are doped with transition metal ions, i.e. lanthanoids, or actinoids. These feature
multiple excited states within their 4" electron shells, which allow for energy coupling and
transport phenomena. Trivalent lanthanoid ions, including Pr3*, Nd3*, Er**, and Tm3* are well
suited [567]. On the one hand, their ground-states possess metastable levels that can easily be
excited in the NIR range. On the other hand, they offer long-lived high excited states [568]
accessible to successive excitations that decay under emission in the blue/green and UV range.
Co-doping with ytterbium ions is usually applied due to the strong absorption of Yb3" in the IR
(~ 980 nm) and highly efficient energy transfer from Yb3" to other lanthanoid ions (Fig. 34).
The underlying mechanism of UC depends mainly on excited-state absorption (ESA), energy
transfer upconversion (ETU), and occasionally photon avalanche upconversion (PA)
[567,569]. Excited-state absorption (Fig. 35 A) refers to successive multi-photon absorption
from higher singlet states [570]. For mixed doping systems based on ytterbium and other
trivalent ions, energy transfer upconversion plays an important role. Here, energy transfer
between the sensitizer and activator is followed by higher-order excitation. The most efficient
processes exciting the activator ion comprise (among others) ESA, higher-order energy transfer
reactions (see section 6.2), crossed relaxation upconversion (Fig. 35 B-D) and triplet—triplet

annihilation [567,571].
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Figure 35. UC within the Yb*"/Tm3" doped sensitizer/activator ion system. (A) Excited State
absorption. (B-D) Energy transfer upconversion processes: excitation light (980 nm) is
absorbed by Yb*" and its energy is transferred to a secondary ion like Tm3"* followed by ESA
and ETU leading to emission in the UV/Vis range (Reprinted with the permission [567].
Copyright 1999, IOP Science).

Consequently, Yb3" and Nd** are used as sensitizers and Er’*, Tm** and Ho*" as efficient
activators in co-doped materials [572]. UC is not only used in inorganic materials like NaYF,-
based derivatives or mesoporous silica [573]. It has further been realized in various materials

including COFs [574,575], MOFs [539,576,577], and MOF composites [578,579].
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In a recent example [576], a series of lanthanoid-based MOFs with tunable UC luminescence
emission was prepared. Using Y-MOF (([Y(bptc)(bdc)g25(H,0)(CH3;0H)]-(H;0)g5)n; with
bptc: biphenyl-2,5,2",5'-tetracarboxylate and bdc as starting materials, co-doping with
ytterbium and erbium was employed. After NIR excitation at 980 nm, three different emission
bands at 520, 545, and 658 nm were observed, which could be assigned to the luminescent
transition in Er3* from 2H; 5, S3/, and “Fg; to I;55. The UC efficiency due to excited state
absorption could strongly benefit from the presence of Yb** acting as a sensitizer.

The performance of UC-MOFs that show blue-shifted emission due to UC is frequently
extended using multi-photon absorption processes occurring within linker or guest molecules.
The first demonstration of multi-photon absorbing linker molecules was realized via two-
photon absorption. A zwitterionic pyridinium linker, 2,5-bis(3,5-dicarboxyphenyl)-1-methyl-
pyridinium hydroxide [580] could be successfully incorporated into ZJU-56 MOFs [581],
following the multivariate strategy [582]. At the same time, Quah et al. [577] reported on multi-
photon absorption-excited luminescence from MOFs. They successfully synthesized the
chromophoric  linker an2py (trans,trans-9,10,-bis(4-pyridyl-ethenyl)anthracene) and
incorporated it into the 3D-MOF [Zn,(sdc),(an2py)] with sdc representing trans,-trans-4,40-
stilbenedicarboxylate. The non-linear two-, three-, four-photon absorption properties were
experimentally confirmed and characterized via power-dependent measurements of the strong
emission around 550 nm after excitation at 800, 1200, and 1500 nm. In the same research
dissemination, the second strategy was shown for NIR-absorbing guest molecules infiltrating
the framework. The performance of the above-mentioned an2py-derived MOFs [577] could be
further enhanced and extended by introducing guest molecules into the voids. Here, an2py
served as a sensitizer in combination with the guest molecules, anthracene and perylene, that
interacted via m—m stacking with the framework.

An inverted strategy based on host—guest interaction was presented by Gharaati et al. [583]
who used triplet-triplet annihilation based UC between the linker, a palladium porphyrin
sensitizer Pd(tcpp) and the guest, i.e. the annihilator 9,10-diphenylanthracene (DPA) (Fig. 36
A). After excitation of the Pd(tcpp) the excited molecule relaxed to the electronic ground state
by transferring its energy to a DPA molecule via a triplet—triplet energy transfer. Consecutively,
the excited DPA molecule interacted with a second DPA molecule. This led to the deactivation
of the first molecule and electronic excitation of the second one. Deactivation occurred by

radiative decay to the ground state.
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Figure 36. UC based on TTA occurring in CA/DPA@PCN-222(Pd). (A) Jablonski diagram of
triplet—triplet annihilation between Pd(tcpp) and DPA. (B) Structure and function of
constituents within the framework. Pd(tcpp) as linker and sensitizer; DPA as annihilator. CA
acts as coordinated 'solvent’ (licensed under CC-BY [583]).

More frequently, upconversion-based MOF composite materials are reported. These are
constructed from different types of nanomaterials in an organized structure and often exhibit
complementary properties, but also completely new features. Taking advantage of the tunable
structure and defined pore sizes, MOFs can act as protagonist and antagonist by serving on the
one hand as a passively linking framework and an active medium on the other hand.
Upconversion-based MOF-composite materials are excellent examples for synergistic
materials with applications ranging from catalysis [549,584,585], imaging [578,579], and
sensing [579], to drug delivery [539,578,585,586], and theranostics [539,578,585,586]. UCNP-
MOF composites can be formed via self-assembly while mixing UCNP and MOF building
blocks during MOF synthesis. Yuan et al. [578] realized UCNP-MOF composites using an in
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situ self-assembly route driven by electrostatic interactions. This research showed that their
formation occurs in three major steps (Fig. 37): (i) MOF nucleation, (if) UCNP attachment, and
(iii) nanocomposite formation. All composite nanoparticles exhibited characteristic Er3*
emission at 520, 545 and 658 nm identical to the pure NaYF,:Yb/Er UCNPs. The proposed
synthetic strategy offers great possibilities for the design of nanocomposites with rationally
tuned structure, shape, and multifunctionality, e.g. broad-band absorption based on core-shell-

shell and hetero MOF layers or UCNPs.
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Figure 37. Self-assembly based fabrication of MOF@UCNP nanocomposites. (A) Precursors
of MOF and ligand-free UCNPs are mixed during the MOF synthesis. (B) Zeta potential of
different MOF species. (C) Minimal interparticle distance amounts twice the electrical double
layer of the UCNP. (D-G) SEM images of MOF@ NaYF4:Yb/Er composites made of (D) UiO-
66, (E) MOF-801, (F-G) PCN-223 (Reprinted with the permission [583]. Copyright 2019,
American Chemical Society).

Another strategy refers to the synthesis of core-shell UCNP-MOF composites where UCNPs
serve as a seed during MOF crystallization. Following this strategy, chiral core-shell hybrid
nanostructures [579] could be prepared from NaYF,;:Yb*"/Er** nanoparticles formed in oleic
acid (OA) (Fig. 38 A). After purification and addition of polyvinylpyrrolidone (PVP), a ZIF-8
[Zn(me-im),] (me-im: 2-methylimidazole) layer was coated onto the UCNP nanodiscs to form
hydrophilic UCNP@ ZIF core-shell nanostructures. In the last step, NiCl, as a Ni>* source and
chiral L-/D-penicillamine ligands as a sulfide source were employed to form NiSx-L/D NPs
that were grown into the ZIF shell, consecutively. These UCNP@ZIF-NiSx-L/D NPs

composites feature a strong absorption at 415 and 535 nm upon 980 nm excitation due to the
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chirality of NiSx-L/D nanoparticles [587] while luminescence at 540 nm based on transitions
in Er’* is strongly quenched by the NiSx-L NPs. In the presence of H,O,, the nickel-based
nanoparticles within the ZIF shell become degraded as seen by circular dichroism experiments
(Fig. 38 B). Concomitantly, the quenched luminescence due to UC at 980 nm is restored with

an increasing amount of H,O, (Fig. 38 C).
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Figure 38. Core-shell synthesis of UCNP@ZIF-NiSx nanocomposites for ROS sensing. (A)
Precursors of MOF and ligand-free UCNPs are mixed during MOF synthesis. (B) Circular
dichroism and (C) upconversion luminescence spectra of UCNP@ZIF-NiSx in the presence of
different concentrations of H,O, in vitro (Reprinted with the permission [579]. Copyright 2019,
American Chemical Society).

The identical approach [584] was used to grow MOFs on UC nanocrystals UCNPs for NIR-
enhanced photocatalysis. UCNP were prepared from NaYF4:Yb3*/Tm3" nanoparticles that
emit in the UV/Vis at 350, 360, 450 and 475 nm after 980 nm excitation, due to transitions
from 116 and 1D2 to 3F4, and 1D2 and 1G4 to 3H6 in Tm?* ions. In the next step, MIL-53(Fe)
built from FeO4(OH), octahedra and bis-bidentate bdc-terephthalate linkers were grown on
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PVP-coated UCNP. The main absorption of MIL-53(Fe) is in the range of 200-470 nm due to
the transitions in the Fe(Ill)-O clusters with a sharp peak at 450 nm. The designed
UCNP@MIL-53(Fe) composites show a complementary absorption behavior in the UV, Vis
and NIR at 980 nm, however the UV and blue emission are significantly quenched. Instead of
light emission from the UCNP, the excited state energy is transferred from the UCNP to the
MIL-53(Fe) shell via a Forster-type energy transfer.

Aside from core-shell structures between MOF and UCNP, two further strategies have been
presented: polymer assisted core-satellite structures [586] and Janus particles formed from
MOF and UNCPs [539,585]. He et al. [586] introduced DNA-assembled core-satellite
structures for photodynamic therapy. The core of these structures consisted of spherical,
porphyrinic PCN-224 MOF particles, made of tcpp ligands and zirconium. NaFY 4 Yb/Er
UCNP were used to efficiently collect NIR radiation, transfer their energy to the centered MOF
particle, and boost the efficiency of PCN-224. Core-satellite structures could be realized with
DNA-coated UC nanoparticles that were clustered around the central MOF with the aim of two
complementary DNA strands attached to the UCNP and MOF particles, respectively. The
resulting structure facilitated 50 % increase in singlet oxygen generation under 980 nm laser
radiation.

Structures with NIR-harvesting capabilities and directional energy transport afterward were
realized in heterodimeric Janus particles based on porphyrinic MOF nanoparticles and UNCPs
[585]. In the first step, multi-core-shell UCNP particles were synthesized from
NaGdF,:Yb,Er@NaYF4,@NaYF4 Yb,Tm@NaYbF4;:Nd@NaYF, (Fig. 39). In this composite
structure, the NaGdF4:Yb,Er core absorbs at 980 nm (Fig. 39 A, green center). Separated by a
NaYF, layer (grey), a two-layer NaYF,:Yb-system (blue/orange) co-doped with Tm?* and Nd3*
was added for orthogonal upconversion luminescence (UCL). Doping with Nd*" allowed for
additional absorption at 808 nm. Ytterbium mediated directed energy transfer and UCL in Tm3*
ions (Fig. 39 B). The last NaYF, layer prevented environmental quenching and hence ensured
high UC efficiency. The four-shelled UCNPs were coated with PVP for subsequent MOF
growth on their surface (Fig. 39 C-D) and exhibit orthogonal UCL under NIR light excitation
at 808 and 980 nm, respectively.
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Figure 39. Multi-shell UCNP/PCN-224 MOF Janus particle for NIR-enhanced light
harvesting. (A) Scheme of synthesized Janus particles formed of MOF and multishell UCNP.
(B) Energy transfer mechanism for orthogonal multicolor UCL. (C-D) TEM (inset: HRTEM)
and (D) HAADF-STEM of the four-shelled UCNPs. (E) TEM (inset: HAADF-STEM) image
of UCMOFs. (F-G) UCL spectra PVP-coated UCNPs and UC-MOFs upon excitation with (F)
808 nm and (G) 980 nm NIR laser (Reprinted with the permission [585]. Copyright 2017,
American Chemical Society).

Upon 808 nm excitation, characteristic Tm?3* transitions in the ultraviolet and visible blue
dominated (Fig. 39 C-F). Upon 980 nm excitation, only Er’* transitions in the visible green and
red were observed (Fig. 39 C-G). The UCL profile of the Janus particles, however, showed that
the Tm?" related emission is strongly quenched. A highly efficient resonance-based energy
transfer occurred between the UCL and the porphyrin-based MOF. It benefits from short
distances between the outer layer of the UCNP and the MOF of 3—7 nm. The efficient energy
transfer with the Janus particle facilitated their use for photodynamic therapy based on singlet-
oxygen generation in combination with encapsulated doxorubicin in the MOF.

In a recent work by the Jiang lab [549], rationally designed MOF composites made of various
materials for efficient light harvesting over the full solar spectrum and photo-catalysis of water

were presented (Fig. 40 A, B). The designed UCNPs-Pt@MOF/Au composites employed four
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different components: (i) core-shell structured UCNPs based on mixed doping of NaYF, with
nanoparticles containing Yb**, Tm3" and Er3* to absorb NIR radiation (Fig. 40 C); (if) platinum
as an electron acceptor that improves charge separation and facilitates photo-catalysis; (iii)
UiO-66-NH; (ZrsO4(OH)4(bdc-NH,)6, bdc-NH, = 2-amino-1,4-benzenedicarboxylate), as a
scaffold absorbing at 300-450 nm and (iv) plasmonic AuNPs as electron donors that absorb at
500-600 nm. The spatial separation between the platinum and gold NPs by the MOF scaffold
ensured enhanced e—h separation within the composite. Concomitantly, UCNPs-Pt@MOF/Au
showed a high H; production rate of up to 280 umol/g over the full spectral range (Fig. 40 D).
Hot electrons from Au nanoparticles and photoexcited electrons in UiO-66-NH, rapidly
migrated to the Pt site for H, catalysis. Excitation of both systems is further supported by
unconverted emission by the UCNPs.
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Figure 40. Plasmon and UC enhanced light harvesting in MOF composites. Schematics of (A)
the fabrication process for the UCNPs-Pt@MOF/Au composites and (B) the light absorption
and involved mechanism of photocatalytic H, production. (C) Absorption spectra. (D) H,
production rate by UCNPs-Pt@MOF and UCNPs-Pt@MOF/Au under excitation in the UV
(200-400 nm), Vis (420-800 nm), NIR (980 nm) and solar light (Reprinted with the permission
[549]. Copyright 2018, John Wiley & Sons).

6.2. Directed energy transfer reactions

Energy transfer (ET) is a key process for applications like photodynamic therapy,
photocatalysis, or the implementation of solar cells. Due to the versatile structure of MOFs,

donor and acceptor species can be precisely positioned, distributed, and oriented within the
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framework facilitating directed ET. Different models have been introduced to describe ET
processes. In solid-state materials, ET processes are normally described as the diffusion of
localized (Frenkel) and delocalized (Wannier) excitons, as in semiconductors. MOFs are a
special case of solid-state materials since their chromophores show only weak coupling. ET
processes in MOFs are usually described by Forster and Dexter ET processes [588,589] (Fig.
41).
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Figure 41. Simplified Jablonski diagrams of Forster and Dexter energy transfer processes.
After direct excitation of the donor system from the singlet ground state S, to the corresponding
excited state S, the excited donor D* in absence of an acceptor A can only relax via internal
conversion, fluorescence, or intersystem crossing to the long-lived triplet state T, and
consecutive phosphorescence. In the presence of an acceptor, energy can also be transferred
via Forster resonance energy transfer after dipole-dipole interaction between both excited
singlet states or via Dexter energy transfer after exchange interaction between the excited triplet
states of the D*A system.

Three different protagonists in MOFs can act as donors responsible for energy uptake after
light exposure: the organic linker, the metal node, or guest molecules, that might be present.
The photoexcitation of usually the organic compound or the metal (complex) leads to a
molecular excitation from the electronic ground state S, to an excited single state S; (Fig. 41).
The excited donor relaxes rapidly back to the ground state either non-radiatively via internal
conversion or radiatively via fluorescence or phosphorescence after intersystem crossing (ISC)
to its triple-state T;. Another possibility is the de-excitation via electron and energy transport
processes to neighboring molecular units within the framework. Electron transport relies on
the high redox activity of the excited state molecule [590,591]. Here, the excited donor transfers

a single electron to a nearby acceptor resulting in a positively charged donor and negatively
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charged acceptor unit (Fig. 42 A). Energy transfer, on the other hand, describes the
photophysical process in which the electronically excited donor undergoes a transition to an
energetically lower-lying state by transferring its energy to a second molecular species, i.e. the

acceptor that is consecutively excited to an energetically higher state.

D*+A > D+A* (Eq. 13)

As stated above, two different mechanisms for non-radiative ET processes are frequently
proposed: Forster and Dexter ET transfer (Fig. 42 B, C). These processes reflect two

fundamental electron-electron interactions: coulombic and exchange interactions.
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Figure 42. Energy and charge transport processes. Schematics of (A) electron transfer
processes and (B) Forster and (C) Dexter energy transfer mechanism.

6.2.1. Forster resonance energy transfer

Forster resonance energy transfer (FRET) describes the distance-dependent transfer of energy
between two molecular entities via a dipole—dipole (coulombic) interaction [588]. This
antenna-receiver like mechanism is distance-dependent and sensitive between 3—10 nm [592].
After photoexcitation of the donor (Fig. 42 B, D*), the chromophore behaves like a dipole
emitter showing electronic oscillation in the excited state. These oscillations can couple to the
electronic ground state of the nearby receiver, i.e. the acceptor. For the ET to be efficient, the
energies of donor and acceptor transitions 'D* = 'D and 'A - 'A* must be nearly identical

(hence the term ‘resonance’). The donor de-excites to its electronic ground state non-radiatively
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by transferring its full energy to the acceptor, which leads to a subsequent excitation of the

acceptor (Fig. 42 B, A*). FRET depends inversely on the 6" power of the D-A distance r [593].

6
Ro
krreT (7) (Eq. 14)

The introduced Forster radius R is dye-pair specific and refers to the distance, at which the

energy transfer efficiency is 50%. It reflects the materials properties, relative spatial orientation
of both molecules as well as their spectral properties. It depends on the spectral overlap integral

J(A) between the normalized emission of the donor and the acceptor (Fig. 43).
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Figure 43. Spectral overlap between donor and acceptor. FRET results from dipole—dipole
transitions between singlet-states of the excited D* and the ground-state A; J(A) is defined
based on the normalized donor fluorescence and acceptor absorption from Sy 2 S;. Dexter ET
is usually based on electron exchange between triplet states of the excited D* and the ground-
state A; J(A) is defined via the normalized spectrum of donor phosphorescence and acceptor
absorption from Sy 2 T;-.

6.2.2. Dexter energy transfer

As discussed above, the excited donor D* can de-excite also via internal conversion and
intersystem crossing. The non-radiative decay by internal conversion is slow. Emission from
the triplet state is spin-forbidden and leads to lifetimes beyond 100 ns. Both processes are
sufficiently long enough to render an ET process possible to a close-by acceptor. FRET theory,
however, is not suited to describe the energy transport starting from an excited molecule in the
triplet state. Dexter ET describes the non-radiative transfer of energy between two molecular
units, a donor and acceptor, by a simultaneous intermolecular exchange of ground-state and

excited-state electrons (Fig. 42 C, D*). It is also referred to as ’sensitization‘ of the acceptor

96



with the triplet-excited donor being the ’sensitizer. For this to happen, the wave function of
both units must overlap. The exchange mechanism, therefore, requires quasi-direct contact
between the donor and acceptor and is sensitive to distances below 1 nm [594]. The rate of
energy transfer and hence the transfer efficiency drops exponentially with the D—A distance r

[589].

2r
kpexter < J(A) - exp( - T) (Eq. 15)

It scales linearly with the spectral overlap integral J(4), which connects the phosphorescence
of the donor and singlet-triplet absorption of the acceptor (Fig. 43) [595]. In the equation, L is

the sum of the van der Waals radii of both molecules.
6.2.3. ET processes in MOFs

MOFs can be considered as multi chromophore ensembles in which various kinds of ET
reactions are possible. These include dye-to-dye, dye-to-metal, metal-to-metal, and guest-to-
host ET reactions (Fig. 44). Although different ET reactions can occur simultaneously, MOFs
represent an excellent model system to investigate and design directed long-range energy

transfer reactions.
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Figure 44. Electronic energy transport processes. Main energy transfer reactions in MOFs
between the ligands, the metal clusters, ligand, and metal as well as between guest molecules
and the framework. For clarity, only the interaction between guest and linker molecular is
depicted.

Over the last years various strategies have been introduced to enhance the reach, directionality,
and efficiency of ET processes. (1) The efficiency in energy transfer grows with a prolonged
lifetime of the electronically excited states. Extended singlet state lifetimes can be obtained by
linker rigidification in cyanine dyes. The restricted cis-trans isomerization eliminates
additional pathways for non-radiative decay, which further enhances the quantum yield of the

donor molecule [596]. (2) Another important parameter is the spectral overlap between the
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excited state spectrum of the donor and the absorption spectrum of the acceptor. Inspired by
light harvesting complexes in nature, porphyrin sensitizers are often used for Forster-type ET.
Here, a promising approach for the design of enhanced porphyrin-derived linkers is the
asymmetric modification of the porphyrin ring to meso-link porphyrin that possess enhanced
Q band absorption (Sy = S;) and overlap integral [597]. (3) Directed energy transfer can be
achieved by asymmetric arrangement of chromophores within the framework, e.g. within
heterogeneous MOFs, like pillared Zn(II)-paddle-wheel-based Bodipy-porphyrin BOP-MOF
[537].

6.2.3.1. ET reactions between organic molecules

In MOFs, two types of ET reactions between organic molecules can occur: either between
ligands or between a guest molecule and a linker. In a pioneering work, Lee et al. [537]
presented the Zn(II)-paddle-wheel-based Bodipy-porphyrin BOP-MOF (Fig. 45 A), in which
FRET occurs between the two types of chromophores. In BOP-MOF, Zn-porphyrin
coordinates pairs of Zn(II) ions forming two-dimensional sheets that are pillared by Bodipy
struts (Fig. 45 B). With an inter-linker distance of ~15 A and a good spectral overlap between
the zinc porphyrin and the Bodipy, BOP-MOF shows emission only between 650—710 nm (Fig.
45 C) upon irradiation at 543 nm. No emission of the Bodipy linkers between 560—615 nm is
observed in contrast to the isostructural BOB-MOF formed of Bodipy linkers (Fig. 45 C). The
Bodipy-emission is fully quenched by the efficient linker-to-linker FRET process.
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Figure 45. Strut-to-strut FRET between Bodipy and porphyrin linker. (A) Synthesis of BOP
MOF. (B) Proposed ET mechanism. (C) Emission spectra after 520 nm excitation (Reprinted
with the permission [537]. Copyright 2011, American Chemical Society).

In a follow-up publication, the directional exciton transport within pillared MOF layers was
investigated using the controlled collapse of a 3D MOF structure to yield a 2D coordination
polymer [598]. First, a heterogeneous, 3D pillared paddlewheel porphyrin containing MOF
was formed on a glass substrate in a layer-by-layer fashion (Fig. 46). Layers of coordinated Zn
clusters and tetratopic tetrakis(4-carboxyphenyl)porphyrin (tcpp) linkers were separated by
bpy linker in a parallel fashion and showed interlayer distance of 14.7 A. The final outward-
facing layers consisted of non-luminescent Pd-porphyrin components (Pd-tcpp). In a
subsequent step, SALE was employed to displace bipyridine by pyridine. Using FRET between
the tcpp molecules as donors and Pd-tcpp as the acceptor at the final layer, the exciton
migration length measured to be 9 A in the 3D MOF and 11 A in the collapsed 2D MOF. The
over FRET efficiency between two tcpp in consecutive layers remained constant with an inter-

tcpp distance of 14.3 A.
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Figure 46. SALE-based collapse of pillared-3D MOFs for directional exciton transport. Free
base porphyrin P1 and linker L1 were used for MOF thin films—followed by an even number
of layers consisting of Pd-porphyrin P2 and Linker L1 (Reproduced with the permission [598].
Copyright 2016, American Chemical Society).
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MOF as crystalline materials can show different properties as either 2D or 3D structures. Cao
et al. [599] designed and synthesized 2D-MOF layers and 3D-MOFs from hafnium metal
centers and mixed ligands to study the linker-linker energy transfer mechanism in 2D and 3D
systems. Here, the donor ligand 4.,4',4"-(benzene-1,3,5-triyl-tris-(ethyne-2,1-diyl))-tribenzoate
(bte) and acceptor ligand 3,3',3"-nitro-4,4',4"-(benzene-1,3,5-triyl-tris-(ethyne-2,1-diyl-
))tribenzoate (bte-NO,) were connected via Hf-oxo clusters (Fig. 47 a). The formed 2D MOF
had the framework formula Hf},(u3-O)s(3-OH)s(p-OH)e(-OH)2(H,0),(12-HCO,)4(bte)4
with a 3,6-connected kgd topology and consisted of 1-2 layers (Fig. 47 b). The 3D MOF showed
no pillared layer structure, but an interconnected network with the framework formula Hfg(p;3-
0)4(n3-OH)4(H,0)4(bte), with 12-connected Hfy SBUs and 3-connected ligands to give 12,3-
connected nets of //j topology (Fig. 47 c). The arrangement of the bte ligands can be described
as two sets of honeycomb sheets perpendicular to each other and interconnected by sharing

metal cluster nodes (Fig. 47 d).

Figure 47. Exciton migration within MOFs in 2D and 3D. (A) Structure of the M12 SBU for
the 2D system. (B) Crystal structure of the 2D layer in top and side view. (C) Structure of the
Hfs SBU for the 3D MOF. (D) Crystal structure of the 3D MOF in top and side view (Reprinted
with the permission [599]. Copyright 2017, American Chemical Society).
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Owing to the inherent synthetic flexibility of MOFs, hybrid systems with core/shell-like
hierarchical structure were recently introduced [600]. Two hierarchically hybridized zirconium
MOFs were designed comprising two porphyrin ligands, tetrakis-(4-carboxyphenyl)-porphyrin
(t) and its isomeric, “N-confused” porphyrin (NCP; Fig. 48). NCP had the same tetrapyrrolic
backbone, but a modified pyrrole ring unit connected to the meso-carbon at the a and £’
position. Following a seed-guided solvothermal ligand exchange reaction, NCPyor@tcppmor
and teppmor@NCPyor hybrids were synthesized. They possess a class II core/shell structure
and photo-physical properties that allow for broadband photon collection from the visible to

the NIR region, owing to the NCP chromophore.
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Figure 48. Energy migration in luminescent mixed-lanthanoid MOF thermometers. (A)
Chemical structures of regular porphyrin and N-confused porphyrin. (B) Scheme of the
photoinduced energy migration from tpp to NCP moieties in the hybrid MOF (Reprinted with
the permission [600]. Copyright 2019, American Chemical Society).

6.2.3.2. ET reactions between metal ions and linker moieties

Ligand-sensitized luminescence has been extensively studied in MOFs that contain lanthanoids
[559,601-607]. As discussed in section 6.1., emission from lanthanoids results from f-f
transitions. Upon combination with organic ligands that act as a sensitizer to lanthanoid metal
nodes in MOFs, a combined energy transfer and emission in the UV/Vis is observed.

Yang et al. [604] developed a single-component, white light-emitting MOF
([Eug(obb)s(H,0)9]:(H,0)),, via self-assembly of the flexible ligand 4,4"-oxybisbenzoate (obb)
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and trivalent europium. They observed photoluminescence from Eu®*, after energy transfer
from the linker, which could be spectrally tuned depending on the excitation wavelength. An
identical behavior was found in two other isomorphic MOFs containing trivalent terbium or
dysprosium. In a different approach, Wu et al. [602] designed thermosensitive MOFs
containing both, Eu** and Tb3" linked by a dicarboxylate linker (5-(4-(tetrazol-5-yl)phenyl
isophthalic acid); H,L). The isomorphic Ln-MOFs [LnL(DMF),(NOs)], (Ln: Eu, Tb) showed
white-light emission. After UV excitation, blue emission originating from electron transitions
of the H,L ligand overlapped with green and red emissions by Tb*" and Eu’" after energy
transfer from the ligand to the metal ions and between metal ions. Sensitized emission of
lanthanoids was not only studied for incorporated metal ions, but also observed from guest
cations within MOFs. Li et al. [603] employed the anionic MOF HPU-14
(([Zn3(L),-2(Me,NH)]-3(CH30H)-5(H,0)),) with an (CH;3),NH" filling as a platform for
loading green-emitting Tb*" and red-emitting Eu’* into nanotube channels of the blue-emitting
framework via ion-exchange. This was achieved by replacing the (CH;3),NH" filling by the
cationic nitrate salts Ln(NO;); of Tb*" and Eu’". The obtained framework HPU-
14@Tb** @Eu*" showed luminescence originating from all three compounds. A broad blue
emission was observed by the host framework with a maximum at 431 nm, due to the energy
transfer from the organic linker to the Zn?* clusters. Additional energy transfer from the linker
to the guest lanthanoid ions led to simultaneous emission around 520 nm due to Tb*" and
around 600 nm due to Eu3". The resulting material could act as a white LED with calorimetric

sensitivity for gaseous HCI.
6.2.3.3. ET during host-guest interaction

MOFs that contain photosynthetic chromophore arrays, e.g. porphyrins, are an excellent
platform to study the exciton transport within this well-defined structure. Synthetically, we are
given the possibility to precisely position and orient, but also select the chromophores involved
in the energy transfer process. Zhang et al. [593] studied the Forster energy transport of singlet
excitons in two different light harvesting MOFs with truxene-based ligands. Surprisingly, a
step-by-step exciton random hopping model between only nearest neighbors (as is used to
explain Dexter ET) was not sufficient to describe the observed ET. It was found inadequate to
evaluate Forster-type singlet exciton migration that involves direct jumping over longer
distances (Fig. 49 A). The two MOFs (truMOF-1/2) were constructed from truxene-tribenzoate
ligands (5,5°,10,10°,15,15’-hexaethyl-truxene-2,7,12-tribenzoic acid) and either of the two
IBUs Zn;o(pg-O)4 (carboxylate);, and Zny(pg-O)(OH);(OH,); (Fig. 49 B). Exciton migration
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was observed between the truxene linker acting as the donor and adsorbed coumarin dye
molecules as the acceptor (Fig. 49 C), which adhered to one of the benzene rings of the linker
as determined by MD simulations. However, the intensity ratio of the coumarin emission,
compared to those of the linker for samples with varying amounts of acceptor molecules, did
not fit with the predictions of the nearest-neighbor step-by-step hopping (NNH) model.
Measurements of the migration rate of singlet excitons within truMOF-1 and -2 revealed
diffusivities of 1.8 and 2.3 x 102 cm?/s. In both cases, the migration rate was faster than
expected from a step-by step hopping mechanism, in which energy is passed on between
neighboring truxene molecules. Additional exciton jumping beyond nearest neighbors (JBNN)

was found to account for up to 67% of the ET rates in MOF systems with singlet excited states.
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Figure 49. FRET beyond step-by-step-hopping. (A) Cartoon depicting two distinct pathways
of exciton migration in a chromophoric network: (1) step-by-step nearest-neighbor hopping
(NHH). (2) long-distance jumping beyond nearest neighbors (JBNN). (B) Investigated
structures of truMOF-1 and truMOF-2. (C) Energy transfer between truxene ligand to coumarin
guest molecules within the MOF. Excitation and emission spectra are recorded in DMF. (D)
Liye/liigana Of dye@truMOFs as a function of the loading level, together with simulated values
from the NNH model and the model including JBNN (Reprinted with the permission [593].
Copyright 2016, American Chemical Society).

Fullerenes (Cg) [608] are only one example aside from a plethora of organic chromophores
that can enter semiconducting MOFs for light harvesting applications. In MOF-177, both kind
of pores are sufficiently large to accommodate molecules like Cq. While the hosting material
was found to be absorptive in the UV and emissive in the blue, it can act as both: donor and

acceptor. In combination with the acceptor molecule, phenyl-C61-butyric acid methyl ester,
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FRET occurred between the linker and guest-acceptor. An additional example presents the Zn-
terephthalate MOFs, with TPA ligands exhibiting a luminescence over nearly 0.5 seconds
[609]. The phosphorescence color could be tuned by the addition of guest solvents and
molecules, like pyridine, that adjusts the electronic structures of the pristine MOF host
structure. Stimuli-responsive, photo-luminescent lanthanoid MOFs (ZJU-88) were recently
presented based on a MOF loading with diarylethene (DAE) derivatives [610]. Light triggered
the switching of DAE between an open and closed isoform, which regulated the inactivation
and activation of a photochromic FRET process between the DAE acceptor and lanthanoid
donor. This allowed for reversible luminescence on-off switching of the lanthanoid emitting
centers of MOF host was observed.

In a recent publication, a new strategy was presented to generate luminescent MOFs as white-
light emitting-diodes. Liu ef al. [611] employed the ZIF-8 MOF to encapsulate blue-, green-,
and red-emitting dyes in the framework (Fig. 50). They investigated three different
dyes@ZIF-8 approaches: /) multi-phase single-shell, 2) single-phase single-shell, and 3)
single-phase multi-shell. This allowed for the systematic investigation, control, and modulation
of the concentration and arrangement of encapsulated dyes within dyes@ZIF-8 structures.
While model / led to a spectral separation of fluorescent emission, model 2 suffered from
energy transfer occurring between the emissive dye molecules. Based on coumarin,
fluorescein, and rhodamine B, that show efficient FRET in solution, an optimized “white-light-

emitting” framework could be designed following the 37 approach.
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Figure 50. Synthesis strategies for the preparation of white-light-emitting MOFs. The
simultaneous emission of blue, green, and red fluorescent dyes appears white. While randomly
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mix addition of dyes leads to additional effects light quenching and FRET, separated phases
allow for controlled the emission properties. Single-phase multi-shell MOFs facilitate the
controlled emission of “white light” (Reprinted with the permission [611]. Copyright 2019,
American Chemical Society).

6.3. Charge transfer reactions

MOFs as photo-catalysts have received great attention in the last years. They represent
controllable, periodic scaffolds of organic molecules for tunable and inexpensive light
absorption, and subsequent conversion to electrical and/or chemical energy. Solar energy
conversion approaches can benefit from MOF in various ways: besides their periodic nature,
MOFs can be grown as thin-films on transparent electrodes with nearly single-layer precision.
Heterogeneous MOFs provide additional flexibility for using mixed species of chromophores.
As already discussed in chapter 5 on conductivity, MOFs are usually semi-conducting. In this
section, we will look at different approaches to enable and tune redox activity in MOF. As there
are many excellent reviews [338,348,612—-619] on conductivity, photochemistry, redox-
activity, catalysis, and energy storage, we will focus on the underlying principle behind charge
transfer reactions and discuss based on recent literature examples how these can be manipulated
experimentally [620,621].

Three different strategies are pursued to enable directed charge transfer (CT) caused by
sunlight. The first, considers photo- and redox-active guest molecules, which can be
incorporated in the framework. The second, involves photo-induced charge separation within
a redox-active linker, leading to the formation of localized holes and electrons, with subsequent
charge transfer to catalytic units. The coordinating metal and exciton transport to the MOF’s
boundary is a good demonstration here. The third, photoexcitation of the metal-centers can free
electrons that are transferred to neighboring clusters in the next step. Hence, photo-induced
charge-transfer or electron-transfer (PET) processes play a fundamental role within the MOF
as the node SBUs, linkers, and guest molecules all represent accessible sites for PET. They all
can serve as a donor or an acceptor, depending on their relative ground- and excited-stated
redox potentials [622]. The first step in a PET process is the photo-excitation of MOFs (section
6.1.), i.e. the uptake of light energy to power the CT, followed by a potential energy transfer
within the MOF itself. The consecutive intramolecular CT is described by four separate steps
[623].

Step 1: Delocalization of excitation on D-A complex

L3D* + A > 13(D-A)* (Eq. 16)
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Step 2: Partial charge transfer

1’3(D-A)*9 1,3(D8+_A6-)* (Eq. 17)

Step 3: Radical formation
L3A(DO-AF)*D> 13(D-A)* (Eq. 18)

Step 4: Charge separation
L3(D"-A")*> D™+ A~ (Eq. 19)

These steps arise from the excited donor in either the singlet- or triplet state. MOFs with weakly
coupled redox entities can be treated within the Marcus theory framework [623—628], that
describes the transfer of charges from one single molecular entity to another—a theory for
which R. A. Marcus received the Nobel prize in Chemistry in 1992. In MOFs, however,
molecular bridging between donor and acceptor also occurs. Furthermore, the photo-induced
charges are often delocalized across multiple donor or acceptor molecules. Here, theoretical
approaches must treat donor and acceptor aggregates as a single super-molecule comprising
the aggregated molecular units. Both cases can be managed within the generalized Marcus
theory framework for multi-molecule delocalized CT in MOFs, which is beyond this review

[629].
6.3.1. Host-guest interaction and long-range transport

A hindrance, to employ light-driven charge separation and CT reactions for photovoltaic
applications, is the low exciton propagation in MOFs that leads to CT within redox-active
molecules. The challenge lies in the finite thickness of the MOF layered system required for
effective light harvesting, which is usually larger than the propagation distance before
reabsorption. The main pathway responsible for charge transport in MOFs is a hopping
mechanism. In this case, charges are spatially localized at moieties with discrete energy levels
and charge hopping occurs to neighboring units exclusively. This mechanism (mediated along
with the framework’s linkages) is usually reported for CT in MOFs between metal and clusters

or ligands.
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Figure 51. Electrical conductivity induced by host—guest charge transfer. Adsorption of iodine
to the redox-active MOF leads to enhanced conductivity. View along b axis (Reprinted with
the permission [630]. Copyright 2019, American Chemical Society).

An attractive strategy to facilitate long-range transport and electrical conductivity in porous
MOFs is the inclusion of guest molecules within MOF cavities. A recent publication, Schroder
and co-workers [630] compared the binding of iodine I, in a pair of redox-active MOFs, MFM-
300(V(III)) and its oxidized, deprotonated analog MFM-300(V(IV)). MFM-300(V(III)) has the
structure [V,(OH),(L)](H4L = biphenyl-3,3",5,5'-tetracarboxylic acid). Host—guest CT between
I, and MFM-300(V(III)) led to a 70.000-fold enhancement in the electrical conductivity
between the I-loaded and void MOF material. Upon addition of I, to MFM-300(V(III)), two
species were formed with the MOF: triiodide I5- anions, which adhere to the hydroxyl group of
the [V(III)O4(OH),] chains via hydrogen-bonded interactions and iodine that attached
interstitially between two phenyl rings of neighboring ligand molecules (Fig. 51).

In a different approach by the Hupp lab, the redox-active molecule ferrocene (Fc) was
incorporated into MOF NU-1000 (Fe-NU-1000). This framework possesses large pores (30 A)
and facilitates diffusion of solvent and electrolytes through films of variable thickness
[631,632]. Using solvent-assisted ligand incorporation, a singly-carboxylated ferrocene was
attached to the Zrg(un3-O)4(n3-OH)4(OH)4(OH,), nodes before layer formation on fluorine-
doped tin oxide via electrophoretic deposition (Fig. 52 A) [631]. The pyrene-based MOF was
formed from the connection of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (Hytbapy) to Zr nodes.
The overall redox conductivity was explained by a site-to-site charge hopping from one Fc to
the next. At low supporting electrolytic concentrations (50 mM), oxidation of the anchored Fc
molecules dominated and made the porous MOF films repellent against cations in solution.
The reduction of ferrocenium sites removed the cation-blocking behavior and turned the MOF
layer into a membrane featuring bias-switchable permselectivity for anions. Li et al. [633]
anchored redox-active pigment derived from tetraphenylporphyrinato Zn(II) (tppZn) post-
synthetically within the 1D pores of the NU1000-MOF instead of ferrocene. The derived
system exhibited a directed energy transfer from the excited MOF (NU-1000%*) to tppZn and a
CT from the excited tppZn* to the pyrene-linker in a wavelength-dependent manner.
Following this research, Hupp and co-workers [632] demonstrated that the kinetics of charge-
hopping in Fe-NU-1000 could be substantially modulated by host—guest interaction that
increases the rates of CT more than 30-fold. They employed B-cyclodextrin (B-CD), which has
a several 1000-fold higher affinity for ferrocene then ferrocenium. To evaluate the kinetics of

diffusive charge-transport within the MOF layers in the presence and absence of B-CD,
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chronoamperometry was employed to measure the current over time. The current in Fc-NU-
1000 films decreased in the presence of different amounts of -CD (Fig. 52 B). The diffusion
coefficient Dpgpping—given by the slope of the linear plots—depends strongly on the
concentration of B-CD and decreased by a factor of 30 in the presence of the saturating B-CD
concentration of 20 mM. Binding of B-CD to ferrocenium allowed to adopt the speed in charge

transfer, externally (Fig. 52 C).
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Figure 52. Modulation of charge transport rate by host—guest interaction. (A) Synthesized NU-
1000 MOF with anchored ferrocene molecules. (B) Cottrell plots of current transients for Fc-
NU-100 films in presence of different amounts of B-CD. (C) Host—guest modulated charge
transfer mechanism in the presence of B-CD (Reprinted with the permission [632]. Copyright
2016, Royal Society of Chemistry).

In redox-active MOFs, the CT follows a redox hopping mechanism. While electrons hop
between the redox-active moieties, ion diffusion occurs in parallel to balance the
electroneutrality of the MOF. In a recent work, Meng et al. [634] studied the correlation
between structure and charge diffusion within ferrocene-doped MOF films (Fc-MOF) on a
conductive substrate. They found a direct correlation to pore size: an increase in pore size led
to a negative effect on the electron transfer rate k, _ 5., and a positive effect on the ion transfer
ki - hop- By quantitatively evaluating the diffusion and transport rate of electrons and ions via
chronoamperometry in the ferrocene-doped MOF, an increase was found in diffusivity in the
order Fc-MOF-808 < Fc-NU-1000 < Fc-NU-1003 (Fig. 53), relating to an increase in pore size.
To extend to other Zr MOF systems, Palmer ef al. [635] implanted the electroactive Fc in the
framework of UiO-66 by solvent assisted ligand incorporation. Redox activity, however, was
only observed in Fc closed to the external surface of UiO-66. In contrast to NU-100, UiO-66
has a 5-fold smaller pore size of ~6 A. Consecutively, only Fc at the surface was
electrochemically active, which is only the case for about 20% of the installed molecules.

Surprisingly, CT diffusion coefficients in an oxidative and reductive stepping mode amounted
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to 6.1 £ 0.8 x 107! and 2.6 + 0.2 x 10 cm? in the presence of counter-ions from the KCl

electrolyte.
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Figure 53. Electron transfer in MOFs is pore-size dependent. An increase in pore size leads to
an increase in ion transport and a decrease in electron transport (Reprinted with the permission
[634]. Copyright 2020, American Chemical Society).

Aside from Fc, further redox-active guest molecules are employed to enhance CT reactions
between linkers. This brings us back to the case of Fc. Being incorporated in mesoporous
tetrathiafulvalene (ttf)-based MOFs [636] they lead to an increase in electrical conductivity by
two orders of magnitude due to CT interaction between the Cg, and the hosting MOF. While
the Cqo in MOF's can serve as a potent electron acceptor, ttf exhibits interesting redox properties
and a strong electron-donor character. The hosting material MUV-2 ([Hyttftb];[Fes(n3-O)
(COO)g], with Hyttftb = tetrathiafulvalene-3,4,5,6-tetrakis(4-benzoic acid)) was formed from
a preformed cluster [Fe;O(CH3COO)4]C104 and Hyttftb as the starting material (Fig. 54) [637].
The donor—acceptor interaction in Coo@MUV-2 led to a partial CT from the ttf to the Fc in the
ground state. Time-dependent DFT calculations indicated a highly efficient CT from the ttf to
the Fc in the S; of Cgo@ttftb of nearly 1electron worth. These findings align with conductivity
measurements, which showed an increase of two orders of magnitude in the presence of Cg
within the MUV-2 material. Similar results were observed by Goswami et al. [638] when
incorporating fullerenes in the zirconium-based MOF NU-901, with 1,3,6,8-tetrakis(p-
benzoate) pyrene (tbapy*) linkers. CT between the donor linkers and fullerenes as an electron-

acceptor led to an increase in conductivity from 1014 to 10~ S/cm.
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Figure 54. Host—guest mediated charge transfer in Coo@MUV-2. (A) Minimum-energy crystal
structure and (B) supramolecular assembled of Cqo@ttftb in the PBC-optimized Cqp-MUV-2
system. (C) Highest occupied (HOCO) and lowest unoccupied (LUCO) crystal orbitals in the
two spin channels for C¢o@MUV-2 (licensed under CC-BY [636]).

To effectively transport charges, long-range ordering of donor and acceptor components are
necessary. Crystalline MOFs offer the unique possibility to position and encapsulate guest
molecules—simultaneously together with either donor or acceptor molecules as part of the
framework. The incorporation of a strong reducer, such as ferrocene, or oxidizer, like
fullerenes, holds great promises for catalytically active MOFs as future material for energy
conversion and storage. Further successful reducer/oxidizer pairs, i.e. D/A pairs, for charge

transfer applications in MOFs include TCNQ/btc in HKUST [401]; ttf/naphthalene-
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tetracarboxydiimide (NTDI) [639,640], oligothiophene/[6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM) in MOF-177 [608] and N, N -bis(4-pyridyl)-2,6-dipyrrolidyl napthalenediimide
with methylviologen. In a recent publication, a synthetic MOF-based artificial light harvesting
system was realized based on a tppZn-derived pigment as a guest molecule in NU-1000 [633].
The tppZn and linker formed a “special-pair’-like system, driving the charge-separation
process in a wavelength-dependent manner [641]. Considering the wealth of electron redox
agents available in photoredox catalysis [591] many more CT pairs with new properties will

be certainly explored for artificial light harvesting.
6.3.2. Internal charge transfer reactions

Conductive MOFs grown on electrode surfaces are promising materials for future electricity-
producing light harvesting devices. As seen in the last section, an important role is given to the
pores accommodating small guest molecules and ions. Charge transfer, however, can also occur
internally in homo- and heterogeneous MOFs between metal nodes, ligands, or simply between

metal nodes and ligands by introducing: (/) mixed redox-active partners or (2) exploiting
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Figure 55. Electron hopping between linkers. The presence of counter-ions in the electrolyte
can enhance or decrease the CT kinetics (Reprinted with the permission [642]. Copyright 2018,
American Chemical Society).

In a recent example [642], redox-active naphthalene diimide linkers were implanted into a
UiO/PIZOF-type MOF thin film. This highly stable framework offers large pores and surface
area, in addition to excellent thermal, chemical, and catalytic stability. The electroactive

Zr-MOF possesses ZrgO4(OH), clusters connected by 12 linkers, which are based on
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naphthalene diimide appended with carboxylic acid groups (dcphOH-ndi; Fig. 55). The
synthesized Zr(dcphOH-ndi) MOF resembles the structure of UiO-66, although it exhibits a 2-
fold interpenetrated structure, and possesses a pore size of 13 A. Moreover, it exhibits proton-
responsive behavior at both the Zr-SBUs and the hydroxyl-functionalized linker. Photo-
induced CT occurred via linker-to-linker hopping, further balanced by the ion transport from
the electrolyte.

MOFs with intra-framework CT have been reported using electroactive ligands with ligand-to-
metal (LMCT) or metal-to-ligand charge (MLCT) transfer [418,424,620,643—645]. Gutierrez
et al. [644] studied, for example, the LMCT in Zr-naphthalene MOFs via femtosecond
spectroscopy and flash photolysis to follow photoinduced processes from the femto- to
microsecond time scale: starting with an LMCT around 100-150 fs between the linker and Zr
node, excimer formation and electron transfer between the linkers were observed on the ps time
scale. Radiative electron-hole recombination was monitored consecutively in the later nano- to
microsecond regime. An equally long lifetime of 3.5 pus for the charge-separated state in the
case of MIL-100(Fe) was identified via combined steady-state and Fe K-edge X-ray transient
absorption (XTA) spectroscopy [645]. While metal-to-metal charge transfer (MMCT) was
reported in various mixed-metal MOF materials [621], ligand-to-ligand charge transfer (LLCT)
in MOFs are still less frequent. A systematic study on LLCT reactions by Huo et al. [622]
investigated the properties of three closely related manganese coordination 2D MOFs. The
LLCT process within the MOFs occurred between TTF-bicarbonate (dimethylthio-
tetrathiafulvalene-bicarboxylate), as an electron donor linker and different conjugated
bipyridines (bpy, 1,2-bis(4-pyridyl)ethylene (bpe) and 4,4'-ethylenedipyridine (bpa)) as an
electron acceptor linker achieved by metal coordination (Fig. 56 A). The compounds are
referred to as MOF1: [MnL(bpy)(H,0)],, CH3CN, MOF2: [MnL(bpe), s (DMF)],-2nH,0, and
MOF3 MnL(bpa)(H,0)],-2nH,0. with the linkers L = dimethylthio-tetrathiafulvalene-
bicarboxylate (TTF), bpy, bpe, bpa. The LLCT was observed via optical diffuse reflection (Fig.
56 B) at 532 nm (MOF1), 582 nm (MOF2), and 498 nm (MOF3). Their calculated energy gap
correlates with the experimental CT absorption band. Upon photoexcitation, LLCT between
TTF and the linker occurs. The generated electron/hole charge separation (Fig. 56 C) leads to
charge carriers that begin to move in opposite directions within the applied potential. The

generated photocurrent is linearly proportional to the LLCT energy.
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Figure 56. Ligand-to-ligand charge transfer in manganese-based MOFs with TTF- and
bipyridine ligands. (A) Linker structures. (B) Optical diffuse-reflection spectra of acceptor
ligands 1-3 and donor compound Na,L for comparison in the solid-state. Inset: Optical diffuse-
reflection spectra of 2 with peak separation. (C) Proposed LLCT mechanism in the synthesized
MOF (Reprinted with the permission [622]. Copyright 2016, American Chemical Society).

A further strategy to enhance redox activity and conductivity in MOFs is the introduction of
mixed valency either within metal nodes or linkers [612], i.e. the donor and acceptor moieties
are identical but differ in their oxidation state. Regarding the metals [612], iron and copper are
the most widely used redox couples to incorporate mixed valency in MOFs (although others
are also employed). Mixed valency [646] was first shown in MIL-53(Fe)H,O. When used as
an electrode in a lithium half-cell, entry and exit of Li* ions were accompanied by the reduction
of Fe3' into Fe?'. Later, Sun et al. [647] prepared a series of MIL-53(Fe) type materials,
Fe(bdc)(DMF,F), using different ratios of n(FeCl;)/n(FeCl,) leading to variable amounts of
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Fe?" in the framework (Fig. 57 (top)). The presence of Fe?" within the framework and the
associated increased catalytic activity of MIL-53(Fe)-derivatives, were investigated by
monitoring the degradation of phenol with hydrogen peroxide as an oxidant at near-neutral pH
and 35 °C. More significant results were observed for Fe(bdc)(DMF, F). Coexistent Fe?" and
Fe3'" nodes in the framework were additionally proven via Mdssbauer spectroscopy (Fig. 57,

(bottom)).

Sample n(FeCk)/n(FeCk) Fe?*/% Fe**1%
MIL-53(Fe) - 0 100
FeMOF-71 7:1 0 100
FeMOF-31 3:1 0 100
FeMOF-11 1:1 9.0 91.0
FeMOF-13 143 18.7 81.3
FeMOF-17 1:7 205 79.5
Fe(BDC)(DMF,F) 0 26.0 74.0

FeMOF-71 FeMOF-31

v . T - T
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Vimms'
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Figure 57. Mixed-valency Fe-containing MOF. (top) MOF synthesized with different molar
ratios of FeCl; to FeCl, including the amount of Fe?* determined by Mdssbauer spectroscopy.
(bottom) Corresponding 3’Fe Mdossbauer spectra depicting the contributions of Fe3*-OH, F
(blue); Fe**-OH (red) and Fe?" (green) (Reprinted with the permission [647]. Copyright 2016,
Royal Society of Chemistry).
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In a seminal work, Hua ef al. [648] presented Zn(II) frameworks containing co-facial
thiazolo[5,4-d]thiazoles (tztz) that led to a mixed-valence state upon (electro-)chemical
reduction. The major framework formed was [Zn,(bpptztz),(tdc),],, with bpptztz = 2,5-bis(4-
(pyridine-4-yl)phenyl)thiazolo[5,4-d]thiazole) (Fig. 58 A). In this framework, tdc (= 2,5-
thiophene dicarboxylate) co-ligands leads to aromatic m-stacking with the bpptztz ligands. The
resulting inter-ligand distance, smaller than 3.8 A, allows space-inter-valence charge transfer
(IVCT) directly between the ligands, without the involvement of the surrounding framework
(Fig. 58 C). This observation broadens the scope of possible CT pathways, aside from

frequently reported internal through-bond transfer mechanism and site-by-site charge hopping

mechanisms.
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Figure 58. Inter-valence charge transfer. (A) Crystal structure along the c-axis (left) and a-axis
(right). (bottom) Zoom into the “co-facial” pair of bpptztz ligands. (B) Comparison of
computational predicted and experimental IVCT bands. The two lowest energy components of
the NIR band are assigned to the mixed-valence form of [Zn,(bpptztz”*),(tdc),],. (C)
Schematics of the co-facial pair of bpptztz ligands showing reduction to the mixed-valence
state that facilitates an IVCT interaction (Reprinted with the permission [648]. Copyright 2018,
Royal Society of Chemistry).

Ding et al. [649] investigated two topologically Zn(Il) and Cd(II) frameworks that feature co-
facially stacked pairs of redox-active 2,5-bis-(4-(4-pyridinyl)-phenyl)-thiazolo-[5,4-d]-
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thiazole (DPPzTz) ligands. Aromatic stacking interactions between the ligands led to a mixed-
valence state upon electrochemical reduction. Differences in CT behavior of both MOFs
systems are directly associated with the subtle changes in framework structure. The
combination of theoretical modeling by Marcus theory, EPR (electron paramagnetic
resonance), SEC (size-exclusion chromatography) and spectroelectrochemistry identified
mixed-valence states and allowed deduction that electron transfer is less favorable in Cd-based

MOF compared to the Zn-based MOF.
6.4. Summary

Global energy consumption has been rising over the past decades with approximately 80%
usage relying on fossil fuels [650]. Renewable and sustainable approaches to generate “clean
and affordable” light and energy [478], and to enable energy conversion and storage are key
topics that need to be addressed by current research. In this chapter, we elucidated the physical
principles underlying (artificial) photosynthesis in MOFs and discussed the three fundamental
processes responsible for light harvesting, energy transport, and charge transport which are key
to the underlying energy conversion and photo-catalysis phenomena. Based on these physical
principles we discussed how chemical synthesis can control and improve each of the individual

steps.
7. MOFs in heterogeneous catalysis

The modern chemical industry, in particular, the refining, petrochemical, and plastics
industries, is largely based on catalytic processes involving heterogeneous solid-state catalysts
[651]. Catalysts facilitate the course of the chemical reactions by lowering the energy barrier
of the cycle of changes taking place and thus increase the rate of the chemical reactions. The
research on the synthesis of new catalysts with well-developed porosity and high surface area
is carried out in a broad scope in all modern and industrialized countries. Due to economic and
ecological reasons, strong efforts are taken to replace homogeneous catalysts with
heterogeneous ones characterized by high selectivity and activity. The catalyst development in
the next decades will increasingly rely on the theoretical predictions and calculations based on
catalysis principles, replacing empirical work. This approach will potentially allow to reducing
the number of tested catalysts, necessary to choose the optimal one for a given process [652—
661]. MOF materials attracted the attention of the scientific community because of their
tremendous potential in the catalysis, which arises from their exceptional properties, first and

foremost high porosity enabling the creation of a large number of active sites and an easy
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functionalization of the surface. This provides numerous opportunities for the design of
catalysts with high selectivity and activity. To demonstrate how MOF materials can contribute
to the improvement of the course of individual catalytic processes, it is obligatory to understand
their chemical and physical aspects. It was previously mentioned in the catalysis handbook by
Domesic and co-workers [662] that the interdisciplinary nature of catalysis requires specialists
from various fields such as surface, theory, engineering, kinetic, material, spectroscopy, and
experimental chemistry as well as physics, and it can impede the developing process. Hence,
it 1s important to identify the crucial aspects for designing of a catalyst. Especially to
newcomers who start working with materials such as MOFs and COFs, understanding the
origins of their exceptional catalytic performance can be non-trivial. The following short
overview aims to provide researchers with the necessary information to approach the design

and engineering of MOFs for catalytic applications.
7.1. Underlying principles in catalysis

Starting from the most fundamental aspects, the material that exhibits catalytic activity has to
be able to create and cleave bonds with the surrounding molecules taking part in the ongoing
reaction [663]. This means, the catalyst is not the substrate (A) nor the product (B) in the A —
B conversion, but it provides convenient conditions for molecules to only change the reaction
kinetics. In addition, it must be underlined that a catalyst cannot influence the thermodynamic
equilibrium. The plain path from A to B would be an ideal case but between these points, many
intermediate species are formed which differ in reaction enthalpies [664,665]. The nature of
porous catalyst inherently creates confined local microenvironments where the concentration
of these intermediates is not constant but varies throughout the catalytic process. When
applying solid-state catalysts the Langmuir-Hinshelwood model assumes the three-steps
mechanism of the catalytic reaction [666]: i) substrates adsorption and breakage of required
bonds; i7) reaction on the surface between adsorbed molecules; iii) desorption of the products
[667,668]. During the catalytic reactions, the diffusion of the reactants through a boundary
layer surrounding the catalyst particles and intraparticle diffusion of the reactants/products
through the catalysts pores or network channels occur. The diffusion rate of the adsorbed
molecules depends on pore size of the catalyst, substrate molecular size, adsorption enthalpy,
catalyst flexibility, and the presence of defects. Taking into consideration the degree of
confinement of a sorbate within a porous material, four diffusional regimes that are known as
molecular-, Knudsen-, intracrystalline diffusion, and molecular sieving have been described

(Fig. 59) [669]. Modulating catalyst parameters directly affect diffusion behaviors which,
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inherently, are connected to the kinetics and thus to the material catalytic performance.
Designing pore sizes and pore networks that enable the free flow of adsorbed molecules
(molecular diffusion) increases the catalytic reaction rate. However, it can reduce the
selectivity of the catalyst by making its interior available to undesirable products. In Knudsen
diffusion, the mean free path of diffusing reactant molecules is dominated by collisions
between the reactant and the pore wall of the catalysts. When the pore diameter approaches the
reactant molecular size, intracrystalline diffusion occurs, in which the most important is the
strong interaction of the adsorbed molecules with the pore wall. The diffusion of the sorbate
into the pores of the catalyst does not proceed if its size is larger than the available pores

(molecular sieving).
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Figure 59. (A) The diffusion mechanism of adsorbate molecules in porous materials. (B)
Relationship between substrate and pore size in diffusion processes. (C) Influence of pore size
on diffusivity for a given sorbate.

In heterogeneous catalysis, the catalyst is a solid material usually in the form of a pellet, which
is easily separable from the reactant mixture. For a specific catalytic reaction, the catalyst can
run a certain number of conversion cycles before it deactivates, determined as turnover number
(TON). More specifically, TON is the number of substrate molecules converted to a product

by one catalyst molecule, also given over time as turnover frequency (TOF), which for

118



heterogeneous catalysis is used more often. The fundamental element in a catalyst are active
sites—mostly at its surface—which are responsible for carrying out catalytic reactions by
lowering the required activation energy (E,) (the energy barrier). E, varies for each process and
is affected by different factors. For instance, the hydrogen activation applied in many important
industrial processes (e.g. ammonia [670] or Fischer-Tropsch [671] synthesis) depends on
electrons abundance at active sites. Thus, metals [672] or acid-base pairs are able to break
covalent bonds between hydrogen and another atom, only if they provide enough electrons
[673]. As far as the physical conditions are concerned, the temperature has also a significant
impact on the catalysis. It influences catalyst and reactants stability, but also has an important
role in determining which kinetics reactions (external on the surface or internal in the material)
dominate and affect catalytic reaction rate. Internal reactions play a rate-limiting role at low
temperatures, due to the faster diffusion through pores of the catalyst in comparison to rates of
surface reactions. With increasing the temperature surface reactions start to dominate over
internal reactions and the rate of the catalytic process begins to be controlled by intraparticle
diffusion. In consequence, the value of the apparent activation energy becomes twice that of
the intrinsic E, (Fig. 60) [662]. Reactions with E, lower than ~5 kcal/mol are diffusion-

controlled, whereas reactions with E, above this value are chemically controlled [674].
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Figure 60. General effects of the temperature on the catalytic activity. The intrinsic activation
energy is equal to E,, and R is the gas constant (Reprinted with the permission [662]. Copyright
2008, John Wiley & Sons).

The temperature also plays an important role here by influencing the activation energy. It shows
that the higher the E,, the higher the sensitivity of the reaction to temperature. By using the

Arrhenius equation (see chapter 3, Eq. 6) and knowing the temperature along with the reaction
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rate, it is possible to determine the E,. Despite the origin of this equation from the empirical
observation, it is relevant for many rate constants over the wide temperatures range.

The importance of distinguishing whether the reaction is spontaneous diffusion or chemically
controlled reaction can be a starting point in designing MOF catalysts. Fast diffusion promotes
the reaction rate and the catalytic transformation is more effective if local intermediates do not
disrupt [675]. Slow diffusion lowers the catalytic reaction rates, thereby the pore network must
provide sufficient substrate and product transport. Applying pore tailoring it can be predesigned
which reactants in terms of size can access a MOF. The difficulty arises in kinetics
measurements due to the different reaction rates inside the material, compared to the external
interaction rates at its surface. For this reason, it is elusive to precisely calculate catalytic
parameters such as TOF for MOF materials [669]. Results of analytical techniques for the
correct description of diffusion may vary dependently if the focus is either on the surface
diffusion, internal interactions, or both. Examples of such techniques are: spectroscopic [676]
or gravimetric [677] methods, zero-length column [678], quartz-crystal microbalance [679],
quasi-elastic neutron scattering [680], pulsed-field gradient NMR [681], interference
microscopy [682], or IR micro-imaging [683]. Nonetheless, decreasing MOF crystal size
shortens the diffusion path, along keeping particle uniform both can prevent diffusion
limitations and internal/external catalytic conversion differences [684].

The high porosity of many MOFs causes that most of the available catalyst sites are located at
the internal surface of the material. In the case of idealized cubic Zn-based MOF-5 with
dimension 0.25 mm, only 0.006% of metal clusters are accessible on the external crystal
surfaces [669]. Therefore, it can be assumed that catalytic processes with porous MOF catalysts
proceed at the far more abundant interstitial sites. However, when the substrate molecules
diffusion is slower than the turnover of the MOF catalyst, and the activity of interfacial and
interstitial catalyst sites are similar, the reaction will carry on at the external surface and only
a few interstitial catalyst sites will contribute to catalytic performance (Fig. 61 A). Oppositely,
if the substrate molecules diffusion is faster than the turnover of the catalyst, most of the

catalytic active sites inside the framework will take part in the catalytic process (Fig. 61 B).
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Figure 61. The relation between relative rates of catalyst turnover (k) and substrate diffusion
(kaip) determines the potential reaction manner and its location in the MOF. (A) If k.., > kg the
reaction proceeds at interfacial catalyst sites. (B) If k., < kg interstitial catalyst sites will
contribute to catalysis. (C) Various catalytically active defects can be located on the
framework’s surface: internally at CUS metal (1) and linker (2), and externally at CUS metal
(3) and linker (4).

7.2. Fabrication strategies to employ MOFs as catalysts

Downsizing MOF particles or fabricating 2D thin layers are the main morphology-control
approach in order to enhance catalytic performance by making easier access to the active sites
[389]. These sites are divided with respect to their location in the framework: metallic nodes,
functional groups of organic linkers, or encapsulated guest molecules [685]. MOFs can be
described as single-site catalysts, meaning their catalytically active metal atom, ions, or clusters
are coordinated on the framework surface by organic linkers. They usually have OMSs, also
called CUSs as they are more exposed [686]. MOFs’ predominance over homogeneous
catalysts is that their active sites do not require stabilization or prevention from aggregation.
The framework structure separates active sites and by consequence of their distribution, each
of them has an own microenvironment. One could think that due to the repetitive composition
and crystal nature it is easy to determine the amount of active sites and defects, adsorption
enthalpies, TOF, or kinetics of MOFs. However, changes in the framework during catalytic
conversion are currently challenging to investigate and internal kinetics impede a precise
description of how exactly the catalytic reaction runs [687]. Up to now, only a few MOFs have
been deeply investigated as catalysts [669]. The ideal approach in MOF catalyst design is to
first define the catalytic application, reactants sizes, and required to overcome energy barriers.

Subsequently, by taking into consideration available linkers and suitable metals, computational
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calculations ought to give trial MOFs structure, as digital prototypes without empirical work
[688,689]. If the synthesis and modifications are feasible and successful, the required material
should be subjected to industrial application and be eventually implemented. In reality, it is
difficult to combine all MOF design aspects, especially if experimental research is not aided
by computation and with theoretical chemists and vice versa. Usually, researchers deal with
creating novel structures or beneficial modifications of already known structures. Focusing on
the MOFs’ properties of the highest practical importance which are high internal surface and
active site’s density led to a whole new area of defect engineering. The rational design of more
accessible active sites became an efficient way to increase catalyst performance. To quantify
defects in the framework, elemental analysis, thermogravimetry (TGA) analysis, inductively
coupled plasma atomic emission spectroscopy (ICP-OES), and 'H NMR spectroscopy are
suitable [33]. However, combining such data with kinetics and reaction yield has only a
demonstrative character, while no precise information can be achieved, which types of defects
are actively involved in the specific catalytic mechanism. Atomic-scale studies of dense bulk
materials (such as ceramic oxides, metal oxides or metals [690—693]) show that their
catalytically active surface is generally external, whereas in the case of MOFs the major
fraction of their surface is internal. In MOFs with permanent porosity, long-range order indicate
that all network atoms are at the surface. Both types of surfaces, inner and external reveal an
order and roughness terraces separated by defects (Fig. 61 C). According to the surface defects
and/or pore sizes of the catalyst, the reactant-catalyst energetic situation (enthalpy) is affected
and therefore their reactivity.

Besides the confinement effects, the flexibility of MOF materials structure is an important
aspect of their application in catalysis. Rigid surfaces undergo smaller relaxation and are most
difficult for chemisorption-induced restructuring [694]. Flexible MOFs are thermodynamically
more prone to adapt to the changing environment at the catalytic interface. Such dynamic
materials, due to the conformation variety, breathing behavior and stimuli-responsive pores
may be suitable for being a platform for an artificial switchable catalyst. For example, Zr-based
MOF PCN-700 fabricated by Yuan and co-workers [695], was able to switch on or off its
catalytic activity when it went upon reversible structural change. However, flexibility can lead
to structural deformations which can weaken the size confinement effect. In consequence, more
structural flexibility of the MOF can increase substrate conversion, but decrease selectivity
towards the desired product [696].

Defects are associated with undermining the crystalline structure and indeed not all of them are

beneficial. That is why their identification and quantification is essential [180,697-701]. In
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order to increase the number of defects in MOFs the most common approach is the thermal
pre-treatment to liberate labile ligands such as water or other electron-donor solvents to create
missing linker defects [702]. Liberation generates CUSs and those metal sites without full
coordination behave as Lewis acids. They indicate a strong affinity towards basic molecules or
can become binding sites for small gas molecules such as CO,. As those acid sites are situated
in a confined pore environment, they can induce regioselectivity and shape- or size-selectivity
towards guest molecules or reaction intermediates [703—705]. In the case of metal oxide cluster
IBUs, after solvent removal, hydroxyl groups become more accessible and, accordingly, they
can act as Lewis acid or Bronsted acid towards the substrate. The nature and strength of the
MOF acid sites can be changed with the composition, by linker modification or by adopting a
mixed linkers/metals approach [706,707]. The defect engineering in MOF crystal depends
strongly on the reaction rate and temperature. If the reaction is slow and conditions provide
thermodynamically stable growth, obtained MOF crystals usually are almost defect-free. On
the contrary, if the reaction is fast and hence kinetically driven, IBUs and OBUs may encounter
difficulties in achieving full coordination. Importantly, the number of missing building units
should not prevent the formation of the intended original MOF structure formation. Lewis acid
CUSs and basic active sites incorporated into MOF are suitable for catalytic transformations,
such as cross-aldol and Knoevenagel condensation reactions [708—711]. For example, it was
observed that an amino-functionalized UiO-66-NH, MOF exhibits a higher conversion (67%)
than UiO-66 in the cross-aldol condensation of benzaldehyde with heptanal (30%) [711].
Related improvements were observed for a Knoevenagel condensation catalyzed by the amino-
functionalized isoreticular MOF IRMOF-3 compared to its unfunctionalized version MOF-5.
In this case, acid sites were present in the original MOF, ZnsO clusters linked by 2-
aminoterephthalic acid, thus no further enhancements were necessary [712,713]. MOFs acid-
base activity can also promote cascade reactions, such as deacetalization-Knoevenagel
reactions. Amino-functionalized MOF, MIL-101(Al)-NH,, performs as a bifunctional acid-
base catalyst [714]. These studies showed that MIL-101(Al)-NH, Brensted acid and base sites
promote both the deacetalization of benzaldehyde dimethylacetal and Knoevenagel
condensation of benzaldehyde with malononitril. Additionally, this MOF catalyst can be
applied for the one-pot reaction of benzaldehyde dimethylacetal and malononitrile to produce
benzylidenemalononitrile. Among various MOF catalysts such as MIL-53(Al)-NH,, MIL-
53(Al), MIL-101(Cr)-NH,, MIL-101(Cr), Zr-MOF-NH,, Zr-MOF, Cu-MOF [Cuj;(btc),], and
Ca-MOF (Ca-mtb), the MIL-101(Al)-NH, exhibited the highest catalytic activity in the

benzylidenemalononitrile synthesis.
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MOF catalysts can be prepared by introducing metalloligand active sites in a direct synthesis
or with PSM. Pintado-Sierra and co-workers [715] introduced iridium complexes into UiO-66-
NH; and IRMOF-3 through PSM resulting in the UiO-66-NH,LIr and MOF-3-LlIr structures.
Those catalysts were used for the synthesis of mono N-alkylamines via reductive amination of
aldehydes with nitroarenes, in a three-step cascade reaction. This type of reaction allowed
making the process more sustainable because several steps occur in the same vessel without
intermediate steps. Both materials exhibited higher selectivity towards secondary aromatic
amines (the exact product depends on the applied aldehyde) than the corresponding
homogeneous catalyst. In 2019 Liu et al. [716] synthesized bifunctional cationic Zr-based
MTV-MOFs containing a salen-Co(III) motif and imidazolium. They used sequential mixed-
ligands synthesis and post-synthetic ionization strategy to obtain MTV-MOFs with different
amounts of Co and linker. The cationic MTV-MOF salen-Co(23%)cf(Br)etim-UiO-6 (etim =
ethylimidazole) significantly enhanced the activity and selectivity of the CO, cycloaddition
reaction with epoxides. More importantly, the catalyst revealed good thermal stability and it
was reusable for at least five runs without a significant reduction of its catalytic activity and
selectivity towards cyclic carbonates.

Another approach to control the number of defects in MOFs is using modulators during
syntheses [717]. The modulator competes with the linker in coordination to the IBU, resulting
in more available active sites. Using monocarboxylate modulators (e.g. acetic, benzoil, or
trifluoroacetic acid (TFA)) during the synthesis of UiO-66 facilitates the control of the
crystallite size as well as of the formation of defects [704]. In 2013, Vermootrele et al. [718]
presented various examples of CUSs Zrg clusters through TFA incorporation. The addition of
TFA increased the catalytic activity in several reactions such as cyclization of citronellal to
isopulegol or Meerwein reduction of 4-tert-butylcyclohexanone. Moreover, the removal of this
compound by thermal treatment enhanced the number of CUS. Jiang et al. [719] functionalized
Al-based MOF USTC-253 synthesized by the reaction of AI(NO3);-9H,0 and 4,4’-dibenzoic
acid-2,2’-sulfone (sbpdc) in DMF with TFA. This procedure resulted in a defect-containing
USTC-253-TFA, showing improved catalytic activity in the cycloaddition of CO, and epoxide
(propylene oxide) in comparison to USTC-253 with increased yield from 74.4% to 81.3%.
Yuan and co-workers [720] significantly enhanced the adsorbability of uranyl ions (from 24 to
357 mg/g) by tuning missing-linker defects of UiO-66. A tentative mechanism for the
cycloaddition of CO, and epoxide into cyclic carbonate over USTC-253-TFA was proposed
(Fig. 62) [719].
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Figure 62. Proposed catalytic mechanism for the CO, cycloaddition of epoxide into cyclic

carbonate over USTC-253-TFA (Reprinted with the permission [719]. Copyright 2015, John
Wiley & Sons).

A different and very promising approach to enhancing catalytic performance is to construct
bimetallic clusters in a porous framework. MOFs with free hydroxyl groups have attracted
considerable attention due to their potential to anchor catalysts in an analogous way to
traditional metal-oxosupports but having a much higher inner surface compared to those
materials. Simple impregnation of MOFs with transition metal-containing species results
already in active metal-based heterogeneous catalysts [721]. Both can be fabricated in the vapor
phase via atomic layer deposition (ALD) in MOFs, and in condensed phase via solvothermal
deposition in MOFs. Zr-based MOFs have a great application potential as solid supports in gas-
phase catalysis and can be readily modified post-synthetically. For instance, in 2016 Li and co-
workers [722] used ALD onto MOF to incorporate catalytically active metal centers. The
method allowed the deposit of an atomic layer of metal on substrates. They introduced Ni on
the node of a Zr-based MOF, NU-1000. The obtained material indicated high activity in terms
of catalytic performance in gas-phase hydrogenation. Furthermore, its outstanding
regenerability and long-term stability enhanced the longevity of these processes. The MOF’s
structure revealed the presence of isolated active sites. Between the deposited metal ions and
the Zrg nodes, strong interaction occurred. Also, the organic linkers prevented the atom/ions
from migration and agglomeration due to the isolation of support sites via lengthy organic
spacers. It was confirmed that ALD is an effective strategy to produce stable single-site
catalysts [722,723]. Noh et al. [724] explored the deposition of catalytically active
molybdenum(VI) oxide on the node of NU-1000 by solvothermal deposition in MOFs. Its
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catalytic activity was tested in the epoxidation of cyclohexene. MO-SIM achieved the high
conversion of 93+2% (similar to a bulk Zr-supported analog), as well as excellent stability
without leaching of the active species and loss in yield upon recycling.

The modifications of IBUs and OBUs enable the synthesis of specific MOF catalysts for
asymmetric reactions, which are usually difficult to proceed by conventional inorganic
catalysts such as zeolites. In addition, they are facing troublesome challenges in terms of low
thermal-, water- and chemical stability, which reduces their applicability. Concerning this
issue, in 2017 Chen et al. [725] combined bulky hydrophobic groups and chiral metal
phosphonate linkers in obtaining a more stable MOF as the comprehensive asymmetric catalyst
for several reactions: asymmetric allylboration, propargylation, Friedel-Crafts alkylation, and
sulfoxidation. Phosphonates create strong bonds with metal ions and thanks to bulky fer#-butyl
groups asymmetric induction of mentioned reactions was controlled through the geometrical
constraints. The stability of this framework was a result of the kinetic blocking through the
protection of hydrolytically sensitive coordination backbones. The chiral dicarboxylate linker
was derived from 1,1’-biphenol phosphoric acid and zert-butyl group, coordinated to the metal
center via carboxylate and phosphonate groups. Consequently, 16 isostructural MOFs with
chiral Lewis acidity could be synthesized. Furthermore, adjusting the catalytic feature via the
insertion of different metals led to various catalytic activity in asymmetric reactions i.e.
boration, propargylation, Friedel-Crafts alkylation, and sulfoxidation. It should be emphasized
that those materials showed better efficiency than their homogeneous catalyst analogs that were
not able to promote reaction with satisfactory enantioselectivity They also indicated good
aqueous and thermal stability, along with acid/base tolerance. The combination of those
properties together with recyclability makes them interesting candidates for pharmaceuticals
and fine chemicals syntheses [725,726].

MOFs exhibit many attractive properties for electrocatalysis applications such as high surface
area, permanent porosity, and site isolation. The high surface area gives the potential to load
more catalytically active particles than in corresponding electrodes monolayers. Furthermore,
permanent porosity facilitates fast substrate diffusion, whilst site isolation of catalyst molecules
inside the framework inhibits bimolecular decomposition pathways. Nevertheless, MOFs are
traditionally composed of the organic linker and redox-inert metal clusters (e.g. d° Zr**, d'°
Zn?") which lead to poor charge transport to the MOF-embedded catalysts [727]. Hence, the
realization of effective electrocatalytic MOFs has remained challenging. The UiO series of
MOFs, usually exhibit outstanding thermal and chemical stability even under catalytic

conditions (i.e. under irradiation, wide pH range, and at applied reductive and oxidative
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potentials). Thus, these materials are excellent platforms for molecular catalysts
immobilization. Nevertheless, the suitability of UiO-type MOFs as electrocatalysis platforms
is presently limited because the Zr-based SBUs and their phenyl carboxylate linkers are redox-
inactive within a reasonable potential window. In 2018 Johnson and co-workers [642]
developed the first electroactive MOF with the UiO/PIZOF topology (Zr(dcphOH-ndi) by
using redox-active naphthalene diimide linkers appended with carboxylic acid groups
(dephOH-ndi) (Fig. 63). The material revealed high stability, porosity, and charge transport
properties required for electrocatalysis. Including hydroxyl groups on the dcphOH-ndi linker
facilitated the proton transport through the material. The pK,’s of both the proton-responsive
ndi linker and the Zr node demonstrated potential use in proton-coupled electron transfer
(PCET) at pH range 3.4-6.1. The obtained Zr(dcphOH-NDI)@FTO thin film (1 pm) on the
conducting fluorine-doped tin oxide displayed reversible electrochromic behavior due to the
one-electron reductions of the redox-active NDI linker. 97 % of the NDI sites were
electrochemically active at applied potentials. Additionally, the MOF thin film also confirmed
to act efficiently in aqueous solutions, extending their further potential usefulness in

electrocatalytic applications [642].

HO{ZZ \

~ redox-active NDI core

proton-responsive linker

Ho//\

,o;

\ /\!gn «— proton-responsive SBU

Figure 63. MOF design strategy for developing a redox-active framework featuring UiO
topology with proton-responsive functionalities (Reprinted with the permission [642].
Copyright 2018, American Chemical Society).

Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are the two core
processes for electrochemical water splitting [728,729]. In the case of OER, MOFs operate in
a modus that possess an energy cost significantly above thermodynamic requirements, showing
a high overpotential and small TOF during oxygen evolution. Recently, a few 2D MOFs have
been synthesized by Duan and co-workers [730]. They presented a strategy for the in situ
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growth of ultrathin nanosheet arrays of 2D MOFs on different supports. They fabricated a Ni-
Fe-based MOF which demonstrated several enhanced features for catalysis. Increased catalytic
activity, more favorable kinetics, and strong endurance at electrocatalysis overall improved
OER and HER. The material indicated superior electrocatalytic efficiency towards the oxygen
evolution reaction. It revealed a small overpotential of 240 mV at 10 mA/cm?, and robust
operation for 20,000 seconds with no detectable decline in the catalytic activity. Moreover, the
above mentioned MOF can be readily adaptable to prepare other 2D MOFs with different IBUs
such as Co, Mn, Ti, and Mo [730].

In 2020, Fiaz and co-workers [731] reported a facile route for a low cost room temperature
synthesis of TMS@MOF-5 (TMS, transition metal sulfide = MnS, FeS, CoS, NiS, CuS, and
ZnS) composites by in situ incorporations of pre-synthesized TMS nanoparticles into MOF-5.
All samples were coated on Ni-foam (NF). The comparison of OER catalytic activity between
materials showed that NiIS@MOF-5/NF is a highly efficient OER catalyst and it requires just
174 mV overpotential to deliver the 10 mA/cm? current density. It is still challenging to find
intrinsically conductive, chemically, and electrochemically stable ORR (oxygen reduction
reaction) electrocatalysts characterized by well-defined and tunable active sites. In another
study, Miner et al. [428] presented a highly electron-conducting 2D MOF Niz(HITP),
(HITP=2, 3, 6, 7, 10, 11-hexaiminotriphenylene) with electrocatalytic ORR activity. It acted
as a well-defined, tunable oxygen reduction electrocatalyst in alkaline solution. The MOF
exhibited ORR activity and electrical conductivity (6=40 S/cm) with no post-synthetic
treatment or further modifications.

The pore size and shape tailorability of MOFs makes them promising materials for shape-
selective catalysis, which aim to confine and thereby stabilize transition states on reaction
intermediates. However, to the best of our knowledge, this kind of catalysis is still
underexplored. MOFs assembled from transition metal diphosphine pincer complexes (pincer
MOFs) are used extensively in heterogeneous catalysis due to their stability and they can take
advantage of the effects of immobilization and site isolation. In 2018 Reiner et al. [732]
synthesized and characterized 1-PdX = {ZrsO4(OH)4(OAC), 4[L-PdX],4} Y245 (X=CI (25%), 1
(75%); Y= Cl, I). After post-synthetic modification and ligand exchange at the pincer Pd sites,
1-PdTFA was synthesized. The oxidative I”/TFA™ ligand exchange step achieved only ~50%
yield, even after successful treatment with the hypervalent iodine reagent PhI(TFA),. Despite
the good catalytic activity in intramolecular hydroamination of o-substituted alkynyl aniline,
1-PdTFA showed poor recyclability. It was proposed that the formation of a trifluoroacetamide

side product caused catalyst deactivation. The comparison of catalytic activity of homogeneous
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analogs indicated that substitution of TFA™ for a less reactive anion could inhibit catalyst
deactivation and increase activity and recyclability. Hence, in 2018 Reiner and co-workers [65]
reported the synthesis of 1-PdBF, through oxidative I7/BF,~ ligand exchange using the
commercially available reagent NOBF,. Generated material exhibited significantly better
Lewis acid catalytic activity and recyclability than the previously reported TFA™ analog 1-
PdATFA. Differences in reactivity can be caused by weaker coordinating nature of BF,~ and its
lower propensity to undergo unfavorable side reactions with substrates. PABF, also showed a
high selectivity degree to citronellal for the intramolecular hydroamination of 2-ethynylaniline
over a self-dimerization process, while the homogeneous analog ‘BuyL-PdBF, generated a
mixture of products.

The oxidation of alcohols into carbonyl compounds (ketone/aldehyde) is a very important topic
due to their extensive application in the industry [ 734—736]. Traditionally oxidizing agents (e.g.
MnO,, CrOs, or KMnQOy,) are widely used in industry but only under severe conditions, such as
high pressure or temperatures and highly acidic environment [737-739]. These chemical
transformations often generate environmentally harmful toxic inorganic salts. Thus, the design
of an effective, environmentally friendly, and sustainable oxidative catalyst is still an open
challenge that needs to be addressed in the future. Polyoxometalates (POMs) may be an
alternative because of their unique redox properties and tunable acidity [740—742]. However,
only catalysts containing metals such as Co, Fe, Cu, or noble metals (Ru, Pd, Au) exhibit high
efficiency in alcohol oxidation reactions [743]. Due to the high cost of noble metals, they are
not suitable for the industrial synthesis of basic fine chemicals. Additionally, POMs’ poor
stability and low exposure of active sites impede their actual application in mass production.
POM-based MOFs (POMOFs) utilize POMs and MOFs attributes and they can expand their
applicability [744,745]. The spatial distances between POM anions can be significantly
increased through the immobilization of functional POMs into MOFs, thereby enhancing anion
clusters dispersity and exposing more active sites. In 2019 Li et al. [746] reported the synthesis
of 3D Cu-based POMOF HENU-I. It was based on Dawson type phosphotungstates and in situ
generated ligands H[Cus'Cu'l(pzc)»(pz)s.5{P>Wi3-O¢>} :6H,O (Hpzc = pyrazine-2-carboxylic
acid, pz = pyrazine). Through the pyrolysis of the pzc linker partially generated the secondary
pz linker, and both the components participating in the MOF construction. The material was
able to efficiently catalyze the oxidation of 1-phenylethanol, achieving a 97 % yield of the
target product acetophenone after 3 h with a TOF 0f 9690 h™!. HENU-1 exhibited good stability
in the air as well as tolerance to basic and acidic media in the pH range of 1-12. It was also

reused for at least five cycles without significant catalytic activity loss. Consequently,
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incorporating the active transition metal ions and POMs to assemble POMOFs via the bridging
of organic ligands may become an effective method to construct a POM-based heterogeneous
catalytic platform for different organic reactions.

Although reticular chemistry holds the potential to design site-specific catalysts, a combination
of theory and experimental efforts is required. In 2020, Yang and co-workers [747] reported
an experimental and theoretical investigation of the catalytic dehydration of #-butyl alcohol
(tba), which was used to examine the activity of OH groups of ZrsOgnodes in the MOFs UiO-66
and MOF-808. The materials also differed in vacancy sites densities (Fig. 64) and pore sizes.
The OH groups originated from the aqueous synthesis environment and behave like both
Brensted acid and base sites. It was shown that terminal OH groups on defect sites of ZrsOg
nodes of MOF-808 and UiO-66 catalyze the tba dehydration, with rates depending on ligands
at defect sites and transport limitations. MOF-808 and UiO-66, which have approximately 6
and 1 vacancies per ZrsOg node, respectively, were compared with alumina and zirconia. MOF-
808 with higher vacancies nodes exhibited initially higher activity than UiO-66 material, but it
must be noted that a higher amount of vacancies also reduces MOF catalyst stability. The OH
groups in UiO-66 and MOF-808 act as Bronsted basic sites, and they are generated by the
removal of formate/acetate ligands. The latter are initially present on the nodes via
esterification reactions within the alcohol, which is shown by density functional theory
calculations. It was proved that the binding of two tba molecules to node Zr atoms during the

esterification reaction helped in lowering the total activation energy of this reaction.
(@

Figure 64. Crystal structures of (a) UiO-66 and (b) MOF-808, with details showing (c)
missing-linker defects of UiO-66 and (d) structural vacancies of MOF-808. Ligands on
defects/vacancies are shown in blue (Reprinted with the permission [747]. Copyright 2020,
American Chemical Society).
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P-xylene is an inexpensive industrial raw material, widely used in the synthesis of terephthalic
acid, the precursor to polyester resins [748]. Interestingly, p-xylene is rarely oxidized to other
oxygen-containing derivatives like hydroxymethylbenzoic acid (hmba) containing useful
hydroxyl and carboxyl groups. The current synthesis method of hmba is not sensible due to the
multistep process, long reaction times, low selectivity, and high reaction temperature and
pressure. In 2019, Li and co-workers [748] presented efficient and simple hmba preparation by
one-step p-xylene oxidation at 30 °C for 5 h. P-xylene’s two methyl groups were oxidized to
hydroxymethyl and carboxyl using Cu-MOF as the catalyst and acetonitrile as the solvent. Very
high selectivity (99.2%) to 4-hydroxymethylbenzoic acid and good substrate conversion
(85.5%) of p-xylene was achieved. These results indicate that Cu-MOF is a high-performance
oxidation catalyst under mild conditions, which is also capable of proceeding the reaction
three-times with the same activity.

An efficient approach to improve the stability of nanoparticles could be hierarchical
nanoencapsulation [749-751]. For example, a mesoporous silica (mSiO;) shell can
significantly increase the mechanical properties of encapsulated MOFs. However, it is
challenging due to the strong hydrophilic properties of mSiO,. In 2018, Ying et al. [749]
presented a simple method for the direct coating of MOF nanoparticles (MIL-101(Cr)) with a
very thin hydrophobic mSiO, shell and the effect of the mSiO, shell on the MOFs in the
oxidation of indene. The TOF value of the MIL-101(Cr)@mSiO, was 1.24 times greater than
MIL-101(Cr). Thereby, MIL-101(Cr)@mSiO, performed improved catalytic activity, and also
enhanced reusability as catalyst in the indene oxidation. In 2019, Gharib and co-workers [752]
synthesized three new 3D Co(Il)-based MOFs (TMU-49, TMU-50, and TMU-51) containing
a highly n-conjugated amide-functionalized ligand. They were applied in the regioselective
methanolysis of epoxides. Thereafter, to improve the MOF catalytic efficiency N1,N3-
di(pyridine-4-yl) malonamide linker (S) was incorporated via SALE. New linker enhanced
catalytic activity in the epoxide ring-opening reactions. The obtained isostructural materials
(MOFs TMU-49S, TMU-50S and TMU-51S) could be reused without any significant loss in
catalytic efficiency.

2-arylbenzoxazoles are a high potential class of pharmaceutically active compounds as they
have anti-cancer, anti-inflammatory, antifungal, and antiviral properties. Currently, the
synthesis method suffers from various drawbacks, such as the use of volatile organic solvents,
the difficulty of catalyst recovery, and reuse with catalytic activity loss [753]. In 2017 Nguyen
et al. [753] successfully synthesized a new superacidic MOF, based on the 6-connected Hf-

oxo-cluster and the tritopic linker by sulfation method. The material exhibited unusual catalytic
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performance for solvent-free heterocyclization of 2-arylbenzoxazoles synthesis. The reaction
was performed with the high yield and ease of the catalyst recycling, with only a little reactivity
loss, resulting in a 5% yield decrease after 5 catalytic cycles.

In 2015 Choi and co-workers [754] used strong sulfonic acid group (—SOs;H) and weak
ammonium group (—NHj3") to incorporate them into a UiO-66 [ZrsO4(OH)4(bdc)s, separately
and in a mixed way in the presence of 2.5 nm Pt NPs. The obtained materials were investigated
in isomerization reactions of methyl-cyclopentane (MCP). The used functional groups play a
key role in product activity and selectivity in the gas-phase conversion of MCP to acyclic
isomer, olefins, cyclohexane, and benzene. PtcnUiO-66-S catalytic activity was doubled
comparing to the non-functionalized PtcnUi0O-66. Its selectivity to C4-cyclic products (62.4 %
and 28.6 % for cyclohexane and benzene, respectively) that contained no acyclic isomers
products was the highest among the tested materials. All PtcnUi0O-66 catalysts with different
functionalities maintained their morphology, crystal structure, and chemical composition
without deactivation after 8 h of the process [754]. A similar case was explored in 2016 by Li
et al. [755] in isoreticular UiO-66-X MOFs (X = H, NH,, OMe) after Pd NPs encapsulation.
These materials catalyzed the aerobic reaction between ethylene glycol and benzaldehyde.
Pd@Ui0-66-NH, exhibited high selectivity to benzaldehyde ethylene acetal of 94%, whereas
both Pd@UiO-66-H and Pd@UiO-66-OMe revealed high selectivity (90% and 97%,
respectively) to the ester 2-hydroxyethyl benzoate. These results demonstrate that the control
of catalytic sites via their chemical surrounding at the molecular level creates interesting
opportunities for the development of tunable metal-MOF catalysts for selective chemical

transformations.
7.3. Summary

In this chapter, we showed how MOF materials can greatly improve heterogeneous catalysis
despite their low-stability reputation. Their sophisticated structures offer interesting
opportunities in e.g. gas-phase hydrogenation, redox-, or photoinduced catalysis. Moreover,
they are also able to stabilize sensitive enzymes. MOFs outstanding performance (as seen by
the increasing number of examples) stems from their inherent hierarchical arrangement of
pores and building blocks network, which can accelerate reaction rates. By tuning their pore
size, crystal defects, flexibility, and distribution of active sites the crucial confinement and
diffusion mechanisms can be adapted. However, further investigations on correlating
experimental conditions, surface barriers, adsorption enthalpies, kinetics, and catalytic

performance must be considered. Many possible modifications (e.g. defect engineering or

132



functionalization), nodes, linkers combinations, and pore geometries could afford enzyme-like
selectivity in terms of preferred substrate affinity/recognition and therefore allow the synthesis

of the desired products with higher yields and greener pathways.
8. Concluding remarks

By venturing into the vast landscape of MOFs applications, we presented a comprehensive—
albeit not necessarily complete—overview of how reticular diversity projected MOFs into so
many technological areas, where they are currently a class of materials of primary importance.
As diversity is an intrinsically flexible and inclusive concept that evolves along with the
discovery of unknown properties or unseen aspects of already-known ones, we encourage
established and emerging scientists to embrace its complex and ever-evolving meaning in
reticular chemistry. We strongly believe that the combination of this mindset with the
knowledge of the state of the art that herein we endeavored to provide will enable the next
achievements in the field of MOFs, and new milestones in all the scientific fields they

contribute to advance.
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